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Resulting from many years of evolution, eukaryotic cells have acquired a complex network of
endomembranes forming distinct intracellular compartments; each specialized in given cellular
functions. The segregation of these functions into different organelles allows cells to rapidly achieve
many tasks at the same time, with a high efficiency and specificity. In mammalian cells as well as in yeast
Saccharomyces cerevisiae, the rough endoplasmic reticulum (ER) and the Golgi apparatus are two central
organelles belonging to the secretory pathway and particularly involved in proteins fate from their
synthesis and post-translational modification(s) (PTMs) to their trafficking and targeting to their final
destination. However, to ensure the proper realization of some specific reactions, each organelle
requires a unique lumenal environment in terms of proteins, lipids, enzymes and ions that are crucial to
maintain specific functions. In particular, Golgi pH and ion homeostasis are critical to preserve Golgi
functions in glycosylation. Glycosylation is defined as one of the most PTMs of proteins and lipids. Well
conserved between yeast Saccharomyces cerevisiae and human, glycosylation reactions are tightly regulated
and dramatically illustrated by Congenital Disorders of Glycosylation (CDGs), a set of rare human
genetic disorders related to impaired glycosylation capacities. Hereafter, some generalities about (i) the
secretory pathway, (ii) the Golgi ion homeostasis maintenance and (iii) CDGs, will be provided to
introduce the concepts that will be further detailed in the next chapters. In addition, from here and
extended to the whole manuscript, as often as possible, a comparison between yeast Saccharomyces
cerevisiae and mammalian (human) cells will be done. Actually, I decided to write this manuscript in a

mirror fashion since my PhD dealt with both organisms.

1. Generalities about the secretory pathway

In all eukaryotic cells, the secretory pathway refers to the ER, the Golgi apparatus and all the vesicles
traveling in between them up to the plasma membrane. The secretory pathway is so-called since it is the
primary route of secreted proteins from their synthesis in the ER to their secretion out of the cell,
passing through the Golgi apparatus for potential PTMs or proteolytic cleavages. However, other
proteins than secreted ones can also be processed through the secretory pathway such as soluble,
membrane-bound proteins (bound to either the ER, Golgi, lysosome or plasma membrane) or resident
proteins of the secretory pathways itself. In addition, apart from proteins, lipids can be synthesized and
also processed in the ER and the Golgi apparatus, such as glycolipids for instance. Secretory organelles
are delimitated by a phospholipid bilayer, so that their own lumens never mix with the cytosol. All
intracellular lumens share a common oxidative environment allowing specific lumenal biochemical
reactions to occur. As an example, the oxidative environment of the ER enables protein conformational

changes through disulfide bonds formation in order to achieve their final conformation.
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1.1. The ER as a hub for (secretory) protein synthesis

The ER is a multifunctional organelle, including secretory proteins and lipids synthesis, drug
metabolism, Ca™ storage and many others [1]. These various functions require the ER to be a large
organelle, widely distributed into the cytosol. Its architecture is complex with both tubular and lamellar
membrane structures but offers a huge functional area. Although its membrane is continuous with the
outer nuclear envelope, it is not likely that proteins begin their synthesis in the nucleus. Indeed, right
after DNA transcription into mRNAs in the nucleus, mRNAs are released into the cytosol where
ribosomes bind them to initiate their translation into proteins. The specific translation of secretory
proteins involves the recruitment of the cytosolic ribosome/mRNA /nascent polypeptide complex to the
ER membrane via a signal sequence within the amino-terminus of the protein that is recognized and
bound by the signal recognition particle (SRP). The binding of SRP then triggers the targeting of the
ribosome complex to the ER membrane where SRP docks on its receptor allowing the further
translation of the nascent protein through the translocon channel directly into the ER lumen. During
protein synthesis, co-translational modifications may occur on the nascent polypeptide such as N-linked
glycosylation (see Chapter 1). Secretory proteins then acquire their proper folding thanks to the activity
of specific ER chaperones and once properly folded, they accumulate at specific ER exit sites (ERES).
Also named transitional ER, ERES are discrete membrane domains where coat protein complex II
(COPII)-coated vesicles form, allowing the subsequent transport of newly synthesized secretory cargo

from the ER to the Golgi apparatus [2].

1.2. The Golgi apparatus: between protein PTMs and trafficking

Discovered in the 1870’s by Camillo Golgi, the Golgi apparatus is a central hub for membrane
trafficking within the secretory pathway. In mammalian cells, the Golgi apparatus shares a ribbon-like
structure made of several (3 to up to 20) staked and polarized cisternae in a cis-/ medial-/trans- fashion,
and is found localized next to the microtubules organizing center. The Golgi apparatus received a
constant flux of membranes from the ER, the endosomes and the plasma membrane, making it the most
dynamic intracellular compartment with a structure in constant remodeling. This Golgi plasticity results
from very complex and highly regulated interactions with the cytoskeleton. Conversely, in yeast
Saccharomyces cerevisiae, the spatial organization of the Golgi apparatus completely differs. It is not likely
organized in stacks but rather displays a scattered shape with individual cisternae throughout the cytosol

(Figure 1).
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Figure 1: Simplified representation of the secretory pathway in yeast Saccharomyces cerevisiae and
in mammalian cells. Inspired from [3]. The scheme points the main differences in the spatial organization of the
ER and the Golgi apparatus between the two organisms. COP: coat proteins, ER: endoplasmic reticulum, ERES:
ER exist site, ERGIC: ER-Golgi intermediate compartment and TGN: trans-Golgi network.

Another architectural difference relies in the absence of the ER-Golgi intermediate compartment
(ERGIC) between the ER and the cis-Golgi in yeast meaning that anterograde trafficking from the ER
starts directly to the cis-Golgi. Therefore, although Golgi functions have been roughly conserved during
evolution, the structural differences of the Golgi apparatus between yeast Saccharomyces cerevisiae and
mammals raise the question of its proper structure/function. Actually, molecular evolutionary
researches assumed that ancestral unicellular eukaryotes possessed a stacked Golgi apparatus. Then, why
Saccharomyces cerevisiae lost this stacking organization and what is the selective advantage conferred by the
dispersed cisternae are opened and elusive questions [4,5]. In all eukaryotic cells, the Golgi apparatus is
considered as the central hub for proteins PTMs including glycosylation, phosphorylation, methylation,
sulfation, acetylation, palmitoylation and proteolytic processings [6]. In addition to protein
modifications, the Golgi apparatus is responsible for sorting, targeting and packing of secretory cargo for
subsequent secretion. However, before being secreted, proteins have to travel from the ER to the Golgi

apparatus and then reach cell surface via secretory vesicles.
1.3. How to traffic through the Golgi apparatus?

Trafficking through the Golgi cisternae has been deeply studied in yeasts (Saccharomyces cerevisiae but also
other species) and mammalian cells, and revealed similar and conserved mechanisms. However,

depending of the Golgi dynamics, two models (amongst additional newer) have been proposed to

5
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explain protein transport and sorting through the Golgi apparatus: the cisternal maturation model and
the vesicular transport model [7] (Figure 2). Briefly, in the cisternal maturation model each Golgi
cisterna is considered as a transient compartment maturing from cis- to medial- and medial- to trans-. In
this model, secretory cargo remains in the cisternae during the maturation from cis- to trans- while Golgi
resident proteins are sent backwards to their proper location thanks to a retrograde trafficking mediated
by COPI-coated vesicles. A trans-cisterna then breaks down into transport carrier at the TGN to ensure
protein secretion/targeting to its final destination. In this model, the cisterna is viewed as a secretory
cargo carrier while COPI-coated vesicles are assumed to be enriched in Golgi resident proteins. In
contrast, the vesicular transport model rather defines each Golgi cisterna as a long-living compartment
in which secretory cargo are transported from a cisterna to the other via a COPI-mediated anterograde
trafficking. In this case, resident Golgi proteins remain in their own cisterna and only secretory cargo
moves forward from cis- to trans-Golgi. Comparing these two models, cisternal maturation is widely
accepted over vesicular transport. However, additional models have emerged such as the partitioning
model highlighting other possible ways of transport from the ER and within the Golgi apparatus. For
instance, in addition to vesicles, tunnels between adjacent cisternae could also ensure large secretory
cargo, especially those that do not enter into COP vesicles, to pass from one cisterna to another. In
mammals, members of the TANGO1 family have been identified to initiate a tunnel between the ER and
the ERGIC rather than COPII-coated vesicles [8].

Overall, a common and critical point is the proper distribution and localization of Golgi resident
proteins to ensure Golgi functions by preserving the different ion, protein and lipid homeostasis of each
Golgi cisterna. In case of mis-localization and/or improper distribution of the Golgi machinery,
homeostasis is disrupted resulting in severe diseases [9—11]. Therefore, a balance between anterograde
and retrograde trafficking has to be tightly regulated [12]. Actually, vesicle formation, tethering and
fusion events within the Golgi cisternae are well orchestrated and involved several molecular players
amongst Rab proteins, Soluble N-ethylmaleimide-sensitive-factor Attachment protein Receptors
(SNAREs) and tethering complexes. Within the Golgi cisternae, retrograde trafficking particularly
involved a multi-proteins complex named conserved oligomeric Golgi (COG) that have been
extensively studied by Pr Lupashin’s group [12—14]. This is particularly of interest in the manuscript
since COG defects have been associated to Congenital Disorders of Glycosylation (CDG), human

diseases related to impaired Golgi glycosylation reactions (see below) [15,16].
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Figure 2: Schematic representation of two models for membrane trafficking through the Golgi
apparatus: cisternal maturation model and vesicular transport model. Inspired from [7]. COP:
coat protein, ER: endoplasmic reticulum, ERGIC: ER-Golgi intermediate compartment and TGN: trans-Golgi

network.
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In my PhD, I focused on the maintenance of the Golgi ion homeostasis to ensure one of the main protein
PTM: glycosylation. Then, I will briefly introduce (i) the key players involved in Golgi ion homeostasis
maintenance and (ii) expose why this homeostasis is so important for Golgi glycosylation reactions

through the pathological condition of CDGs. This part will mainly describe mammalian cell systems.

2. Golgi ion homeostasis

2.1. pH

In mammals, a decreasing resting pH gradient can be observed from the cis-Golgi (pH 6.7) to medial-
(pH 6.5) and the trans-Golgi (pH 6.3) to reach pH 6 in the TGN [11,17-19]. How this pH gradient is
established along the Golgi apparatus is unclear but might involve specific proton (H") pumps,
transporters or leak channels. Actually, three main transport systems have been identified: the vacuolar
(V)-ATPase, the CI/K" counter ion transporter and some proton leak channels. These three ion
transport systems are thought to have distinct functions in the regulation of the Golgi pH. While V-
ATPases are responsible for active H" pumping into the Golgi lumen [20], proton leak channels are
assumed to send H' back to the cytosol not to overacidified the lumen. However, as a direct
consequence of the H' pumping activity of V-ATPases, the potential of Golgi membrane increases,
altering V-ATPases function up to their inhibition. Therefore, H" import into the Golgi lumen needs to
be counteracted by anion entry or cation efflux. It is likely that chloride ions (CI') are required to
prevent the increase of membrane potential [17]. In this line, Maeda et al. identified a Golgi CI channel
named Golgi pH regulator (GPHR) as a key player to sustain a constant membrane potential upon H'
pumping from the V-ATPase [21]. Other studies also pinpointed the role of passive potassium (K™
efflux instead of CI influx to counterbalanced H" entry, that could be mediated by sodium (Na") and K"
conductive channels or the Na"/K"-ATPase [11]. With regards to proton leak channels, despite their
crucial importance in the regulation of Golgi pH, their identification remains elusive. So far, although
further investigations need to be done, NHE7 and NHES, two Golgi Na‘/H" exchangers belonging to
the family of sodium/hydrogen exchangers (NHE) are potential candidates [22-24].

It is to note that this section is not exhaustive and only highlights the main key players acting in concert
to sustain Golgi pH. Many others can be found in literature [11,17,19,25] and will not be further

discussed here and even not represented in Figure 3.

2.2. Ca**, Mn’" and additional cations

Despite H", additional cations including calcium (Ca’™"), manganese (Mn’"), magnesium (MgH), zinc
(Zn™") and copper (Cu’") are found highly concentrated in the Golgi lumen [18,26]. While Ca’" ions are

. . . . . 2+ . . .
required for trafficking, secretory cargoes concentration and secretion, Mn"" ions are essential to sustain
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glycosylation reactions since they act as cofactors of many glycosylation enzymes named
glycosyltransferases. The regulation of such Ca”" and Mn’" homeostasis within the secretory pathway,
including the Golgi apparatus, will be extensively reviewed in Chapter 2. Briefly, Golgi Ca”"/Mn™"
import/export is regulated through the activity of many Golgi-localized pumps such as the Secretory
Pathway Ca’"/Mn’"-ATPases 1/2 (SPCA1/2), transporters as the transmembrane protein 165
(TMEM165) and channels like the Ca’"-release channel ryanodine receptor (RyR) in addition to Ca’’
retention by Caﬁ—binding proteins [26-30]. With regards to MgH, Zn*" and Cu’": (i) Mngr is thought to
be imported along the secretory pathway via the activity of Magnesium Transporter 1 (MagT1) likely
expressed at the plasma membrane [31,32] and Membrane Magnesium Transporters 1 and 2
(MMgT1/2) expressed in post-Golgi vesicles [33], (ii) Zn’" import into the Golgi lumen is mediated by
members of the Zinc Transporter (ZnT) family also known as solute carrier (SLC) 30 while SLC39
family of Zinc-regulated, Iron-regulated transporter like family Protein (ZIP) send Zn*' back to the
cytosol [34-36], finally (iii) Cu’" transport into the Golgi lumen is exclusively mediated by two P-type

ATPases ATP7A and B [37].

+ 2+ 2+ 2+ 2+
H Ca Mn Cu Zn
V-ATPase GPHR SPCA1/2 TMEM165 ATP7A/B ZnTs
+ 2+ 2+ 2+
H Ca /Mn 2+ Zn
ATP ADP + Pi ATP ADP + Pi Mn ATP |  ADP+pi
A 4
cl Ca v
®
®
®
®
+ + 2+ o 2+
K H Ca A n
TP ADP + Pi Golgi lumen
Cytosol [
NaJr Na+
Na/K pum MagTl1
pump g ZIPs
Proton leak channel Ca2+—release channels
NHE7,8 IP R, RyR 4
3
|
Key MMgT1/2
2+ 2+ _—
® Ca Ca -binding protein i
Mg

Figure 3: Simplified overview of Golgi ion homeostasis regulation. This scheme replaces the main key
players acting in the regulation of the Golgi ion homeostasis. For simplicity reasons, the Golgi apparatus is
represented as a single cisterna. However, it is to note that the subcellular localization of each pump, transporter
or chanel may differ from one cisterna to the other. Abbreviations are identical to the one used in the text.
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A simplified overview of the Golgi cation homeostasis is depicted in Figure 3, with the same caution that
Figure 3 only highlights key players and is not exhaustive. Additional information about Golgi ion
homeostasis can be found in the last review of our team [38]. Given that the Golgi apparatus houses
various enzymatic reactions, one can imagine that any pH modification or unbalanced ion homeostasis
would affect enzymatic activities. In addition, as mentioned earlier, enzymes’ mis-localization may also
result in improper enzymatic activities since each Golgi cisterna has its own ion environment. As an
example, consequences of such disrupted Golgi pH, ion homeostasis or impaired intravesicular
trafficking result in strong alterations during the Golgi glycosylation process, a hallmark of type II
CDGs. In the last part of this general introduction, I will briefly introduce what are CDGs and type 1I
CDGs resulting from impaired Golgi homeostasis in terms of pH, structure (intravesicular trafficking)

2+ .
and Mn"" homeostasis.

3. Disrupted Golgi homeostasis and CDGs

3.1. Glycosylation and CDGs

Glycosylation is a highly conserved cellular process and by far the major PTM of proteins and lipids. For
Golgi glycosylation to occur, (secretory) proteins must correctly travel from the ER to the different
cisternae of the Golgi apparatus where distinct sugar residues (also called monosaccharides) are
sequentially added (one by one) onto the protein to yield various and complex glycan structures.
Glycosylation corresponds to a series of enzymatic reactions requiring donor substrates (nucleotide
sugars) and acceptor substrates (the protein to be glycosylated) to be fully efficient. In this way, the
correct subcellular localization of each glycosylation enzymes as well as the trafficking of the
glycosylated protein and the targeting of nucleotide sugar transporters to the correct Golgi cisternae are
crucial to ensure each glycosylation reaction. Therefore, the intravesicular trafficking within the Golgi
apparatus and the correct delivery of the glycosylation machinery to each Golgi compartment is essential
for the Golgi glycosylation process to be fully achieved. Moreover, as already mentioned, in addition to
gather the entire glycosylation machinery close enough in the same cisterna; the lumenal environment of
each Golgi compartment is also essential. Together, proteins involved in vesicular trafficking and in the
regulation of Golgi ion homeostasis sustain trafficking of the glycosylation machinery and proper ion
environment that subsequently enable efficient glycosylation reactions. However, in some instances,
pathogenic mutations in genes encoding such proteins can result in strong Golgi glycosylation
deficiencies characterizing a type II Congenital Disorders of Glycosylation (CDG). These specific
subtypes of CDGs have been particularly well investigated over the last decade and the three following

sections will retrace the main outcomes for some of them. Here again, a brief description will be given
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since I will join to this manuscript a complete review on the topic that I have written in French six
months ago (Appendix I). In addition, the last review of Peter Linders also provides an excellent
overview of the current knowledge about CDGs and membrane trafficking associated with a beautiful

iconography: [39].

3.2. Membrane trafficking in CDGs

In this first section, I decided to highlight one the main CDGs related to impaired intravesicular
trafficking: the COG-CDGs. As briefly mentioned earlier, according to the cisternal maturation model
for Golgi trafficking (Figure 2), a retrograde COPI-mediated intravesicular trafficking occurs within the
Golgi compartment. The major function of these vesicles is to transport and recycle enzymes in specific
Golgi cisternae. Over the past decade, substantial work on the proteins of the Conserved Oligomeric
Golgi or COG complex pinpointed its crucial role in retrograde Golgi trafficking as a multi-protein
tethering complex enabling the anchoring of COPI-coated vesicles to the Golgi membrane [40,41].
Basically, the COG complex is made of eight unique subunits (COG1 to COGS) distributed in two
distinct lobes. Deeply investigated by Pr Lupashin’s lab, each COG subunit directly interact with various
proteins involved in intravesicular trafficking such as SNAREs, Rab GTPases and vesicle coating proteins
[12,41-45]. Since pathogenic mutations affecting seven out of the cight genes encoding a COG subunit
lead to a type Il CDG [46-53], the critical importance of the COG complex in Golgi glycosylation was
deeper investigated. Individual COG deletions cause huge morphological changes of the Golgi apparatus
(fragmentation and dilatation of the cisternae) that in turn affects the glycosylation and also the
endolysosomal system with an accumulation of enlarged acidic compartments named enlarged
endolysosomal structures (EELSs) [54]. For many years, COG deficiency were associated to the
destabilization of certain proteins (so-called COG sensitive proteins) which were assumed not to be
functional due to a mis-localization [13,16,55,56]. Amongst them, many glycosyltransferases were
found destabilized. Recently the last studies from Pr Lupashin’s group unravel part of the function of the
COG complex in Golgi glycosylation. More than an abnormal subcellular localization, many
glycosyltransferases were found addressed to the EELSs for subsequent degradation making the COG
complex a key component in glycosyltransferases intravesicular trafficking during Golgi glycosylation

reactions [54].

3.3. Golgi pH regulation in CDGs

Within the Golgi cisternae, a decreasing pH gradient is mainly established through the activity of the V-
ATPase (Figure 3), a multi-subunit complex whose isoforms are expressed all along the secretory

pathway. Given that (i) glycosylation enzymes required an optimal pH to be fully active and (ii)
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intravesicular trafficking of these glycosylation enzymes also depends on the pH in each Golgi
compartment, Golgi pH dysregulations are expected to alter either activities or subcellular localization
of these enzymes, which in turn lead to Golgi glycosylation defects [11,19,25,57,58]. Indeed,
pathogenic mutations in the genes encoding different subunits of V-ATPase cause types II CDG [9].
Discovered in 2008 by Kornak et al., ATP6V0A2, a gene encoding the a, subunit of the V, domain of V-
ATPase, was the first case of CDG reported as cutis laxa type 2 [59,60]. Mutations in ATP6VOA2 affect
the functionality of V-ATPase in Golgi acidification resulting in glycosylation abnormalities. However,
why an alkalinization of the Golgi compartment impairs the Golgi glycosylation capacities is unclear.
One can suppose that either an increased pH in the Golgi directly affects the enzymatic activity of the
glycosyltransferases or, it might rather alter their transport up to the correct Golgi cisternae. Recently,
additional mutations in genes encoding other subunits of the V-ATPase (ATP6VIA and ATP6VIEI) or
accessory proteins of the V-type ATPase involved in its assembly (ATP6API and ATP6AP2) have also been
identified as type II CDG [61-63], enlarging the number of type II CDG resulting from an impaired

Golgi homeostasis/intravesicular trafficking.

3.4. Golgi Mn’" homeostasis in CDGs

As an optimal pH is required for an enzyme to be fully active, co-factors are also critical to
trigger/ensure an enzymatic reaction. While many Golgi glycosylation enzymes were known to be
Mn’"-dependent [38] (see Table 24), no evidences about Golgi Mn’" homeostasis and the glycosylation
process were provided before our pioneer study on TMEMI165-CDG [64—66]. In 2012, our lab
identified that pathogenic mutations in TMEM165 resulted in a type II CDG so-called TMEM165-CDG.
Couple of years later, we demonstrated that the strong Golgi glycosylation defects associated with
TMEMI165 deficiency were due to a disrupted Golgi Mn’" homeostasis. Our statements were even
reinforced by the similarity of the results we obtained in yeast Saccharomyces cerevisiae lacking TMEM165
ortholog, Gdtlp. In addition, and very interestingly, we also demonstrated that Golgi glycosylation
defects due to TMEM165 deficiency could be suppressed by Mn’" supplementation in the cell culture
medium of TMEM165 deficient cell line. This observation defined the starting point of my PhD. To
date, another single case of CDG resulting from intracellular Mn”* deficiency has been reported in 2015
by Park et al. named SLC39A8-CDG [67]. SLC39A8, also known as ZIP8, has been described as a
plasma membrane Mn”*/Zn’" importer. Similarly to TMEMI165 deficiency, a lack of SLC38A8
drastically alters Golgi glycosylation reactions and Mn’" supplementation also suppresses glycosylation

defects [68].

12

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Chapter 1:
ER and Golgi glycosylation pathways

in yeast and human
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Glycosylation is a highly conserved cellular process found in every kingdoms of life and defined by far as
the most complex and studied class of post-translational modifications (PTMs). Several glycosylation
pathways can be found in a given organism, increasing the number, the diversity and the subsequent
functions of these glycan structures. In mammals, three different types of glycosylation have been
identified: (i) N-linked glycosylation, (ii) multiple O-linked glycosylations and (iii) C-mannosylation. In
contrast, in the yeast Saccharomyces cerevisiae, no C-mannosylated proteins have been found. In this
chapter, a main focus will be addressed on the N-linked glycosylation process in both yeast and human.
When applicable, a parallel will be done between yeast and human to pinpoint both commonalities and
differences. As the ultimate goal of this chapter, a “Glyco-ion map” will be drawn to highlight the
relevance of the requirement of cation ions during this cellular process which represents one critical way
of regulation. The following chapter (Chapter 2) will be entirely dedicated to the maintenance and
regulation of two specific cation homeostasis within the secretory pathway (Ca’" and Mn’"), including

the ER and the Golgi apparatus where most of the glycosylation reactions take place.

1. General introduction about the glycosylation process*

1.1. The glycosylation reaction

As a whole cellular process, glycosylation of proteins and lipids is a complex and non-template-driven
process implying hundreds of enzymes, transporters, chaperones and lectins culminating in the
sequential addition, eliminitation and/or modification of monosaccharides onto proteins, lipids, other
monosaccharides or small molecules. More strictly, glycosylation refers to an enzymatic reaction
involving a set of different key players amongst (i) glyco-enzymes: glycosyltransferases (GT) and
glycosylhydrolases (GH), (ii) donor substrates such as nucleotide sugars mono/diphosphate (NM/DP-
sugars), (iii) nucleotide sugars transporters (NST) and, (iv) acceptor substrates, most of the time
proteins, lipids or other monosaccharides, all of them localized in close proximity to ensure the
reaction. The ER and the Golgi apparatus are the two main organelles ensuring such glycosylation
function in both yeast and human. These two subcellular compartments share a specific ion environment
in terms of pH and divalent cation ions that are especially required for GT activity while binding
covalently a monosaccharide to an acceptor molecule (Figure 4). As depicted in Figure 4, four cations
transporters have been mentioned: SPCA1 and TMEM165 in human cells and Pmr1p and Gdtlp, their
yeast orthologs. They are particularly involved in Ca’", Mn’" and even H' Golgi homeostasis and will be

further detailed in additional parts of this manuscript (Chapter 3 especially).

* This part is a barely modified translation of a review that I have written in French for médecine/sciences.
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Figure 4: Key players required during a glycosylation reaction in the lumen of the Golgi

apparatus in yeast (A) and human (B) The glycosylation reaction involves primary actors: an enzyme

called glycosyltransferase (GT), here it is a mannosyltransferase (A.) and a galactosyltransferase (B.); a donor
substrate, GDP-mannose (A.) or UDP-galactose (B.), a nucleotide sugar transporter (NST), Vrgdp (A.) or
SLC35A2 (B.) and an acceptor molecule, N-glycoprotein (red dotted frames in A. and B.). These diagrams also

depict secondary players involved in such glycosylation reaction. In particular, different known and unknown

transporters of cations (Mn’", Mg’", Ca’"), protons (H") and inorganic phosphate (Pi). Bottom. The gray dotted

boxes highlight the main causes leading to the deregulation of the glycosylation process, leading to human

congenital disorders of glycosylation. The question mark represents an ion that still needs to be identified. Purple

dots above the GT symbolize Mn’" ions. Gdtlp: Gerl [glycolysis regulation] dependent translation factor 1,
Pmrlp: plasma membrane related protein 1, SPCA1: Secretory Pathway Ca’" / Mn’" ATPase 1, SLC35A2: Solute
Carrier Transporter 35A2, TMEM165: transmembrane protein 165 and Vrg4p: vanadate resistance glycosylation

protein 4.
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Here, as general introduction on glycosylation, I will briefly expose the main characteristics of human
GT, GH and NST and then offer a panorama on the diversity of the glycosylation pathways in both yeast

and human.

1.1.1. Human ER and Golgi glvcosvltransferases (GTs)

According the Carbohydrate-Active enzyme database (CAZy, http://www.cazy.org) [69], human GTs
are gathered in 48 distinct families. Each of these families comprises at least 1 to 35 members, yielding
the total number of human GTs over than 200. In 2015, Hansen et al. identified 214 GTs in the human
genome of which, 167 were predicted to be involved in one of the numerous glycosylation pathways
[70]. To date, mutations in 58 different genes encoding human GTs have been reported to be pathogenic
and responsible for a Congenital Disorder of Glycosylation (CDG) [70,71]. GTs are the key enzymes at
the heart of all glycosylation reactions. Most of the time, they catalyze the group-transfer of a
monosaccharide from an activated sugar donor substrate (i.e. NM/DP-sugar) to an acceptor molecule
(Figure 4). NM/DP-sugar-dependent GTs are often referred to Leloir enzymes in the memory of Luis
Frederico Leloir, the biochemist who discovered the first nucleotide sugar and was awarded the Nobel
Prize in Chemistry in 1970. The most common nucleotide sugar donors in human (and yeast) are listed
in Table 1.

Table 1: List of human activated sugars used by GTs as substrate donors. This table also defines the
abbreviations that will be used in this manuscript to refer to monosaccharide and activated nucleotide sugars. In
the last column, the three bolded NM/DP-sugars are the only ones found in yeast Saccharomyces cerevisiae.

Monosaccharide Nucleotide mono/diphosphate Activated form
(‘sugar’) (NM/DP) (NM/DP-sugar)
Glucose (Glc) UDP-Glc
Galactose (Gal) UDP-Gal
N-acetlyglucosamine (GlcNAc ) UDP-GIcNAc
Uridine diphosphate (UDP)
N-acetylgalactosamine (GalNAc) UDP-GalNAc
Glucuronic acid (GlcA) UDP-GIcA
Xylose (Xyl) UDP-Xyl
Mannose (Man) GDP-Man
Guanosine diphosphate (GDP)
Fucose (Fuc) GDP-Fuc
Sialic acid (Sia) Cytidine monophosphate (CMP) CMP-Sia

However, in some instances, the donor substrate differs from a NM/DP-sugar and the monosaccharide

is linked to a lipid moiety such as dolichol-phosphate (Dol-P) or dolichol-pyrophosphate (Dol-P-P),

rather than a nucleotide. In eukaryotes, this is the case for Dol-P-Man, Dol-P-Glc and Dol-P-P-

GlcNAc,Man,Gle, that are used by specific GT-C enzymes in the ER (see below) and involved in N-
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glycosylation, glypiation (transfer of a glycosylphosphatidylinositol (GPI)-anchors onto a protein), O-
mannosylation and C-mannosylation of proteins. In addition to their specificity towards the donor, GTs
are also specific to the acceptor substrates and to the linkage of the glycosydic bond they catalyze (a- or
B- anomerism). Hence, based on the strict donor, acceptor and linkage specificity shared by most of the
GTs, glycobiologists often refer to the “one glycosidic-linkage, one enzyme” as the central dogma of
glycobiology. However, few exceptions to this rule exist. For instance, (i) several GTs can use the same
acceptor to make the same glycosidic bonds or (ii) a single GT can catalyze more than one reaction using
either the same donor substrate linked in both a- or B- anomerism or, different donor substrates bound
with the same linkage anomerism. In addition, some GTs share specific structural features like (i) two
catalytic domains or, (ii) two functional sites including a lectin domain that recognizes and strongly binds
to the acceptor and a catalytic domain that ensures the glycosidic bond. Nonetheless, these exceptions
remain exceptions. Due to the huge number of reactions that can be catalyzed by GTs, a formal
nomenclature has been established referring to both donor and acceptor substrates, linkage, activity and

isomer number within a given GT family (Figure 5).

Formal name : EJDP—Gal]: GlcNAcIB-l A4t galactosyltransferase: 1
Donor Acceptor T Activity T
Linkage Isomer number

Figure 5: Formal nomenclature for glycosyltransferases (GTs) applied to one of them.

However, this nomenclature is poorly used and referenced since GTs are preferentially nicknamed with
shorter and/or trivial names. For instance, the UDP-Gal: GlcNAc-B-1,4-galactosyltransferase 1 is often
shortened as B-1,4-galactosyltransferase 1 or commonly named B4GALT1 referring to the gene
encoding the protein. Hence, according to author’s preferences, a given GT may share different names.
This lack of systemic nomenclature may put off people to further study these enzymes, which are at the

basis of glycosciences.

At the structural level, human GTs can be classified in three main classes according to their folds: GT-A,
GT-B and GT-C [72—76]. Both GT-A and -B share a topology that derives from a specific structural
motif named Rossmann fold (alternative B-sheets and o-helices, p/a/p) which is commonly found in
nucleotide binding proteins. Thus, GT-A and GT-B use NM/DP-sugar as donors. In addition to this
Rossmann fold, GT-A possess a highly conserved DXD motif (or Asp-X-Asp, aspartic acid-any amino
acid-aspartic acid) in their active site allowing the coordination of a divalent metal ion required for the
stabilization of the NM/DP-sugar. Therefore, most of the GT-A are considered as metal-ion-dependent
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enzymes requiring either Mn’", MgH, Zn’" or Co’" as cofactor to fulfill their proper function. With
regards to GT-B, two Rossmann-like motifs face each other, forming a cleft hosting their catalytic site

(black arrow, Figure 6B.).

A. B.
N N
Cytosol Cytosol
TMD } TMD
Golgi lumen } Stem region Golgi lumen } Stem region
AN
%—J %—J
Catalytic domain Catalytic domain
C.

Catalytic site

Cytosol

TMD

ER lumen N

Figure 6: Topologies of human ER and Golgi glycosyltransferases. A. and B. Golgi-localized GT-A (A.)
and GT-B (B.) display a short cytosolic amino-terminus, a single TMD, a lumenal stem domain and a lumenal
catalytic domain containing (A.) or not (B.) a DXD motif (black circles). The black arrow indicates the catalytic
site, in the cleft between the two Rossmann-like domains. C. All ER-localized GT-C enzymes exhibit a core
membrane domain comprises 11 TMD and four conserved cytosolic loops (pink numbers). Of them, the first
cytosolic loop contains a D(X)D motif (black circles), supposed to be part of the catalytic site. Additional TMD
can be found at the carboxy-terminus of GT-C (dashed TMD) yielding the total number of TMD up to 14.

GT-B are generally metal-ion-independent enzymes since no DXD motif has been found in their
structure. Beyond their own structural features, human GT-A and GT-B of the Golgi apparatus are all
type Il transmembrane proteins exhibiting (i) a short cytosolic amino-terminus, (ii) a single TMD that
retains them in the Golgi apparatus, (iii) a lumenal stem region and (iv) a lumenal catalytic domain
(Figure 6A. and B.) [77,78]. More recently, GT-C have been identified as a new structural family of
GTs [72,75,76]. GT-C enzymes are hydrophobic transmembrane proteins that recognize lipid

phosphate-linked sugar as donor substrate. As already mentioned, in eukaryotes such GTs act in the ER
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and catalyze the transfer of mannose from Dol-P-Man, glucose from Dol-P-Glc and oligosaccharidic
precursor Gle;Man,GleNAc, from  Dol-P-P-GleNAc,ManyGle;. Hence, most of the GT-C are
mannosyltransferases or glucosyltransferases. Structurally, all eukaryotic GT-C characterized so far
possess a DXD or even DD motif in which aspartic acid may be replaced by glutamic acid (E). This motif
belongs to the first cytosolic loop and is supposed to be part of the catalytic domain of the enzyme since
it is crucial for their enzymatic activity [76,79]. Moreover, additional charged amino acids residues
(arginine (R) and lysine (K)) are also found conserved in the first three and fifth predicted cytosolic
loops, suggesting their involvement in substrates recognition and/or catalysis [76]. A simplified topology
of GT-C enzymes is depicted in Figure 6C., inspired by [76]. A last fundamental point about GTs lies in
their ability to catalyze the group-transfer of mono/oligosaccharides with either inverting or retaining
the anomeric configuration of the product [73]. Hence, GTs can be classified as either inverting or
retaining enzymes, depending on the outcome of the reaction. However, these two different catalytic
mechanisms are not correlated to the fold-type (-A, -B or -C) of the GT since both GT-A and GT-B can
be inverting or retaining enzymes [73]. All in all, as a summary of this section, Table 2 summarizes the
main characteristics of human GTs according to their catalytic mechanisms, structural features, metal-
ion dependency, donor substrates and the glycosylation pathways in which they are involved.

Table 2: Main characteristics of the three classes of human glycosyltransferases (GTs). This table
summarizes some generalities about the three main classes of GTs described in the text.

T D 1 lati
& Mechanism Structural features onor (ElyEoy e
fold substrates pathways
2 abutting Rossmann-like domains
GT-A Invel.‘tl.ng DXD I’TIOtlf
Rctalnlng Metal—lon—dcpcndcnt
Type II transmembrane protein All
NM/DP—sugars loi
2 Rossmann-like domains facing (Go gt apparatus)
GT-B Invell‘tl.ng each ot.her-
Retalnlng Metal—lon—lndcpendcnt
Type II transmembrane protein
DXD or DD tif
o'r Mot Lipid-linked N-linked, glypiation,
) Metal-ion-dependent )
GT-C Inverting mono/ O-/ C—mannosy]atlon
11 TMD . )
oligosaccharides (ER)

Conserved cytoslic loops

1.1.2. Human glvcosvlhvdrolases (GHs)

In contrast to GTs that contributes to the synthesis of glycan structures by adding monosaccharides,

glycosidases, also known as glycosylhydrolases (GHs), remove monosaccharides to a given glycan

structure. According to the CAZy database, human GHs are classified into 29 families and almost a

hundreds of them have been identified [69]. Basically, GHs catalyze the hydrolysis of glycosidic bonds
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between two monosaccharides or a monosaccharide and a non-carbohydrate moiety. Hence, GTs act in
glycosylation while GHs ensure deglycosylation reactions. These deglycosylation steps mainly occur (i)
during the folding of N-linked glycoproteins in the ER, (ii) for cytosolic and lysosomal degradation of
misfolded and/or misglycosylated proteins and (iii) for lysosomal degradation of mature glycoproteins.
These three different pathways will be better described in the corresponding sections 2.2.1, 2.4.1. and
2.4.2.. Most of the GHs do not share a strict specificity for their donor substrates or the linkage they
cleave but all of them can act in cither a retaining or an inverting mode, like GTs. In addition, some GHs
preferentially cleave their substrates at their free ends (more often the non-reducing ends) while other
can act in the middle of an oligosaccharidic structure. These two kinds of GHs are commonly and

respectively named exoglycosidases and endoglycosidases.

1.1.3. Cytosolic (and nucleic) biosynthesis of human NM/ DP-sugars

As described earlier, NM/DP-sugars are donor substrates for many GTs. Basically, the incorporation of
monosaccharides into glycan structures first requires their activation by specific ATP-dependent kinases.
Then, these “sugar phosphates” are further converted to NM/DP-sugars via UTP-, GTP- or CTP-
dependent reactions releasing free pyrophosphates as byproducts. As depicted in Figure 7, most of the
NM/DP-sugars reported in Table 1 are synthesized in the cytosol, except for the last step of CMP-Sia
synthesis which is achieved in the nucleus. Before activation, the bulk of monosaccharides (i.e. Glc, Gal,
Man, Fuc, GlcNAc, GalNAc, Sia, Xyl, GlcA) can be (i) directly imported from the diet involving plasma
membrane transporters such as GLUT ones belonging to the SLC2A family of hexose transporters
[80,81], (ii) synthesized de novo from glucose or (iii) salvaged/recycled from glycans degradation into the
lysosomes [82,83]. Whatever the cellular route yielding NM/DP-sugars, their bioavailability is essential
to further support all the reactions gathered under the biosynthetic umbrella of glycosylation. This has
been dramatically evidenced forty years ago with the identification of the two first cases of human
Congenital Disorders of Glycosylation by Prof. Jack Jacken due to a defect in PMM2, the gene encoding
the phosphomannomutase 2, an enzyme responsible for the conversion of mannose-6-phosphate (Man-6-
P) to Man-1-P during GDP-Man synthesis [84—87]. In Figure 7, a simplified overview of the biosynthetic
pathways of NM/DP-sugars is shown with examples of monosaccharide and NM/DP-sugars

interconversion. All genes written in pink have been further identified in CDGs.

21

© 2020 Tous droits réservés. lilliad.univ-lille.fr



A O
o0
@ Diet
¢ 00

Thése de Marine Houdou, Université de Lille, 2020

FUK FPGT
A » A-1-P —»[GDP-A
HK GMPPA
PMM?2 GMPPB T T
® —» @6P —» @1 P —»|GDP-@|---» DolP-@
MPI
Zn2+
Fru Fru-6-P
lGFPTl
GlcNH -6-P _
GP1 :
lGNPNATl GALE
HK PGM3 GNE GNE
UAPI1 Zn' Zn’'
B — B6P —>» B1-P —— |(UDPE|—> B — B 6P
ALGS .
---C» DolP-@ NANS
HK PGM1 UGP2 '
UGDH
® —> 06 «—>» @1P —|UDP@ —> ¢ 9P
A S P 4
NANP
GA];T GALE UXS1 l
VLN
GALK1
upp-_ | uDp ] .
GALK? UAP2
- e
CMAS ¥
(071 I I — CMP-¢ «— &
Nucleus
Cytosol
® Man e Glc GalNAc ® ManNAc ® GalNAc A Fuc Xyl ¢ Sia ~ GlcA

Figure 7: Simplified overview of the biosynthesis pathways yielding the production of the nine

NM/DP-sugars involved in human N-linked glycosylation process. Monosaccharides can come from

the diet and cross the plasma membrane thanks to members of the hexose transporter family named GLUTX and

encoded by SLC24X. Then, a set of cytosolic enzymatic reactions (except for the last step of the CMP-Sia synthesis

that occurs in the nucleus) leads to the production of the nine NM/DP-sugars used during human N-linked

glycosylation (pink frames). The name of each gene encoding enzymes responsible for a reaction is mentioned

above the corresponding arrow. Some enzymes need specific divalent ions as cofactors that are mentioned in

orange or blue, under the name of the corresponding gene. Genes written in pink have been identified in CDG.

The abbreviations used for the key have been defined in Table 1. ALGS5: asparagine-linked glycosylation protein 5,
CMAS: CMP-sialic acid synthetase, DPM1-3: dolichol-phosphate mannosyltransferase subunit 1 to 3, FPGT:
fucose-1-phosphate guanylyltransferase, Fru: fructose, FUK: L-fucose kinase, GALE: UDP-galactose 4’

epimerase, GALK: galactokinase, GALT: galactose-1-phosphate uridyltransferase, GFPT1: glutamine fructose-6-

phosphate aminotransferase 1, GIcNH,: glucosamine, GMPPA/B: mannose-1-phosphate guanyltransferase o/,
GNE: bifunctional UDP-GIcNAc 2’ epimerase/ManNAc kinase, GNPNAT1: glucosamine-6-phosphate N-
acetyltransferase, GPI: glucose-6-phosphate isomerase, HK: hexokinase, MPI: mannose-6-phosphate isomerase,

NANP:

N-acylneuraminate-9-phosphatase,

NANS:  N-acetylneuraminidic ~ acid  synthase, ~PGM1:

phosphoglucomutase 1, PGM3: phosphoacetylamine mutase, PMM2: phosphomannomutase 2, UAP1/2: UDP-
N-acetylhexosamine pyrophosphorylase 1/2, UGDH: UDP-glucose-6-deshydrogenase, UGP1/2: UDP-glucose
pyrophosphorylase 1/2 and UXS1: UDP-glucuronic acid decarboxylase.
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1.1.4. ER and Golgi nucleotide sugars transporters (NST)

As mentioned in Figure 4, each glycosylation reaction depends on the activity of specific GTs requiring
both acceptor and donor substrates to be active. Regarding to NM/DP-sugar-dependent GTs, NM/DP-
sugars need to translocate from the cytosol where they are synthesized (except CMP-Sia, Figure 7) to
the ER/Golgi lumen in order to be used by GTs. This transport is mediated by specific nucleotide sugar
transporters (NSTs) in both yeast and human cells. A list of human and yeast Saccharomyces cerevisiae
NSTs is provided respectively in Table 3 and Table 4 according to NM/DP-sugar substrates and
subcellular localization. Particularly, human NSTs are multi-spanning transmembrane proteins
belonging to the well conserved Solute Carrier 35 (SLC35) family [88-94]. This family is divided into
seven subfamilies (A to G) each of them containing one or more members. To date, only SLC35A-D
have been well characterized while SLC35E-G are still referred to orphan solute carriers [93]. NSTs are
antiporters that mediate the import of cytosolic NM/DP-sugar in the ER/Golgi lumen in exchange for
the export of the corresponding lumenal NMP. All NSTs share common kinetic properties [91,94], one
of them is to be competitively inhibited by the corresponding NDP or NMP but not by the free
monosaccharide. NSTs were first thought to have an absolute substrate specificity towards the NM/DP-
sugar they translocate but further in vitro investigations revealed a multi-substrate transport activity for
some of them (Table 3) [91,93]. For instance, while SLC35C1 specifically transports CMP-Sia,
SLC35A2 has been shown to be a dual transporter of both UDP-GlcNAc and UDP-Gal. The other way
around, a specific NM/DP-sugar can be transported by several NST such as UDP-GlcNAc wich is
carried out by SLC35A2, SLC35A3, SLC35B4 and SLC35D2 (Table 3). According to the higher number
of NM/DP-sugars used by human GTs compared to yeast ones (Table 1), it is not surprising that human
cells express a higher number of NSTs (Table 3). The crucial importance to express functional NST is
dramatically illustrated in humans by the identification of four CDGs related to defects in one of the four

genes encoding the corresponding NST highlighted in Table 3.

Table 3: List of human NSTs belonging to the SLC35 family. Transporters written in pink have been
identified in CDG. Abbreviations used in this table have been previously defined in Table 1. Sub.: subcellular.

SLC name Common name Substrate Sub. localization
SLC35A1 CMP-Sia transporter CMP-Sia Golgi
SLC35A2 UDP-Gal transporter UDP-Gal; UDP-GIcNAc ER/Golgi
SLC35A3 UDP-GlcNAc transporter UDP-GIcNAc Golgi
SLC35B4 UDP-Xyl transporter UDP-Xyl; UDP-GIcNAc ER/Golgi
SLC35C1 GDP-Fuc transporter GDP-Fuc Golgi
SLC35D1 UDP-GIcA/UDP-GalNAc transporter UDP-GIcA; UDP-GlcNAc ER
SLC35D2 UDP-GlcNAc/UDP-Glc transporter UDP-GIcNAc; UDP-Gle Golgi
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In yeast Saccharomyces cerevisiae, only three NSTs have been identified so far: (i) Vrg4p (vanadate
resistance glycosylation protein 4) [95], Yea4p [96] and Hutlp (homolog of UDP-Gal transporter
protein 1) [97] (Table 4). Each of them transport one of the three NM/DP-sugars required for yeasts
GTs activity i.e. GDP-Man, UDP-GlcNAc and UDP-Gal respectively (Table 1).

Table 4: List of yeast Saccharomyces cerevisiae NSTs. Abbreviations used in this table have been previously
defined in Table 1.

Gene/protein name Common name NM/DP substrate Subcellular localization
VRG4/Vrg4p GDP-Man transporter GDP-Man Golgi
YEA4/Yea4p UDP-GIcNAc transporter UDP-GlcNAc ER

HUTI1/Hutlp UDP-Gal transporter UDP-Gal Golgi

However, it is to note that in yeast Saccharomyces cerevisiae no endogenous galactosyltransferases have
been identified so far and very few reports demonstrated the presence of galactose residues in their
glycoconjuguates suggesting a lack of proper galactosylation pathway in this yeast strain. Hence, the
characterization of Hutlp as a UDP-Gal transporter has been done in Saccharomyces cerevisiae expressing
the gene gmal2", derived from another yeast strain (Schizosaccharomyces pombe) and encoding a
galactosyltransferase. Overexpressing HUTI in such yeast background resulted in a significant increase in
in vitro UDP-Gal transport activity together with enhanced galactosylated glycoconjugates at the cell
surface assuming a role for Hut1p as a UDP-Gal transporter in the yeast Saccharomyces cerevisiae. Actually,
the major modification in yeasts remains mannosylation, occurring during both ER and Golgi N-
glycosylation, glypiation, O-glycosylation and glycosphingolipids sysnthesis. Besides, one of the major
differences between yeast and human lies in the ability of yeast cells to import GDP-Man into the Golgi
lumen to ensure Golgi mannosylation whereas human cells lack both Golgi mannosyltransferases and

GDP-Man transporter.

1.2. Diversity of the glycosylation pathways in yeast Saccharomyces cerevisiae

and human

In both yeast Saccharomyces cerevisiae and human cells, several glycosylation pathways occur
simultaneously increasing the diversity of the glycans structures carried by proteins/lipids. As reported
in Table 5, Table 6, Figure 8 and Figure 9, each of these glycosylation pathways (i) is initiated by a
specific glycosidic linkage between the first mono/oligosaccharide and the acceptor substrate and (ii)
takes place in a specific cellular environment. Three major types of glycosylation can be distinguished:
(i) N-linked glycosylation is defined by the linkage of the oligosaccharidic precursor

Gle;Man,GlcNAg, to the amide group of an asparagine residue (Asn, N) belonging to the consensus
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sequence Asn-X-Ser/Thr (where X can be any amino acid except proline), (ii) O-linked
glycosylation refers to the linkage of a monosaccharide (Glc, Gal, GlcNAc, GaNAC, Man, Xyl, Fuc)
to the hydroxyl group of a serine (Ser, S) a threonine (Thr, T), an hydroxyl lysine residue or the first
carbon (C1) of a ceramid and (iii) C-linked glycosylation or C-mannosylation corresponds to the
linkage of a single mannose residue to the second carbon (C2) of a tryptophan residue (Trp,W)
belonging to this sequence: Trp-X-X-Trp (where X can be any amino acid). As a last type of
glycosylation, glypiation includes the synthesis of a given glycolipid commonly named
glycosylphosphatidylinositol (GPI)-anchor on which a protein is then attached. Considering one
glycosylation pathway amongst other implies to take into account the specific cellular environment
where glycoconjugates are synthesized. In both human and yeast cells, the ER and the Golgi apparatus
are the two main hubs for protein/lipids glycosylation. Moreover, intrinsically to each glycosylation
pathway, some of them are exclusively performed in the ER or in the Golgi apparatus while other, like
the N-linked glycosylation process requires both organelles to be proceeded (Table 5, Table 6, Figure 8
and Figure 9). To add an extra layer of complexity, a given glycoprotein can share different glycosylated
forms resulting from macro- and microheterogeneity events. Particularly well-described for the N-
linked glycosylation, macroheterogeneity refers to the presence or absence of a glycan structure at a
specific glycosylation site while microheterogeneity corresponds to the presence of different glycan

structures at a given glycosylation site.
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Figure 8: Schematic representation of the initiation sites (core glycan structure, upper panel) and maturation of human glycan structures associated
with the different glycosylation pathways. ER and Golgi compartments are schematically represented by the purple and pink dotted boxes, respectively. On the right,
the cytoplasmic glycosylation pathway is also shown in the gray dotted frame. The nature of the different bonds has been omitted in the lower pannel representing mature
glycan structures for better readability. o and B symbolize linkage anomerism. Abbreviations used for the key have been defined in Table 1. Asn: asparagine, NH,-Et-P:
phosphatidylethanolamine, GAGs: glycosaminoglycans, GPI: glycosylphosphatidyl inositol, Hyl Lys: hydroxylysine, n: number of pattern repeats, P: phosphate, PI: inositol
phosphate, Ser: serine, Thr: threonine, Trp: thryptophan.
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Table 5: Diversity of human glycosylation pathways and associated characteristics towards their first glycosidic bonds. First glycosidic bonds between the
mono/ oligosaccharide and the acceptor donor are reported with the associated peptide motif, the GTs involved and the subcellular (Sub.) localization of the reaction. DPM2:
dolichol DPYL: dumpy-like, EGF: GAGs:
glycosylphosphatidylinositol, Hyl: hydoxyl lysine PI: phosphatidylinositol and TSR: thrombospondin type 1 repeat.

phosphate-mannose ~ biosynthesis  regulatory  protein, epidermal  growth factor, glycosaminoglycans,  GPI:

First glycosidic bond

Glycosylation pathways First glycosidic bond Peptide motif

GTs involved Sub. localization
N-linked glycosylation Glc;Man,GleNAc,-B-Asn Asn-X-Ser/Thr Oligosaccharyltransferase complex (OST) ER
O-linked glycosylation
O-GalNAcylation . GalNAC-u.Ser/Thr Repeat domains rich in Ser, Thr, Pro, Gly, Polypeptide GalNAc transferases Golgi
(mucin type) Ala (ppGALNTs)
EGF domains: Cys-X-X-X-X-Ser/Thr-Cys Protein O-f leransf
. PR o rotein O-fucosyltransferases
O-Fucosylation Fuc-a-Ser/Thr TSR modules: Cys-X-X-X-X-Ser/Thr-Cys (POFUT1, POFUT?) ER
X-X-Gly
O-Glucosylation Glc-B-Ser EGF modules: Cys-X-Ser-X-Pro/Ala-Cys Protein O-glucosyltransferase 1(POGLUT1) ER
O-Mannosylation . . .
Man-a-Ser/ Thr Ser/Thr-rich domains Protein O-mannosyltransferases (POMTs) ER
(a-dystroglycan)
O-Galactosylation Procollagen galactosyltransferases
(collagen) Gal-B-Hyl Collagen repeats: X-Hyl-Gly (COLGALT1/2) ER
Thr-rich domains cl P 1
0-GleNAcvlati GlcNAc-B-Ser/Thr Ser/Thr-ric O:;amélc ose to Pro, Val, O-linked GIcNAc transferase (OGT) Cytosol/Nucleus
-GlcNAcylation GlcNAc-B-Ser/Thr . & M . EGF domain specific OGT (EOGT) ER?
EGF domains of extracellular proteins
GAG synthesis Xyl-B-Ser Ser-Gly (close to acidic residues) Xylosyltransferases (XYLT1/2) Golgi
Gal-B-Ceramide Ceramide B-galactosyltransférase ER lumen

Glycosphingolipids synthesis

Glc-B-Ceramide

Ceramide B-glucosyltransférase

ER cytosolic face

C-linked glycosylation

Man-a-C-Trp

Trp-X-X-Trp

C-mannosyltransferases (DPYL1-4)

ER

GPI anchors synthesis

GlcNAc-a-PI

PI GlcNAc transferases (PIG-A,-H,-C,-Q,-
P,-Y), and DPM2

Cytosol
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Table 6: Diversity of yeast glycosylation pathways and associated characteristics towards their first glycosidic bonds. First glycosidic bonds between the

mono/ oligosaccharide and the acceptor donor are reported with the associated peptide motif, the GTs involved and the subcellular (Sub.) localization of the reaction. Csglp:

calcium sensitive growth protein 1, GAGs: glycosaminoglycans, GPI: glycosyl phosphatidyl inositol, PI: phosphatidylinositol and Surlp: suppressor of rvs161 and rvs167

mutations protein 1.

First glycosidic bond
Glycosylation pathways First glycosidic bond Peptide motif
GTs involved Sub. localization

N-linked glycosylation Glc;Man,GleNAc,-B-Asn Asn-X-Ser/Thr Oligosaccharyltransferase complex (OST) ER
O-linked glycosylation

O-Mannosylation Man-a-Ser/Thr Ser/Thr Protein mannosyltransferases (Pmt) ER

Glycosphingolipids Man-o.Ceramide Mannosylinositol phosphorylceramide ER

synthase (Surlp/Csglp)

GPI anchors synthesis GleNAc-o.PI GPI anchoring biosynthesis proteins (Gpil-3p, Gpil5p, Gpil9p), Cytosol

ER-associated Ras inhibitor protein (Erilp)
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Figure 9: Schematic representation of the initiation sites and maturation of yeast glycan
structures associated with the different glycosylation pathways. ER and Golgi compartments are
schematically represented by the purple and pink dotted boxes, respectively. The nature of the different bonds has
been omitted in the lower pannel representing mature glycan structures and instead replaced by different green
patterns for better readability. a and B symbolize linkage anomerism. Abbreviations used for the key have been
defined in Table 1. Asn: asparagine, NH,-Et-P: phosphatidylethanolamine, GPI: glycosylphosphatidyl inositol, n:
number of pattern repeats, P: phosphate, PI: inositol phosphate, Ser: serine, Thr: threonine.

Thus, macro- and microheterogeneities generate the structural and functional diversity of the glycan
structures carried by a given glycoprotein. Hereafter, I will briefly address the ma in similarities and
differences shared between yeast and human glycan structures before deeply detailled the N-linked

glycosylation process.

1.2.1. N-linked glvcosvlation

As mentioned above, “N-linked” glycosylation refers to the glycosidic bond formed between the
oligosaccharidic precursor Dol-P-P-Glc;Man,GleNAc, and the amide group of an Asn residue belonging
to the consensus sequence Asn-X-Ser/Thr. However, this canonical sequence has been challenged over
the past decades since other unusual N-linked glycosylation sites have been identified such as Asn-X-Cys
(cysteine, Cys), Asn-X-Val (valine, Val) or even Asn-X-Gly (glycine, Gly) [98,99]. Of all the
glycosylation pathways described so far, N-linked glycosylation is the most original one since it begins in
the ER and further continues in the Golgi apparatus (detailed in section 2). Especially in yeasts and

humans, the reticular steps of this process are highly conserved. However and as a major difference
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between these two organisms, different maturation steps occur within the Golgi apparatus (trimming,
addition, branching of monnosaccharides). While yeasts can only add mannose residues to the core

glycoprotein, no further mannose can be added onto human N-glycans in the Golgi apparatus due to a

lack of specific GTs and NSTs.

A. Human N-glycans
a6 , ? a6 o6 ?
a2 o2 Lo2 B4 B4 B4
02 o3\a a6 B2 B2 B2 @y o33 a6
a3 a6 a3 o6 a3 a6
p4 B4 i B4
pe M *34
B B B
Oligomannose .
(High mannose) Complex Hybrid
® Man B GIcNAC Gal A Fuc @ Sia
B. Yeast N-glycans

O al,2 Mannose B4'
@ al,3 Mannose B
@ ol,6 Mannose
Mannose core-type Polymannan
® Man B GIcNAc P Phosphate

Figure 10: Main N-glycan structures found on yeast Saccharomyces cerevisiae and human N-
glycoproteins. A. The three main types of human N-glycans found onto mature glycoproteins are
oligomannose, complex and hybrid. The linkages between each monosaccharides is reported. B. In yeast, N-
glycans are only made of GlcNAc and mannose residues. Two main N-glycans are found onto mature
glycoproteins: a mannose core-type glycan and polymannans. For sake of readability, mannose linkages are
symbolized by different green patterns as mentioned in the key. It is to note that both yeast and human N-glycans
share the common core glycan structure Man;GlcNAc, (gray shape). Abbreviations used for the key have been

defined in Table 1.
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As depicted in Figure 10, the two types of yeast N-glycans are especially made of Man residues whereas
human N-glycans exhibit additional Gal, Fuc and Sia residues increasing both diversity and complexity of
the glycan structures. Three main classes of human N-glycans can be found on mature N-glycoproteins:
high mannose, complex and hybrid (Figure 10A.). On the other hand, only two types of N-glycans are
found in Saccharomyces cerevisiae: core type N-glycans and polymannans (Figure 10B.). Polymannans
contain up to 150-200 mannose residues named “outer chains” that can be phosphorylated at specific
positions. Yeast N-glycoproteins carrying such polymannans are mainly found expressed in walls
whereas mannose core-type glycoproteins are usually retained in intracellular compartments. Hence,
these huge differences between yeast and human N-glycan structures may reflect severe changes in Golgi

functions during evolution from lower to higher eukaryotes.

1.2.2. Multiple O-linked glvcosvlations

Amongst the three types of glycosylation mentioned earlier (section 1.2.2), human O-linked glycans can
be attached to either a protein or a lipid and be initiated by different monosaccharides. This defines and
distinguishes the different O-glycosylation pathways amongst: O-linked N-acetylgalactosaminylation (O-
GalNAc), O-linked N-acetylglucosaminylation (O-GlcNAc), O-linked xylosylation (O-Xyl) also
referred to glycosyminoglycans (GAGs) synthesis, O-linked mannosylation (O-Man), O-linked
fucosylation (O-Fuc), O-linked glucosylation (O-Glc) and O-linked glycolipid synthesis (Glc-Cer, Gal-
Cer in case of glycosphingolipids) (Table 5, Figure 8). This great diversity of human O-glycan structures
drastically differs from yeast ones that are limited to mannose addition onto either proteins or lipids
(Table 6, Figure 9). Once again, this difference between both organisms reflects broader specialized and
complex functions of the Golgi apparatus in higher eukaryotes comparing to lower ones. In the next

sections of this chapter, only N-glycosylation shared by yeast and human will be further described.

2. N-linked glycosylation

The N-linked glycosylation process has been widely described and well documented in literature for
both yeast and human cells. Considered as the “glyco-bible”, the last edition of Essentials of Glycobiology is
an open access book on PubMed [83] that offers a panorama on glycobiology encompassing basic
knowledge and further directions regarding glycosylation processes in all kingdoms of life. Essentials of
Glycobiology was written by pioneers in the field and I highly recommend the reader to refer to this book
for complementary and additional informations. In the following section, I will briefly expose the basis
of N-linked glycosylation process in both yeasts and humans, relying on this book and the references it

contains.
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2.1. Initiation in the ER: from the synthesis to the transfer of the lipid-linked

oligosaccharide (LLO) precursor

In both yeast Saccharomyces cerevisiae and human cells, the cytosolic/reticular steps initiating the N-linked
glycosylation are highly conserved. Originally, this cellular process has been characterized in yeast which
is a good model to study biological systems as it provides the ease of genetic manipulations to rapidly
generate mutants [100]. Several strategies have been used to isolate defective yeast mutants in N-linked
glycosylation. One of them is the use of [H’] mannose to ensure a “suicide selection” according to which
mutagenized yeasts surviving radiation damage do so by virtue of a lesser uptake of radioactive mannose.
This technique allowed the identification of yeast mutants with defects in both essential and non-
essential genes of the dolichol pathway, universally known as alg mutants (asparagine-linked

“_»

glycosylation). So far, almost all Alg“x”p yeast proteins have been associated to human orthologs.

2.1.1. Synthesis of the lipid-linked oligosaccharide precursor during the dolichol cvycle

The first steps initiating the N-linked glycosylation are commonly known as the “dolichol cycle” and rely
on the synthesis of a specific lipid-linked oligosaccharide (LLO) precursor whose final structure is Dol-
P-P-GlcNAc,Man,Glc, (Figure 11, dashed green frame) [83]. As shown in Figure 11, the dolichol cycle
begins at the cytosolic face of the ER by the transfer of a phospho-GlcNAc group onto a lipid phosphate
moiety named dolichol phosphate (Dol-P). This first step is catalyzed by the dolichyl-phosphate GlcNAc
phosphotransferase 1 (DPAGTT1), the human ortholog of Alg7p. Then, a GIcNAc and five Man residues
are sequentially added from UDP-GlcNAc and GDP-Man thanks to the successive activity of complex
Alg13/14p and mannosyltransferases Alglp, Alg2p and Algllp to yield the dolichol pyrophosphate
heptasaccharide Dol-P-P-GlcNAc,Man;. At this stage, the LLO is retrotranslocated into the lumenal side
of the ER, requiring the activity of the flippase Rftlp [101]. Within the ER lumen, glycan assembly
continues with four mannosylation steps respectively catalyzed by Alg3p, Alg9p, Algl2p and Alg9p.
Then, three terminal Glc residues are consecutively added by Algép, Alg8p and Alg10p to achieve the
biosynthesis of the dolichol pyrophosphate tetradecasaccharide Glc;Man,GlcNAc,. Unlike the first
cytosolic part of this pathway, the donor substrates in the ER lumen are the lipid-linked
monosaccharides Dol-P-Man and Dol-P-Glc. Both of them are synthesized on the cytosolic face of the
ER respectively by Dpm1p/DPM1-3 and Alg5p/ALGS5, and then flipped into the ER lumen by an
unknown mechanism (Figure 11). In addition, more attention should also be given to the biosynthetic
pathway yielding the dolichol, the specific lipid moiety carrying the oligosaccharide precursor, since at
least four genes encoding proteins involved in this metabolic pathway have been identified in CDG

(Table 8) [102-105].

33

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

In this case, the reader has to know that the overall glycosylation defect originates from a lipid defect
before the very first steps of the N-linked glycosylation process. Briefly and as shown in Figure 11, in
humans, the last step of the dolichol pathway is catalyzed by the steroid 5-o-reductase 3 (SRD5A3) that
converts polyprenol into dolichol on the cytosolic face of the ER. This newly synthesized dolichol is then
phosphorylated by the dolichol kinase (DOLK) to form Dol-P, allowing then the beginning of the
dolichol cycle. On the other hand, Dol-P can also originate from the recycling of Dol-P-P after the
action of the dolichol diphosphatase 1 (DOLPP1). These three steps leading to the production of Dol-P
are also conserved in yeast Saccharomyces cerevisiae with DfglOp (defective for filamentous growth
[protein 10]), Sec59p (secretory [protein 59]) and Cwh8p (calcofluor white hypersensitivity [protein 8]),
the yeast orthologs of SRD5A3, DOLK and DOLPP1 (Figure 11).
Dfgl0p  Sec59p  Cwh8p

SRD5A3 DOLK DOLPP1
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Figure 11: Dolichol cycle initiating the N-linked glycosylation process in human and yeast
Saccharomyces cerevisiae. The first steps of the dolichol cycle occur at the cytosolic face of the ER membrane
with the sequential addition of two GlcNAc residues and five Man residues from UDP-GlcNAc and GDP-Man to
the dolichol phosphate (Dol-P). Then, the dolichol pyrophosphate heptasaccharide Dol-P-P-GleNAc,Man; is
translocated from the cytosolic to the lumenal face of the ER by a still unclear process involving the flippase
Rft1p/RFT1. Once in the ER lumen, glycan assembly continues with four mannosylation and three glucosylation
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steps to achieve the biosynthesis of the tetradecasaccharide Dol-P-P-GlcNAc, ManyGle; (green dashed frame). In
the ER lumen, the donor substrates are the lipid-linked monosaccharides Dol-P-Man and Dol-P-Glc (orange
dashed frames) synthesized on the cytosolic face of the ER by Dpmlp/DPM1-3 and Alg5p/ALG5 and then
flipped into the ER lumen by an unknown mechanism. The last step of the dolichol cycle relies on the transfer of
the Gle;ManyGleNAc, from the Dol-P-P-GlcNAc,Man,Gle; onto the polypeptide. In both yeast and human, the
oligosaccharyltransferase (OST) complex ensures such function. However, while yeasts possess only one Stt3p
catalytic subunit, humans expressed two STT3 subunits: STT3A (OSTA complex) for co-translational
glycosylation and STT3B (OSTB complex) for co- and posttranslational modification. These complexes are metal-
ion dependent, requiring Mg” and Mn’".Yeast/human proteins are mentioned above each arrow. In case of
difference between yeast and human, the underlined name refers to the human one. Human genes written in pink
have been identified in CDG. Alg/ALG: asparagine-linked glycosylation protein, Cwh8p: calcofluor white
hypersensitivity [protein 8], DfglOp: defective for filamentous growth [protein 10], DOLK: dolichol kinase,
DOLPPI1: dolichol diphosphatase 1, DPAGT1: dolichyl-phosphate GlcNAc phosphotransferase 1, Dpmlp:
dolichol phosphate mannose synthase [protein 1], DPM1-3: dolichol-phosphate mannosyltransferase subunit 1 to
3, OST: oligosaccharyltransferase, MPDU1: mannose-phosphate-dolichol utilization defect 1, Rftlp: requiring
fifty three 1 protein, RFT1: oligosaccharide translocation protein RFT1, Sec59p: secretory [protein 59] and
SRD5A3: steroid 5-alpha-reductase 3.

2.1.2. Transfer of the LLO precursor onto the protein

The last step of the dolichol cycle relies on the transfer of Glc;MangNAc, from Dol-P-P-
GlcNAc,Man,Glc; onto the nascent protein in the ER lumen. In both yeast Saccharomyces cerevisiae and
humans, the oligosaccharyltransferase (OST) complex ensures such function [106]. OST is an enzymatic
complex comprises nine non-identical protein subunits (Figure 12) with Stt3p/STT3A/STT3B as the

catalytic subunit (Table 7).

A. OSTA complex
N
C
N
ER lumcnC N ][ [
Cytosol ¢ N c [ ]\[
TMEM258 RPNI1 STT3A OST4 KCP2 DADI1 DD()ST RPNZ
(Ost5p)  (Ostlp) (Stt3p) (Ost4p) (Ost2p) (Wbplp) (Swplp)
B. OSTB complex
N N
C N N
N C C
ER lumenC N ! ][ i H [
Cytosol ¢ N c N ¢ ¢
TMEM258 RPNI1 STT3B OST4 MAGT1/TUsC3 DAD1 DDOST RPN2
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Figure 12: Subunit organization of human and yeast Saccharomyces cerevisiae
oligosaccharyltransferase (OST) complex. OST complex comprises seven common subunits between yeast
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and human. Mammalian protein names are indicated in capitals and corresponding yeast orthlogs are mentioned
into brackets. While OSTA comprises two subunits only found in mammalian cells: KCP2 and DC2 (bold names,
A.), OSTB contains either mammalian MAGT1 or TUSC3 subunit or their yeast orthologs Ost3p or Ost6p (bold
names, B.). Human OSTA complex is homologous to OST complex, without KCP2 and DC2 subunits. Human
genes written in pink have been identified in CDG. DADI1: defense against cell death 1, DDOST: dolichyl-
diphospho-oligosaccharide protein glycosyltransferase 48 kDa subunit, MAGT1: magnesium transporter 1,
RPN1/2: ribophorin 1/2, STT3: staurosproine and temperature sensitive [protein 3], Swplp: suppressor of
Whbplp mutation [protein 1], TMEM258: transmembrane protein 258, TUSC3: tumor suppressor candidate 3
and Wbp1p: wheat germ agglutin-binding protein 1. Inspired from [106].

Yeast OST contains a single Stt3p whereas two human OST complexes exist with either STT3A
(OSTA) or STT3B (OSTB), two paralogues of Stt3p. Yeast Saccharomyces cerevisiae possesses two
functional OST isoforms comprising eight of the nine subunits and share seven common subunits:
Ostlp, Ost2p, Ostdp, Ost5p, Stt3p, Swplp and Wbplp. Actually, the main difference between the two
yeast isoforms relies on the presence of either Ost3p or Ost6p subunit. With regards to human OSTs,
OSTA and OSTB share seven common subunits, all orthologous to the yeast ones: ribophorin 1 (RPNT),
ribophorin 2 (RPN2), defender against cell death 1 (DADT1), dolichyl-diphospho oligosaccharide protein
glycosyltransferase 48 kDa subunit (DDOST), OST 4 kDa (OST4) and transmembrane protein 258
(TMEM258) (Table 7 and Figure 12). Albeit structurally similar, OSTA and OSTB have been shown to
act differently regarding to the transfer of the LLO precursor onto the protein.

Table 7: Oligosaccharyltransferase subunits and associated functions in human and yeast
Saccharomyces cerevisiae. Adapted from [106]. DADI: defense against cell death 1, DDOST: dolichyl-
diphospho-oligosaccharide protein glycosyltransferase 48 kDa subunit, MAGT1: magnesium transporter 1,
RPN1/2: ribophorin 1/2, STT3: staurosproine and temperature sensitive [protein 3], Swplp: suppressor of

Whbplp mutation [protein 1], TMEM258: transmembrane protein 258, TUSC3: tumor suppressor candidate 3
and Wbp1p: wheat germ agglutin-binding protein 1.

Human Yeast
OSTA OSTB OST Function
STT3A STT3B Stt3p Catalytic activity
OST4 Ost4p Maintains stability of catalytic sub-complex
- MAGT1/TUSC3 Ost3p/Ostép Oxidoreductase activity
TMEM258 Ost5p Not clear
RPN1 Ostlp Restrains glycosylated peptl.de t."rom shdlng back to the
catalytic site
DAD1 Ost2p Not clear
DDOST (OST48) Whplp
Possibly LLO recruitment
RPN2 Swplp
KCP2 - -
Mediates interaction with translocon channel
DC2 - -
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Indeed, in human OSTA, STT3A is surrounded by two accessory proteins (keratinocyte-associated
protein 2 (KCP2) and DC2) that mediate the interaction between OSTA and the translocon channel (

Figure 12, Table 7). This interaction enables STT3A to transfer the LLO precursor co-translationally on
nascent proteins arriving into the ER lumen through the translocon channel. Conversely, OSTB is more
considered as an “OSTA backup” and catch the N-linked glycosylation sites missed by OSTA on specific
glycoproteins with disulfide bonds or partially folded. Instead of KCP2 and DC2, OSTB has either the
magnesium transporter 1(MAGTT1) or tumor suppressor candidate 3 (TUSC3) subunits, two proteins
orthologous to the yeast Ost3p and Ost6p with an oxidoreductase activity allowing STT3B to access
glycosylation sites (Figure 12, Table 7). Depending on the glycoprotein and the location of the missed

glycosylation site, STT3B can exert its function co-translationally or post-translationally.

2.1.3. Congenital Disorders of Glvcosvlation related to cvtosolic and ER initiating steps

of the N-linked glvcosvlation process

As briefly mentioned at the end of the General Introduction, rare human genetic glycopathologies
commonly known as Congenital Disorders of Glycosylation result from defective genes directly or
indirectly involved in glycosylation reactions. In all the figures of this section 2.1., I mentioned in pink
genes that have been identified in CDG whose encoded proteins belonging to different pathways from
the cytosolic biosynthesis of the NM/DP-sugars to the transfer of the LLO precursor onto proteins in
the ER lumen. All of these genes are gathered in the following Table 8 in alphabetical order according to
the set of reactions described amongst: dolichol synthesis, NM/DP-sugars and Dol-P-sugars synthesis,

and dolichol cycle.

37

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Table 8: List of human CDGs associated with genes encoding enzymes involved in (oligo)saccharide precursors synthesis and transfer onto protein
during the N-linked glycosylation process. Dol: dolichol, Dol-P: dolichol phosphate, Dol-P-P: dolichol pyrophosphate, GlcT: glucosyltransferase, LLO: lipid-linked
oligosaccharide, ManT: mannosyltransferase and NM/DP-sugars: nucleotide mono/diphosphate sugars.

Former CDG

Defective gene

Defective protein

Impact

Dol and Dol-P synthesis

DHDDS Dehydrodolichyl diphosphate synthase (DHDDS) complex Dol synthesis
CDG-Im DOLK Dolichol kinase Dol-P synthesis
CDG-laa NUSI DHDDS complex subunit NUS1 Dol synthesis
CDG-Iq SRD5A3 Steroid 5-0-reductase 3 Dol synthesis

NM/DP- and Dol-P-sugar synthesis

CAD Carbamoyl phosphate synthetase/ Aspartate transcarbamylase/Dihydroorotase NM/DP-sugar synthesis
CPS2 Carbamoylphosphate synthetase 2 NM/DP-sugar synthesis
CDG-Ie DPM1 Dolichol-phosphate ManT subunit 1 Dol-P-Man synthesis
DPM2 Dolichol-phosphate ManT subunit 2 Dol-P-Man synthesis
CDG-Io DPM3 Dolichol-phosphate ManT subunit 3 Dol-P-Man synthesis
GFPTI GINH, fructose-6-phosphate aminotransferase 1 NM/DP-sugar synthesis
GMPPA Mannose-1-phosphate guanyltransferase subunit a NM/DP-sugar synthesis
GMPPB Mannose-1-phosphate guanyltrasnferase subunit f3 NM/DP-sugar synthesis
GNE Bifunctional UDP-GlcNAc 2’ epimerase/ManNAc kinase NM/DP-sugar synthesis
CDG-Ib MPI Mannose phosphate isomerase NM/DP-sugar synthesis
NANS N-acetylneuraminidic acid synthase NM/DP-sugar synthesis
CDG-If MPDUI Man-P-Dol utilization defect 1 Dol-P-sugar flippase
PGM1I Phosphoglucomutase 1 NM/DP-sugar synthesis
PGM3 Phosphoacetylamine mutase NM/DP-sugar synthesis
CDG-Ia PMM?2 Phosphomannomutase 2 NM/DP-sugar synthesis
CDG-In RFTI Protein FRT1 homolog/Man;GlcNAc,-P-P-Dol flippase Dol-P-P-sugar flippase
Dolichol cycle
CDG-Ik ALG1 GDP-Man:GlcNAc,-P-P-Dol B-1,4-ManT LLO synthesis
CDG-Ii ALG2

GDP-Man:Man, GlcNAc,-P-P-Dol @-1,6-ManT
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CDG-Id
CDG-Ic
CDG-lh

CDG-IL

CDG-Ip

CDG-lg

CDG-Ir
CDG-j
CDG-Icc
CDG-Iw
CDG-Ix

ALG3
ALG6
ALGS

ALGY9

ALGI11

ALG12
ALG13/14
DDOST
DPAGT!
MAGTI
STT34
STT3B

TUSC3
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GDP-Man:Man,GlcNAc,-P-P-Dol a-1,3-ManT

Dol-P-Man:Man;GlcNAc,-P-P-Dol a-1,3-ManT
Dol-P-Man:Man,GlcNAc,-P-P-Dol a-1,3-GlcT
Dol-P-Man:Glc,Many,GlcNAc,-P-P-Dol a-1,3-GlcT
Dol-P-Man:Man,GlcNAc,-P-P-Dol a-1,2-ManT
Dol-P-Man:MangGlcNAc,-P-P-Dol a-1,2-ManT
Dol-P-Man:Man;GlcNAc,-P-P-Dol a-1,2-ManT
Dol-P-Man:Man,GlcNAc,-P-P-Dol a-1,2-ManT
Dol-P-Man:Man,GlcNAc,-P-P-Dol a-1,6-ManT
UDP-N-GlcNAc transferase subunit ALG14 homolog
Dol-P-P-oligosaccharide:protein glycosyltransferase 48 kDa subunit
UDP-GlcNAc:Dolichyl-phosphate N-GlcNAc phosphotransferase
Mg2+ transporter 1/Dol-P-P-oligosaccharide:protein glycosyltransferase subunit MAGT1
Dol-P-P-oligosaccharide:protein glycosyltransferase subunit STT3A
Dol-P-P-oligosaccharide:protein glycosyltransferase subunit STT3B

Tumor suppressor candidate 3/Dol-P-P-oligosaccharide:protein glycosyltransferase
subunit TUSC3

LLO synthesis
LLO synthesis
LLO synthesis

LLO synthesis

LLO synthesis

LLO synthesis
LLO synthesis
LLO transfer
LLO synthesis
LLO transfer
LLO transfer
LLO transfer

LLO transfer
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2.2. Early trimming during the ER quality control for N-glycoproteins

2.2.1. ER quality control for human and yeast N—glvcoproteins

Once Gle;ManyGleNAc, oligosaccharide precursor has been transferred from its lipid carrier Dol-P-P to
the polypeptide, a series of mandatory trimming steps occur in the ER for both yeast and human N-
linked glycans (Figure 13). First, ER glucosidase I (GI) cleaves the terminal a-1,2-Glc residue to prevent
re-binding of the processed N-linked glycan by OST [107] and rather promotes its binding to the ER
lectin named malectin. This is the first checkpoint in the ER quality control for N-glycoproteins. Further
investigations have then highlighted that malectin preferentially bind to misfolded proteins and drive
them directly to the ER-associated degradation (ERAD) pathway [108,109]. Then, ER glucosidase II
(GII) removes a second Glc residue to form the monoglucosylated structre GleMan,GlcNAc,. In human,
this specific glycan structure is recognized by two lectins named calnexin (CNX) and calreticulin (CRT)
to be further involved in the so-called “CNX/CRT cycle” part of the ER quality control for human N-
glycoproteins [110,111]. Together with chaperones, isomerases and oxidoreductases such as the protein
disulfide isomerase A3 (PDIA3), CNX and CRT act in concert to help the N-glycoprotein to acquire its
proper conformation with correct disulfide pairings [112]. At the end of the cycle, the last Glc residue is
removed by GII to prevent the re-binding of the N-glycoprotein to the CNX/CRT-PDIA3 complex.
Then, the fully deglucosylated glycan structure Man,GlcNAc, binds to the UDP-Glc glycoprotein
glucosyltransferase (UGGT) which controls whether the protein has achieved its proper and correct
native conformation. If successfully folded, N-glycoproteins are released by UGGT and ER a-
mannosidase 1 (MAN1B1) cleaves one Man residue yielding Man,GIcNAc,, a glycan structure that is
recognized by specific lectins mediating the transport of the N-linked glycoprotein from the ER to the
Golgi apparatus. Conversely, in case of misfolding, N-glycoproteins are re-glucosylated by UGGT to
undergo an additional CNX/CRT cycle [113]. In some cases, N-glycoproteins are still unfolded and
failed to pass the ER quality control. To avoid any accumulation of these unfolded proteins in the ER,
they are subjected to the action of MAN1BI1 and additional ER mannosidases belonging to the EDEM
(ER degradation-enhancing a-mannosidase like protein 1-3) family generating a Man,GIcNAc, glycan
structure [114—117]. This specific sugar moety is then recognized by the Os-9 and XTP3-B ER luminal
lectins to be further degraded following the ERAD pathway (see section 2.4.1., Figure 17) [118]. With
regards to yeast Saccharomyces cerevisiae, no proper CNX/CRT cycle has been found since yeasts lack
CRT and only expressed CNX-like proteins. However, N-glycoproteins still interact with CNX-like
proteins and then, GII removes the last Glc residue from Glc,Man,GlcNAc,. Differing from humans, the
proper ER quality control step in yeasts relies on the activity of the ER mannosidase Mns1p to cleave a

Man residue and form Man,GlcNAc, [118]. At this stage, either the N-glycoprotein is well folded and
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addressed to the Golgi apparatus or, it is mis/unfolded and targeted to the ERAD pathway. In this later
case, the ManyGlcNAc, motif of the unfolded glycoproteins is recognized by the protein disulfide
isomerase (Pdilp) allowing the activity of Htmlp, the yeast ortholog of EDEMI, to remove an
additional Man residue and form Man,GleNAc, [119]. Like for human, this specific sugar moiety is then
recognized by the yeast Os-9 protein (Yos9p) to be further addressed and degraded via the ERAD
pathway [118].
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Figure 13: ER quality control for N-glycoproteins in human and yeast Saccharomyces cerevisiae
cells. The two first steps are common to yeast and human and deal with the removal of the two terminal Glc
from the Glc;ManyGlcNAc, glycan structure through the action of glucosidase I (GI) and glucosidase IT (GII). GI
and GII respectively correspond to human mannosyl-oligosaccharide glucosidase (MOGS, GI) and glucosidase II
/B subunit (GANAB/PRKCSH, GII) and yeast glucosidase 1 protein (Glslp encoded by CWH41 gene, GI) and
glucosidase 2 protein (Gls2p encoded by ROT2 gene, GII). Human N-glycoproteins are then involved in the
calnexin/ calreticulin (CNX/CRT) cycle where the two lectins together with the protein disulfide isomerase A3
(PDIA3) help the N-glycoprotein to acquire its proper folding (orange dashed frame). The last Gleresidue is then
released by GII followed by the action of ER @-mannosidase I (MAN1B1) that removes one Man, yielding to
ManyGleNAc, glycan structure. Then, the N-glycoprotein is addressed to the Golgi apparatus for further glycan
maturation steps. However, in case of misfolding, the N-glycoprotein can be re-glucosylated by the UDP-glucose
glycoprotein glucosyltransferase (UGGT) to undergo an additional CNX/CRX cycle. If still unfolded, the N-
glycoprotein is subjected to several demannosylations by MAN1B1 and additional ER mannosidases belonging to
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the EDEM family to form Man,GlcNAc, structure that is recognized by the Os-9 lectin to be further degraded
following the ER-associated degradation (ERAD) pathway. To the yeast side, no proper CNX/CRT cycle has
been found. N-glycoproteins interact with CNX-like proteins (Cnelp: calnexin and calreticulin homolog 1
protein) and then, GII removes the last Glc residue from Glc;ManyGlcNAc,. Then, an ER mannosidase (Mns1p)
removes a Man affording to ManyGlcNAc, glycan structure. Here, if the N-glycoprotein is correctly folded, it is
further addressed to the Golgi apparatus. However, if the N-glycoprotein is unfolded, protein disulfide isomerase
1 (Pdilp) recognizes the ManyGlcNAc, motif allowing the activity of the homologous EDEM1 protein (Htm1p) to
remove an additional Man resulting in a Man;GlcNAc, structure. Like for human N-glycoproteins, this specific
sugar moiety is then recognized by the yeast Os-9 protein (Yos9p) to be further addressed and degraded by the
ERAD pathway. Human genes written in pink have been identified in CDG.

2.2.2. Congenital Disorders of Glycosylation related to ER trimming of human N-
glycans
The ER quality control for N-linked glycoproteins is crucial for a given protein to acquire its own
specific conformation that may trigger its fate in terms of subcellular localization, biological function and
sorting. Any missed checkpoint(s) during this process due to a defective gene encoding one of the four
proteins reported in Table 9 lead to a CDG.

Table 9: List of human CDGs associated with genes encoding GTs and GHs directly involved in ER
trimming of N—glycans.

Former CDG  Defective gene Defective protein Impact

ER trimming

GANAB Glucosidase II o subunit N-glycoprotein folding

MANI1BI ER mannosyl-oligosaccharide 1,2-0-mannosidase N-glycoprotein folding

CDG-IIb MOGS Mannosyl-oligosaccharide glucosidase N-glycoprotein folding
PRKCSH Glucosidase II 3 subunit N-glycoprotein folding

2.3. Maturing in the Golgi apparatus: between polymannans and complex N-

glycan structures

In contrast to the well conserved core structures synthesized in the ER, final N-glycan structures
processed in the Golgi apparatus highly diverged between yeast Saccharomyces cerevisiae and humans
especially due to the non-conservation of Golgi GTs between the two organisms. While Saccharomyces
cerevisiae only extend N-linked glycans with Man residues branched in al,6-, al,2- and al,3-, human N-
glycans are trimmed and processed with the addition of several different monosaccharides amongst
GlcNAc, Gal, Fuc and Sia but not with Man. Despite this divergence between yeasts and humans, Golgi

maturation steps for N-linked glycans are well-described in literature [83,120,121].
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2.3.1. In veast Saccharomyces cerevisiae, mannose exclusively!

Once N-glycoproteins exit the ER (Figure 13), Golgi processing starts on a MangGlcNAc, glycan by the

addition of a single al,6-Man catalyzed by the mannosyltransterase Ochlp (outer chain elongation [1

protein]) [122—124]. Then, either N-linked glycans follow the “core-type” or “polymann outer chain”

pathway (both represented in Figure 14) culminating in the two distinct structures depicted in Figure
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Figure 14: Processing and maturation of yeast Saccharomyces cerevisiae N-glycans in the Golgi

apparatus. Golgi maturation starts on a MangGlcNAc, glycan by the addition of a single a1,6-Man residue
catalyzed by Ochlp (outer chain clongation [1 protein]). Then, cither the N-glycan follow the “core-type’

3

pathway (orange arrows) or the “polymann outer chain” one (pink arrows) yielding the glycan structures framed
in orange and pink, respectively. Whatever the pathway, each Golgi mannosylation steps involves Mn”"-

dependent mannosyltransferases.
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On the one hand, core-type N-glycans only receive a al,2-Man right after the action of Ochlp and
terminal a1,3-Man via the activity of Mnn1p (mannosyltransferase [1 protein]), in the late compartment
of the Golgi apparatus [125,126]. On the other hand, the al,6-Man added by Ochlp is sequentially
extended by two enzymatic complexes: mannose polymerase I (M-Pol I) and mannose polymerase I (M-
Pol II) to form the al,6-Man backbone of polymannan outer chain N-glycans [127]. M-Pol I comprises
two subunits: Mnn9p and Vanlp (vanadate resistance protein [1]). While Mnn9p adds the first al,6-
Man, ten to fiften additional a1,6-Man are added in a Vanlp-dependent manner [127-129]. This
backbone is further elongated with up to sixty al,6-Man by M-Pol II that contains five subunits: Mnn9p,
Anplp (aminonitrophenyl propandiol osmotic sensitive [protein 1]), Mnn10p, Mnnllp and Hoclp
(homologous to Ochlp [protein 1]) [130,131]. Then, al,2-Man are branched onto al,6-Man by the
sequential activity of the mannosyltransferases Mnn2p and Mnn5p [132], belonging to one of the two
well-known family of yeast mannosyltransferases named MNN1 [133]. Additional members of second
yeast mannosyltransferases family known as Kre-Two-Related (KTR): Kre2p, Yurlp and Ktr1-3p, also
contribute to the addition of al,2-Man residues [134,135]. On some branches, phosphate-Man are
attached to al,2-Man, a step that requires both activities of Mnn6p, a mannosylphosphate transferase
and Mnn4p, its positive regulator [136—138]. As for core-type N-glycans, polymannan outer chains are
capped by terminal a1,3-Man (onto all a1,2-Man residues) through the activity of Mnnlp, in the late
Golgi [125,126]. Altogether, Golgi maturation of yeast N-glycans only requires the activity of a set of
mannosyltransferases. As mentioned on Figure 14, all of these specific GTs are Mn’"-dependent,
suggesting that yeast Golgi Mn’" homeostasis has to be tightly regulated to ensure proper Golgi

mannosylation reactions. This will be further described in the next chapter of this manuscript.

2.3.2. In human cells, a broad variety of monosaccharides addition

After moving of the glycoprotein from the ER to the cis-Golgi compartment, the N-linked glycan is
further trimmed by the sequential activity of three Ca’'-dependent Golgi o -mannosidases I (a-Man I)
respectively encoded by MANIAI, MANIA2 and MANICI genes, to yield Man;GINAc,-Asn (Figure 15).
These Man eliminations are required for the conversion of high mannose to complex N-glycans (Figure
10) since the use of deoxymannojirimycin, an experimental o-Man I inhibitor, leads to an accumulation
of ManyGINAc,-Asn and Many,GINAc,-Asn that are not further processed [139]. After the action of a-
Man, Man;GINAc,-Asn reach the medial-Golgi where N-acetylglucosamine transferase I (shortly GnT I)
encoded by MGATI adds a B-1,2-GlcNAc residue, initiating the first branch or antenna of the N-glycan.
This GlcNAcMan,GINAc, structure is then recognized by two Golgi a -mannosidases II (a-Man II)

respectively encoded by MAN2AI and MAN2A2, generating the substrate for GnT II. It is to note that
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GnT I activity is required for the action of a-Man II since a-Man II do not recognized Man;GINAc,
glycan structures. Therefore, without the addition of B-1,2-GIcNAc, N-glycan processing stops and
remains at the high mannose stage. In other words, the action of a-Man II triggers the further production
of hybrid and complex types N-glycans [140,141]. A second B-1,2-GlcNAc residue is then added onto
the newly available Man by the GnT Il (MGAT2) to form GlcNAc,Man,GINAc,-Asn.
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° ° UDP_-UDP cis- pH 6,7
X > Pl > \ 2: Golgi
Mn2+

GnT 1

GDP-a UDP_ UDP-m
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H 77 Zn2+ Zn2+
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Figure 15: Processing and maturation of a human biantennary complex N-glycan in the Golgi
apparatus. After proper folding of the glycoprotein carrying a MangGlcNAc, glycan (green frame), three Man
are removed in the cis-Golgi by a-mannosidases I (0-Man I) until Man;GlcNAc, is generated. Then, the action of
the N-acetylglucosamine tranfserase I (GInT I) in the medial-Golgi initiates the first branch of human N-glycans.
Later, a-Man Il removes two outer Mann generating the substrate for GInT II. The resulting biantennary N-glycan
GlcNAc,Man;GlcNAc, is further extended by the addition of fucose thanks to the fucosyltransferase (FucT)
activity; galactose throught the activity of galactosyltransferases (B-GalT), and sialic acid via the sialytransferases
(SiaT) to generate a complex N-glycan with two branches (black frame). As mentioned on the right and below
each arrow, processing and maturation of human N- glycan in the Golgi apparatus require a proper ion
environment in terms of pH and cation ions such as Ca’", Zn’"and Mn”".

At this stage, complex N-glycans can carry additional GlcNAc residues either bound with B-1,4- or f-
1,6- linkages to yield bi-, tri-,tetra- or penta-antennary N-glycans due to the action of several GnTs
(GnT III, GnT IVa-c, GnT V and GnT Vb) respectively encoded by MAGT3, MAGT4A-C, MAGT5 and
MAGTS5B) [140,141] (Figure 16). The combined actions of all of these GnTs lead to a bisected N-glycan

45

lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

with five different branches. The ‘bisection’ reaction is specifically catalyzed by GnT IIl and corresponds
to the addition of B-1,4-GIcNAc to the B-linked Man belonging to the core glycan structure
Man,GlcNAc, (gray shape in Figure 10). Actually, the presence of this bisecting GlcNAc exerts an
inhibitory effect on other GTs which in turn stops any further elongation. In order to avoid overloading

Figure 15, the complexity for producing N-glycan antennae is depicted in a separate Figure 16.
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Figure 16: Intiation of the different branches found in human complex N-glycans following the
action of GnTs. ¢ : no divalent-metal-ion requirement, Me™": any divalent metal ion.

Keeping the example of the biantennary GlcNAc,Man,GlcNAc, N-glycan, a fucosylation step may occur
in the medial-Golgi onto the innermost GIcNAc residue through the activity of the a-1,6-
fucosyltransferase encoded by FUTS. The next steps occur in the trans-Golgi compartment, where p-1,4-
Gal are added onto terminal GlcNAc residues through MnH—dependent galactosylation reactions
mediated by B-1,4-galactosyltransferase I (B4GALTI). Lastly, the biantennary N-glycan is capped with Sia
thanks to the activity of a-2,6-sialytransferases I and Il encoded by ST6GALI and ST6GALZ.

As already mentioned, Figure 15 only illustrates the Golgi maturation steps leading to a specific and
quite simple biantennary N-glycan. The diversity of the human N-glycan structures is not represented
here but an overview has already been given in Figure 16, depicting additional pathways multiplying the
number of antennae found in a given complex N-glycan. To add an extra layer of complexity and
differing from yeast Saccharomyces cerevisiae, not all human Golgi GTs share the same divalent-metal-ion
dependency. As reported on Figure 18, human Golgi GTs require different divalent ions amongst Ca™",

Mn’" and Zn’".
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2.3.3. Congenital Disorders of Glycosylation related to Golgi processing of human N-

linked glycans

Constantly to the previous sections (2.1 and 2.2.), Table 10 lists all reported CDGs related to defective
genes encoding GTs directly involved in the Golgi maturation human N-linked glycans. Compared with
Table 8, only few CDG-genes encoding GTs involved in Golgi maturation steps have been identified.
Actually, for more than a decade now, a new era in the CDG field has emerged with the identification of
numerous genes encoding proteins not directly involved in the glycosylation reactions as defined in
Figure 4; i.e. GTs, GHs and NST [39]. Indeed, genes encoding proteins involved in trafficking between
the Golgi stacks, (ii) ionic transporters or (iii) subunits of the V-type ATPase, have been identified in
type II CDG. All of these defective genes have been assumed to indirectly impact Golgi glycosylation
reactions either by impacting the structural organization of the Golgi apparatus or its pH/ion
homeostasis, preventing the correct localization and/or the optimal activity of specific GTs.

Table 10: List of human CDGs associated with genes encoding GTs directly involved in Golgi

maturation during the N-linked glycosylation process. FucT: fucosyltransferase, GalT:
galactosyltransferase and GIeNACT: N-aceylglucosaminyltransferase.

Former CDG Defective gene Defective protein Impact

Golgi processing
CDG-IId B4GALTI UDP-Gal: B-GlcNAc B-1,4-GalT 1 N-glycan elongation
CDG-Ila MGAT2 UDP-GleNAc:a-1,6-mannosyl-glycoprotein 2-B-GIeNAcT — N-glycan elongation
(CDGF1) FUTS GDP-L-Fuc:N-acetyl-B-D-glucosaminide 0-1,6-FucT ~ N-glycan maturation

2.4. Cytosolic, proteasomal and lysosomal human N-glycans degradation

Previous sections referred to yeast and human N-glycan metabolism, from donor substrates biosynthesis
(NM/DP-sugars or lipid phosphate linked-sugars) to transfer of the sugar moiety onto proteins in the ER
(section 2.1.) and its maturation along the Golgi apparatus (section 2.2.). To wrap everything up, I
intend here to briefly resume two main catabolism pathways for human N-linked glycans: (i) the ER-
associated degradation (ERAD) pathway for mis-glycosylated/misfolded N-glycoproteins and (ii) the

lysosomal degradation pathway for mature N-glycoproteins and free oligosaccharides (FOS).

2.4.1. ERAD pathway for mis-glycosylated/unfolded N-glycoproteins

As mentioned in section 2.2.1., in some instances and despite all the checkpoints provided during ER
quality control, N-glycoproteins fail to acquire their native conformation. In this case, misglycosylted or
unfolded glycoproteins are subjected to the activity of EDEM ER mannosidases in addition to the first

dernannosylation reaction catalyzed by MANI1BI (see Figure 13). This mannose trimming from

47

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Man,GlcNAc, to Man; ,GlcNAc, is the signal for glycoprotein degradation via the ERAD pathway.
ERAD is a cellular process according to which misfolded proteins are retrotranslocated from the ER
lumen to the cytosol for subsequent degradation by an ubiquitin-proteasomal system (Figure 17A)
[109,142]. In humans, Os-9 and XTP3-B are two lumenal ER lectins that specifically bind to free
terminal o-1,6-Man residues found onto misfolded proteins through their mannose-6-phosphate
receptor homology domains. Although in Figure 17A only the interaction with Os-9 is represented,
both binding of Os-9 and XTP3-B promote the degradation of proteins by enabling their transfer to one
of the numerous membrane-associated ERAD complexes. Amongst them, there is the HRD1-SLE1L
ERAD complex, formed by the interaction between HRD1 and SELIL, two ER transmembrane
proteins (Figure 17A) [109]. HRD1, also known as ERAD-associated E3 ubiquitin-protein ligase, exerts
an ubiquitin ligase function and polyubiquitinylates ERAD substrates on the cytosolic face of the ER. On
the other hand, SLE1L interacts with different ERAD regulators such as EDEM proteins, Os-9 or XTP3-
B in the ER lumen to facilitate the retrotranslocation of misfolded proteins. Once in the cytosol, the
protein backbone is separated from the N-linked glycan through the action of the cytosolic
endoglycosidase peptide:N-glycanase commonly known as PNGase (or even NGLYI, the gene encoding
it), which cleaves the first glycosidic bond between GlcNAc and asparagine [143,144]. Then, the
previously ubiquitin-tagged protein undergoes a proteasomal degradation while the free unconjugated
N-glycan also known as free oligosaccharide (FOS) is sequentially degraded into the cytosol. From
Man,GlcNAc,, endo-B-N-acetylgucosaminidase (ENGase encoded by ENGASE) cleaves the innermost
GlcNAc residue to yield Man,GlcNAc [145]. Two Man are then consecutively removed by the cobalt
(Co™")-dependent cytosolic a-mannosidase MAN2C1 until Man;GlcNAc [146]. This specific FOS is then
thought to be transported into the lysosome for further degradation by lysosomal mannosidases (Figure
17B) [147]. As shown in Figure 17, FOS released during the ERAD pathway end their degradation route

into the lysosome where mature N-glycoproteins and additional glycoconjugates are also degraded.

2.4.2. Lysosomal degradation of mature N—glvcoproteins and FOS

All glycoconjugates (N-linked, O-linked, GAGs, glycolipids) share a common lysosomal degradation
pathway enabling the recycling of their constitutive monosaccharides through the salvage pathway. In
addition to make monosaccharides available again, glycoconjugates catabolism is essential to ensure
lysosomal functions and appropriate homeostasis since lysosomal storage diseases have been identified.
These disorders result from genetic mutations altering the function of specific glycosidases involved in
such lysosomal catabolism of glycoproteins or glycolipids. Here, only the lysosomal degradation of
mature N-linked glycoproteins will be briefly addressed, inspired from Suzuki’s latest review on the

topic [147] (Figure 17B).
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Figure 17: Human N-glycoproteins and free oligosaccharides (FOS) catabolism. A. Following the ER
quality control, misfolded and/or misglycosylated N-glycoproteins are retrotranslocated into the cytosol for
proteasomal degradation through the ER-associated degradation (ERAD) pathway invovling here interaction of
the misfolded protein with Os-9 protein and then, the HDR1-SLEIL ERAD complex. The first step of this
process is to remove the N-glycan from the proteic backbone through the action of the cytosolic PNGase
(encoded by NGLYI). Then, the proteic part (orange dashed frame) undergoes a proteasomal degradation and the
FOS (purple dashed frame) are sequentially degraded into the cytosol until a Man;GlcNAc structure. This specific
FOS is then thought to be transported into the lysosome for further degradation. B. The different steps occurring
during the lysosomal degradation of mature N-glycoproteins and FOS are inspired by Suzuki’review.

At first, a set of different lysosomal proteases act in concert to ensure proteolysis prior to glycan
degradation especially due to the strict substrate specificity of the lysosomal aspartylglucosaminidase

(AGA) that only cleaves the amide bond between GlcNAc and asparagine residues when this later has
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free amino and carboxy ends. Following proteolysis, the lysosomal a-fucosidase FUCA1 mediates
defucosylation of the core fucose (i.e. branched onto the innermost GlcNAc residue in o-1,6 linkage,
Figure 10). Immediately after, AGA exerts its function, releasing aspartic acid residue and FOS. This
FOS is then degraded by a series a lysosomal glycosidases as follow: N-acetylchitobiase (CTBS), sialidase
(NEUT), B-galactosidase (GLB1), B-hexosaminidases (HEXA/B) and a-/B-mannosidases (MAN2B1/2,
MANBA) removing one by one the monosaccharides constituent of the FOS. Briefly, CTBS cleaves the
first GIcNAc residue that was previously bound to asparagine while NEU1 degrades FOS from its non-
reducing ends by releasing terminal Sia residues. Once NEUI1 has operated, non-reducing Gal and
GlcNACc residues are sequentially removed by GLB1 and HEXA/B, respectively. Then, MAN2B1 can
cleave whether on a-1,2; a-1,3 or a-1,6-linked Man while MAN2B2 preferentially cuts o-1,6-Man.
Finally, the B-mannosidase MANBA ensures the last degradation step for N-linked glycans by breaking
down the ManB-1,4-GlcNAc disaccharide [147] (Figure 17B).

2.4.3. Congenital Disorders of Glycosvlation associated with N-linked glvcan catabolism

So far, no Congenital Disorders of Glycosylation have been identified associated with defective genes
described in the previous sections. Nonetheless, a particular Congenital Disorder of DeGlycosylation
(CDDG) has been reported for the first time in 2014 by Enns et al. due to pathogenic mutations in

NGLYI, the gene encoded cytosolic PNGase [148,149].

3. On the ion side of the N-linked glycosylation pathway

All of the reactions described above are involved in the synthesis of glycan structures and based on
sequential activities of specific enzymes adding (GTs) or removing sugar residues (GHs). As a common
feature to all enzymes, pH and ion environment are crucial for them to reach an optimal activity. In

. . . . 2+ 2+ 2+ 2+ 2+ .
particular, divalent cation ions such as Mn"", Zn"", Ca’", Mg" and Co™ are required as co-factors to

directly act in the catalytic site of the enzyme. Hereafter, albeit all glycosylation processes imply
divalent-cation-ion-dependent GTs, GHs and other proteins such as chaperones and lectins, only those
related to the N-linked glycosylation process will be addressed. To have a better overview of the
commonalities and differences between yeast Saccharomyces cerevisiae and human N-glycosylation process,
the following Figure 18 summarizes this cellular process facing both organisms. In particular, Figure 18
offers a kind of ‘glyco-ion” map of the divalent-metal-ion required during the N-linked glycosylation in
both organisms. A common feature between yeasts and humans is the Ca’" dependency of chaperone,
GHs and lectins in the ER to ensure glycoproteins folding and transport between the ER and the Golgi

apparatus. However, at the Golgi level while in yeast Saccharomyces cerevisiae almost all the GTs —

. 2+ . . . . .
especially mannosyltransferases — are Mn" -dependent, in mammals, the ion requirements is a bit

50

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

different. Indeed, in the early cis-Golgi, Ca’" ions are mainly needed especially to ensure efficient
activity of (i) numerous lectins involved in glycoproteins trafficking from the ER and back to it and also
the activity of (ii) the first GHs, mainly mannosidases, involved in the early trimming of the N-glycans.
Then, mannosidases from the medial-Golgi are Zn2+—dependent whereas the first GTs become Mn”'-
dependent. Why yeast Saccharomyces cerevisiae GTs have evolved in an exclusive MnH—dependent way of
action is an opened question. However, since N-linked glycan maturation in the yeast mainly involved
mannosyltransferases, during evolution these specific GTs may have preserved this dependency to
uniform the ion requirement in the Golgi apparatus. Actually, in mammals, a more complex regulation
of the ion homeostasis takes place. In the following chapter (Chpater 2), I will mainly focused on the

regulation of both Ca’" and Mn”" homeostasis along the secretory pathway.

Figure 18: Overview of the N-linked glycosylation pathway in human and yeast Saccharomyces
cerevisiae. This figure offers a clear picture of the commonalities and differences occurring during the N-linked
glycosylation pathway in both human (left.) and yeast (right). For readability reason, the name of all the enzymes
involved in this process has been removed in this scheme. However, the reader can refer to Figures 14 and 15 to
have these complementary information. While all yeast mannosyltransferases are Mn2+—dependent, the higher
diversity of human GTs and GHs induces the requirement of a different Golgi cation environment. Indeed, human
cis-Golgi mannosidases are Ca”'dependent, medial-Golgi mannosidases are Zn2+—dependent and generally, all
Golgi GTs using UDP-sugars as donor substrates require Mn’" as a cofactor. Gradients of Ca’", Mn’" and Zn"" are
depicted in each Golgi cisternae with the corresponding colors: grey, purple and blue.
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Chapter 2:
Ca?*/Mn2* homeostasis within the secretory pathway:

yeast versus human
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Calcium (Ca) and manganese (Mn) are two elements widely found on earth and in all living organisms,
with quite different abundances. While Ca ranges as the 5" most abundant element in the earth’s crust,
Mn is the 12", With a stable oxidation state of +2 (Ca’"), Ca is one of the most abundant biometal in
the human body. On the other hand, Mn is a trace element that commonly shares positive oxidation
states ranging from +2 and +7. In physiological conditions, Mn can be found in two mains forms with
an oxidation state of +2 (Mn’") or +3 (Mn’"). Biologically, Mn"" is the only active form of Mn while
Mn’" is toxic, acting as a powerful oxidant. Both Ca’" and Mn’" are crucial ions involved in a broad
range of cellular processes. In this chapter, a general introduction about Ca and Mn roles in yeast and
human will first be addressed. Then, an overview of the different transporters involved in Ca’" and Mn”"

homeostasis within the secretory pathway will be depicted.

1. General introduction about Ca*" and Mn?* in yeast and human

1.1. Ca’?* and Mn?" main storage organs/ organelles

1.1.1. Ca’" and Mn*" stocks in human

At the body levels (organs)

Ca is a key nutrient in the human body accounting for 1 to 2% of the body weight. Of this, 99% of the
total Ca burden is stored in mineralized tissues such as bones and teeth while the remaining 1% is found
in blood, extracellular fluids, and muscles (Figure 19A). The skeleton is then a major reservoir that
provides Ca for both extracellular and intracellular pools. In bones, the most abundant mineralized form
of Ca responsible for bone structure and density is hydroxyapatite (Ca,,(PO,);(OH),). On the other
hand, in physiological fluids, Ca is mainly found ionized (Ca™") (50%), bound to plasma proteins (40%)
or complexed with anions such as bicarbonate, lactate, citrate and phosphate (10%). For instance, in
healthy individuals, total Ca concentration in plasma ranges between 2 to 2.5mM while plasma ionized
Ca concentration are comprised between 1.1 and 1.35mM. [150—153]. With regards to Mn, no real Mn
storage organs are actually known. However, some of them such as bones, liver, pancreas and kidneys
share a higher Mn content due to their involvement in its metabolism (Figure 19A) [154,155]. More
precisely, bones contain up to 40% of the total burden of Mn (Img/kg) and the liver, being highly
involved in Mn biliary excretion, contains up to 1.2mg Mn/kg. On the other hand, in healthy
individuals, 0.15 to 0.46mg Mn/kg is found in the brain and this Mn level needs to be tightly regulated
to prevent Mn neurotoxicity and damages. Finally, in human blood, Mn can be found in its two main
ionized forms, Mn’" and Mn’*". Mn’" is predominant and mostly found in complexes with albumin, B-
globulin, citrate and bicarbonate. In addition, a small fraction of Mn’" can be oxidized into Mn*" by the

ceruloplasmin to especially bound transferrin (Tf) and make a stable complex.
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Figure 19: Main Ca and Mn storage organs and organelles in human and yeast. A. Schematic
representation of the main Ca (grey) and Mn (purple) storage organs within the human body. An arbitrary zoom
on the right depicts a schematic representation of a human cell. The pink dotted line artificially divides the cell in
two. The main known Ca’*/Mn’" concentrations and subsequent gradients within the secretory pathway are
represented respectively in grey and purple, upper and under the dotted line. B. Schematic representation of a
yeast cell, also virtually divided in two by a pink dotted line. As for the human cell, the main known Ca™"/Mn”"
concentrations and subsequent gradients within the secretory pathway are represented respectively in grey and
purple, upper and under the dotted line. E/L: endo/lysosome, ER: endoplasmic reticulum, GA: Golgi apparatus,
GLV: Golgi like vesicles, Mt: mitochondrion, N: nucleus and Vac: vacuole.

*  Intracellular Ca’" and Mn’" stores

At the cellular level, different techniques can be used to measure intracellular Ca’" concentrations
([Ca’"]). To list some: electrophysiology based on patch clump analysis, chemical Ca’" indicators
(probes, dyes) such as Rhod-4, Fluo-4 or Fura2-AM and, genetically encoded fluorescence calcium

indicators which basically correspond to the fusion of a fluorescent protein to a calcium binding protein
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(such as calmodulin (GCaMP) or aequorin based assay). Whatever the technique used to determine
intracellular [Ca’"], it came out that in mammalian cells, [Ca’"] within the secretory pathway decreases
from 500uM in the ER to 80uM in the secretory vesicles while cytosolic [Ca*"] only ranges between 10
to 100nM (Figure 19A). As well demonstrated by Pizzo et al., in addition to the ER, the Golgi apparatus
is one of the main Ca’" store in the cell [18]. Within the Golgi apparatus itself, a decreasing Cangadient
can be observed from the cis- side to the TGN. This gradient is mainly established and maintained

through the presence and activity of Ca’" transporters, differing from each Golgi cisternae [18].

Regarding to Mn’", no many tools are currently available to measure precisely intracellular [Mn”'],

which is the reason why estimated gradients and concentrations are represented in Figure 19. However,
taking advantage that Mn’" can replace Ca’" and bind the Ca’" fluorescent indicator Fura-2, cytosolic
Mn”" measurement can be done. Basically, Mn”" quenches Fura-2 emitted fluorescence leading to a
lower signal in cells containing more Mn. To reach [Mn’"] in the organelles, a detergent is then required
to permeabilize membranes and release luminal Mn”" to the cytosol. Very recently, Horning et al.
developed a new selective Mn’" ionophore called MESMER (Manganese Extraction Small Molecules
Estimation Route). Based on Mn’ -induced Fura-2 quenching, MESMER enables non-lethal
quantification of cellular Mn levels. Finally, total cellular Mn detection and quantification can also be
assessed through inductively coupled plasma mass spectrometry (ICP-MS) or atomic absorption
spectroscopy (AAS). Based on these indirect approaches, the main intracellular Mn’" stores identified in
the mammalian cells are: mitochondria, ER, Golgi apparatus, lysosomes and endosomes (Figure 19A).
All in all, the secretory pathway can be considered as a sink for intracellular Ca’"/Mn”" storage taking
part in their cellular distribution. Hence, a tight regulation occurs within the secretory pathway to

maintain both Ca”" and Mn”" homeostasis. This will be addressed in section 2.

1.1.2. Ca’" and Mn’" stocks in veast

In the yeast Saccharomyces cerevisiae, a similar intracellular Ca’" and Mn’" distribution can be observed
within the secretory pathway and in mitochondria (Figure 19B). However, while in mammalian cells the
ER concentrates Ca’" up to 500uM, the vacuole plays this role in yeast. Indeed, 90% of the Ca’™" pool is
found in the vacuolar compartment where it accumulates to up to 3mM. This major difference between
yeast and human could be due to the absence of Sarco/Endoplasmic Reticulum Ca*"-ATPases (SERCA)
pumps in yeasts, which are the main key players in ER Ca’™" storage in human. Additionally, yeast also
lacks lysosomes and endosomes that are replaced by the vacuole and the Golgi like vesicles. Apart from
its Ca’" storage capacity, the yeast vacuole is the main organelle responsible for the sequestration of

divalent heavy metals ions including Mn’" then preventing their cytosolic accumulation to toxic levels.
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1.2. Ca** and Mn?* regulation at the body level

1.2.1. Main route for Ca’" absorption/excretion

Dietary Ca intake and absorption are essential to maintain healthy Ca body stores. In response to dietary
intake, kidneys and the small intestine are the main organs required for Ca absorption and kidneys also
contribute to Ca excretion. Although Ca ingestion occurs via the gastrointestinal tract, 65% of its
absorption is done in the small intestine through passive diffusion or active transport. Once in the
circulation, Ca is mostly deposited into bones not only to ensure bone formation or repairing but also to
be stored. On the other hand, Ca excretion is mainly mediated by kidneys via urinary filtration and
excretion. To have an idea, around 200mg of Ca are released in urine from healthy adults with a daily Ca
intake of 1g [152]. The main foods enrich in Ca are dairy products such as milk, yogurts and cheese.
However, other non-dairy sources share a high Ca content as well. These include seafood, leafy green
vegetables, almonds, seeds and Ca- fortified foods, to list some. Human Ca needs vary through the
different stages of life and also depends on sex gender and genetic background. In a report from the
European Food Safety Authority dating back to 2015, all of these parameters have been considered to

better established average Ca intake recommendations [156].

In the whole body, Ca homeostasis is controlled by its absorption/excretion and storage in the skeleton

to ensure a constant plasmatic Ca concentration ([Ca’] . ). Many complex physiological processes are

plasma

involved in such [Caﬁ]

regulation [150—153]. Briefly and basically described in Figure 20, three

plasma

main calcitropic hormones serve to increase/decrease the entry of Ca in the extracellular space. Those

hormones are the parathyroid hormone (PTH), the calcitriol and the calcitonin. In case of lower

[Ca™] PTH promotes both Ca release from the bones and Ca reabsorption by kidney tubules.

plasma
Moreover, in concert with the calcitriol, PTH also induces Ca reabsorption in the intestine. Calcitriol is
defined by the hormonal form of vitamin D, the latter being crucial for bone formation. On the other
hand, calcitonin has reverse effects and inhibits both Ca release from the bones and reabsorption from
the kidneys following higher [Ca™"] [150,151].

plasma
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Figure 20: Simplified representation of calcium (Ca) regulation in human. In normal condition (grey

arrows), dietary Ca is absorbed during intestinal digestion and release in the circulation. Circulating Ca is then
deposited in bones for storage or excreted in urine or in stools. In case of low plasmatic Ca concentration (green
arrows), PTH promotes Ca release from bones and Ca reabsorption in kidney tubules. Moreover, PTH also
induces Ca reabsorption in the intestines thanks to calcitriol. In case of high plasmatic Ca concentration (dotted
pink arrows), calcitonin both inhibits Ca release from bones and Ca reabsorption in kidney tubules. Abs:
absorption, PTH: parathyroid hormone and ReAbs: reabsorption. Inspired by [151].

1.2.2. Main routes for Mn’" absorption/excretion

Several paths promote Mn absorption in the human body: oral consumption from diet, inhalation,
dermal permeation and intravenous administration [155,157]. Amongst them, ingestion remains the
most common route. Once ingested, approximately 3 to 5% of Mn is absorbed into the body through
the gastrointestinal tract, especially in the intestine (Figure 21) [154,158]. Like Ca, Mn then enters cells
either by passive diffusion or active transport, mostly mediated by the divalent metal transporter 1
(DMTT1) [159]. Although other transporters are involved in Mn influx, none of them are Mn-specific and
also regulate the import of other ions such as iron (Fe™), calcium (Ca™), zinc (Zn*") and copper (Cu’").
Therefore, the presence of such ions in blood and other physiological fluids can compete with Mn and
compromise its absorption. In particular, Mn interaction with iron (Fe) was well studied [160]. While
Fe deficiency enhances intestinal Mn absorption, a higher intake of Fe reduces Mn blood levels. In
addition, more than twenty years ago Finley et al. pointed out lower Mn absorption rates in healthy men
than in women. This sex difference was believed to be due to Fe status variations between men and

women, with a higher Mn absorption in presence of lower serum ferritin concentrations [161,162].
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Figure 21: Simplified representation of manganese (Mn) metabolism in human. Mn uptake is mainly
mediated by oral consumption from diet (ingestion) and inhalation. Once ingested (purple arrows), 3 to 5% of
Mn is absorbed in the intestine while up to 95% is excreted via the bile (bold black arrow). Mn enters the blood
stream through passive diffusion or active transport where it is then distributed to other organs. On the other
hand, inhaled Mn (pink arrows) is absorbed in the lungs and bypasses the liver to enter the blood stream.

In terms of Mn elimination, the liver is the key organ ensuring such function. As depicted by bold black
arrow in Figure 21, 95 to 98% of oral Mn is excreted into the small intestine through hepatobiliary
secretion. Then, Mn is eliminated in the faeces while only 0.1 to 3% is excreted in urines [163,164].
Many foods are considered as rich sources of Mn and ensure its dietary uptake. To list some, high levels
of Mn are found in a broad range of whole grains and nuts as well as in rice, legumes, leafy green
vegetable, seafood, tea and chocolate [155]. Besides solid meals, drinking water and some beverages also
contain Mn at rather high or low level. Very recently, Martins et al. reviewed the role of Mn in the diet
with a main focus on its bioaccessibility and adequate intake [165]. This review also summarizes the
average Mn intake recommendations for adults and young people depending on sex gender, established
by the European Food Safety Authority in 2013 [163,165]. Apart from oral Mn consumption, Mn can be

inhaled from airborne particles especially linked to particular occupational positions such as mining,
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steeling, smelting, welding and battery manufacturing. Once inhaled, Mn is absorbed in the lungs and
bypasses the liver to enter the blood stream (pink arrows, Figure 21). Then, circulating Mn is rapidly
distributed in tissues and is believed to enter the brain through the olfactory tract (olfactory nerves).
How does Mn cross the blood brain barrier is still under investigations even if DMT1 and the transferrin
receptor (TfR) are suggested to play a major role in this mechanism [166—-168]. Mn overexposure can
lead to its accumulation in the brain, especially in the basal ganglia, which is very toxic. This will be

further detailed in the section 1.4.2.

1.3. Ca’" and Mn?*" in cellular processes

1.3.1. Cain bone mineralization

In the human body, the skeleton is considered as the main reservoir of Ca and phosphate. Throughout all
stages of life, bones are remodeled in response to mechanical stress and physiological needs for Ca’" in
extracellular fluids [169]. As defined by Clarke et al., bone remodeling is a process by which bone is
renewed to maintain bone strength and mineral homeostasis [169]. At the cellular level, this remodeling
process is achieved by a tightly coupled group of specialized cells named osteoclasts and osteoblasts, that
sequentially and respectively manage resorbtion of old bone and formation of new one. Basically bones
are composed of 50%-70% minerals, 20%-30% organic matrix, 5%-10% water and less than 3% lipids
[152,153,169]. Bone minerals are especially represented by hydroxyapatite crystals Ca,,(PO,),(OH),
with small amount of carbonate, magnesium and acid phosphate. As regards to bone organic matrix
composition, it is mainly made of fiber type I collagen (90%-95%). Besides, additional and non
collageneous proteins also take part in its composition such as alkaline phosphatase and osteocalcin,
osteopontin and bone sialoprotein, three Ca- and phosphate-binding proteins [169]. Bone mineralization
occurs throughout the formation of hydroxyapatite crystals resulting from the precipitation of Ca and
phosphate. This precipitation event is not likely spontaneous and required the formation of specific
matrix extracellular vesicles. Those latter contain a nucleation core made of proteins and acidic
phospholipids, Ca and inorganic phosphate in complexes that promote hydroxyapatite precipitation. At
the end, the amount and size of hydroxyapatite crystals are regulated by Ca- and phosphate-binding
proteins [18]. Thus, Ca is a key nutrient fundamentally required in bone mineralization through the

formation of hydroxyapatite crystals.

1.3.2. Ca’" signaling
At the cellular level, Ca’" ions are used to signal almost all aspects of cellular life from cell proliferation
to cell death. In yeast and human cells, like in other eukaryotic cells, Ca’ is required as a second
messenger in signal transduction. A dysregulation in Ca’™" signaling is often associated with pathological
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conditions. To avoid this, cells finely adjust Ca’" levels through the activity of a broad range of pumps,
transporters, carriers, channels, and calcium binding proteins (see 3.1.). Cytosolic [Ca™"] ([CaH]Cymsol)
increases from the nanomolar to the micromolar range following Ca’" release from the Ca storage
organelles (mostly the ER in human and the vacuole in yeast, Figure 19) or Ca’" influx from the
extracellular medium mediated at the plasma membrane [170]. Changes in [CaLQJr]C),msQ1 reflect the Ca®"
signal, that may vary in amplitude, frequency and subcellular localization according to the stimulus and

the cell type, and is then converted into specific cell functions [170]. Thereafter, pumps and exchangers

. 2+ . . eps
act in concert to restore basal [Ca” '] ,,,,, corresponding to resting conditions.

1.3.3. Ca’" and Mn’" as cofactors

In terms of biological relevance, Mn”" plays two main roles: (i) cofactor for numerous metalloproteins
embracing all type of enzymatic reactions (i.e. oxidoreductases, transferases, hydrolases, lyases,
isomerases and ligases) and (ii) non-enzymatically removal of reactive oxygen species (ROS). Therefore,
Mn’" takes part in many cellular processes and is involved in a broad range of ubiquitous enzymatic
reactions mainly required for the synthesis of amino acids, lipids, proteins and carbohydrates, cellular
energy and host defense [38]. To list some well-known Mn-dependent enzymes, arginase is involved in
urea synthesis, acetyl-CoA carboxylase is crucial for endogenous fatty acid synthesis,
phosphoenolpyruvate decarboxylase and pyruvate carboxylase belong to the gluconeogenesis pathway,
Mn superoxide dismutase (MnSOD or SOD?2) is the mitochondrial antioxidant enzyme involved in ROS
detoxification, glutamine synthetase is important for brain ammonia metabolism, and several
glycosyltransferases that take part in the glycosylation processes (see Chapter 1) and in human bone
health [155,157,168,171]. To the latter point, Mn’" indirectly participates to bones and teeth
biomineralization through the phosphorylation activity of the Mn/ATP-dependant Golgi casein kinase
known as FAM20C on specific protein such as osteopontin or bone sialoprotein [172,173]. Hence,
although Mn’" is a trace element, its requirement is crucial for many cellular processes ensuring cell
viability. On the other hand, Ca”" can also act as a cofactor especially for some glycosylation enzymes
such as glycosidases and sulfatases where it is required for hydrolytic activity [38]. In addition, it is to
note that Ca’" is not likely found as free ions in lumens but bound to so-called Ca“—binding proteins
(CBP). In such binding to the protein, Ca’" does not fulfill a cofactor function but rather ensures its

intracellular retention. Some examples of ER and Golgi CBP will be given in section 3.1.

1.3.4. Mn2+—complexes as antioxidants

In yeast and human cells, free radical species are a by-product of an aerobic metabolism. In case of ROS

accumulation, especially due to a lack of efficient protection against oxidative stress, cell damages are
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observed and can lead to human diseases [174]. From yeast to human, one of the primary roles assigned
to Mn is to prevent the oxidative stress response by destroying free radicals. To ensure such function,
two Mn-dependent ways are possible to follow (i) the well-known enzymatic process requiring Mn®*" as
cofactor for MnSOD activity [175—177] or, (ii) a non-enzymatically process requiring solely Mn’" in
complexes [178,179]. This later will be briefly discussed since Mn’" in complexes with phosphate,
lactate or carbonate have been shown to be very efficient to scavenge ROS [174,178,179]. In human
cells, albeit no direct evidences have been provided to attest from the relevance of Mn as a non-
enzymatic antioxidant, in some diseases altering MnSOD function, a tight Mn supplementation could be
of interest to cope with the oxidative stress by bypassing the deficient enzymatic pathway [174]. On the
other hand, in yeast lacking SOD genes, the growth defect associated SOD deletions in aerobic conditions
could be suppressed by MnCl, supplementation. Moreover, deletion of other genes encoding Mn
transporters (PMRI and CCCI) in sod4 yeasts also succeeded in restoring the aerobic growth [180—-182].
This suggests that intracellular Mn’" can serve as an alternative route to the enzymatic protection.
Regarding to Mn2+—complexes formation, environmental factors such as nutrient sensing seem to
controlled their production [183]. Finally, at the structural level, the nature of some Mn’"-complexes
has been achieved and revealed the binding of Mn”" with inorganic phosphate (Pi) and polyphosphate
[184]. All in all, as well illustrated in the yeast Saccharomyces cerevisiae, Mn’" can form non-enzymatic
complexes to promote protection against oxidative stress by acting as an antioxidant. Because such
function has not been reported in human cells, it is likely that higher eukaryotes may have evolved

differently to manage both Mn content and oxidative stress.

+ + . .
1.4. Ca’* and Mn?" in human diseases

1.4.1. Cadeficiencies and bone diseases

Most of the time, Ca deficiencies are associated with a poor Ca consumption. If the dietary Ca supply is
not sufficient to meet physiological requirements, Ca is resorbed from the skeleton to sustain [Ca2+]Pla5ma.
As mentioned above, bones are constantly remodeled at all stages of life, balancing between bone
formation and bone resorption. However, by the time, unbalanced Ca release weakens bones by
reducing their density and mass leading to metabolic bone diseases such as osteopenia and osteoporosis.
Osteopenia is characterized by low bone density whereas osteoporosis is defined by lower bone mass and
mineral content with deterioration of the bone tissues, increasing bone fragility and risk of fracture
[150]. To better discriminate between osteopenia and osteoporosis, the World Health Organization
recommends the measure of bone mineral density (BMD) or bone mineral content (BMC) as indicators

[150,153]. Insufficient Ca intake over a long period of time can also result in osteomalacia in adults or

rickets in children. These disorders are due to bone mineralization defects occurring during its
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formation. Rickets affects the growing bones of children while osteomalacia impacts formed bones in
adult individuals. Although osteomalacia and rickets are associated with Ca deficiency at the bone level,

they usually result from a vitamin D deficiency [153].

1.4.2. Impaired Mn2* regulation and diseases

Mn_toxicity and neurodegenerative diseases

Mn toxicity is associated with an excess of Mn that can be due to environmental factors or genetic
disorders. Depending on the route and period of Mn exposure, its toxicity can differ. Most of the time,
inhaled Mn accumulates in the brain and lead to manganism, a neurodegenerative syndrome resembling
the Parkinson’s disease (PD). However, while inhaled, Mn can also provoke local inflammations along
the respiratory tract causing cough, bronchitis and pneumonitis [37]. On the other hand, ingested Mn
from foods or drinking water also induces neurotoxicity with more subtle effects. These different
degrees of Mn neurotoxicity between ingestion and inhalation are due to different ways of Mn
absorption and delivery to other tissues. As already mentioned earlier, inhaled Mn is rapidly absorbed by
lungs and bypasses the liver to be widely distributed in tissues -including the brain- whereas intestinal
absorption from ingested Mn is a longer process in which a rather quite important amount of Mn is
stored in the liver (Figure 21).

Mn exposure due to occupational and environmental factors. Clinically, most cases of Mn
intoxication are due to long-term Mn exposure occurring in occupational positions especially in such
industrial fields: mining, smelting, welding, steeling, ceramics production and battery manufacturing.
Workers exposed to high Mn-enriched dust and fumes are more subjected to Mn inhalation and
breathing. However, the risk of Mn exposure is not restrictive to those workers as Mn-enriched foods or
water are also sources of contamination. In addition, a current and growing public issue lies in the use of
methylcyclopentadienyl manganese tricarbonyl (MMT) as a gasoline additive that might considerably
increase the levels of Mn airborne particles in the atmosphere [157,167]. Another health concern lies in
the intravenous injection of ephedrone also known as methcathione, a drug requiring potassium
permanganate for its synthesis [186,187].

Genetic disorders of Mn metabolism. Since the last decade, three mains inherited disorders of Mn
metabolism have been identified. All of them are due to mutation in genes encoding putative Mn”"
transporters named SLC30A10, SLC309A14 and SLC39A8 [67,188—193]. All of those proteins belong
to the solute carrier (SLC) superfamily. Amongst them, SLC39A14 and SLC39A8 belong to the Zinc-
regulated transporter (Zrt), Iron-regulated transporter (Irt) like protein family (ZIP) and SLC30A10 to
the Zinc transporter (ZnT) family. While SLC30A10 is thought to be a plasma membrane Mn-efflux

transporter, SLC39A8 and SLC39A14 are supposed to be Mn”" importers. The interplay between the
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function of these three proteins is well documented [192—195] and their precise role in intracellular
Mn”" regulation will be further discussed in the following section 2.2.5. Briefly, mutations in SLC30410
and SLC39414 cause a Mn-induced neurotoxicity phenotype called hypermanganesemia with dystonia
(HMNDYT). HMNDYT1 and HMNDYT? are respectively associated with deficiencies in SLC30410 and
SLC39414 [192]. Clinically, HMNDYT1/2 share common clinical features such as hypermanganesemia,
increased Mn blood levels, dystonia and Mn deposition in the basal ganglia [192]. However, the main
characteristic differentiating both disorders relies on liver damages. In patients suffering from
HMNDYT1, Mn accumulation in the liver causes hepatotoxicity responsible for liver diseases ranging
from mild (steatosis) to severe forms (cirrhosis). On the other hand, none of the patients with
HMNDYT?2 suffers from liver insufficiency. From these observations, two antagonist functions were
proposed for SLC30A10 and SLC39A14 in hepatocytes and enterocytes. First, liver Mn accumulation in
HMNDYTTI suggests a role for SLC30A10 in Mn”" efflux. Second, the absence of Mn accumulation in
liver in patients with HMNDYT2 emphasizes a role for SLC39A14 in Mn”" intake for subsequent biliary
excretion [195]. With regards to SLC3948, mutations in this gene are associated to Mn deficiency (see
next paragraph).

Manganism. Mechanisms of Mn-induced neurotoxicity leading to manganism are well documented in
literature [154,157,165,167,168,171,196-200]. At the cellular level, Mn neurotoxicity encompasses:
alteration in neurotransmission, oxidative stress associated with severe mitochondrial dysfunctions,
protein misfolding and aggregation (especially a-synuclein and amyloid) and neuronal inflammation
culminating in cell death. This neurotoxic effect due to Mn accumulation is likely linked to its oxidation
state. As for Fe’" through the Fenton cycle, free Mn’" is more toxic than Mn”" and contributes to the
generation of ROS. Several studies have reported Mn toxic effects on diverse neurotransmitter systems
such as dopaminergic, cholinergic and y-aminobutyric acid systems [167,200]. Those alterations have
mainly behavioral consequences impairing motor coordination (bradykinesia, dystonia, rigidity...),
cognitive functions (memory, learning, hyperactivity and loss of attention...) and emotional
dysfunctions (apathy, depression, mood swings...) [167]. It is to note that besides manganism, Mn-
induced toxicity has been linked to other major neurodegenerative diseases such as the Huntington’s

disease (HD), prion diseases and more indirectly, Alzheimer’s disease (AD) [196].

Mn deficiency

In contrast to Mn neurotoxicity, Mn deficiency is not considered as a public health concern [157]. Due
to the huge abundance of Mn in food and beverages, Mn dietary deficiencies are extremely rare and have
never been reported yet, except under animal experimental conditions [157,168,201]. Insufficient Mn

intake has been associated to birth and growth defects, skeletal abnormalities, impaired fertility and
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metabolism disruptions (especially lipid and carbohydrate). In addition, some studies revealed that in a
pathological context such as osteoporosis, epilepsy and pancreatic insufficiency, Mn metabolism could
also be impaired resulting in lower Mn levels [157,201,202]. Furthermore, genetic disorders related to
mutations in Mn transporters also result in Mn deficiency. As an example, mutations in SLC3948 gene,
encoding a Mn”" transporter at the plasma membrane, induce lower Mn blood levels associated with
short stature, dwarfism, deafness, liver disease, intellectual disability and psychomotor retardation
[67,188,192,193,203]. To date, twelve cases have been reported depicting four individual or grouped
mutations all gathered by Winslow et al. and Anagianni and Tulsch [192,194]. Depending on gene
mutation(s), the function of each encoded protein may vary. This could explain the discrepancy
observed in Mn blood levels between patients, ranging from undetectable to normal concentrations
[193]. At the cellular level, Mn deficiency mainly affects the mitochondrial and Golgi functions resulting
in (i) reduced MnSOD activity leading to an increased oxidative stress [203] and (ii) reduced activity of
glycosylation enzymes -such as p-1,4-galactosyltransferase- resulting in severe N-linked glycosylation
defects [67]. For such reasons and as already described in the General Introduction, SLC39A8 deficiency
is classified as a type I CDG. Similarly, TMEM165-CDG is another type Il CDG causing alterations in

intracellular Mn concentrations [64,65]. This will be further described in Chapter 3.

2. Interplay between Ca’* and Mn*" import/export within the secretory

pathway

In the yeast Saccharomyces cerevisiae, like in mammalian cells, cytosolic free [Ca’] and [Mn’"] are
extremely low regarding the gradients established across the plasma membrane and across secretory
organelles (Figure 19). Following the secretory pathway, Ca’" and Mn’" are constantly exchanged for
other ions/ligands to sustain their own lumenal concentrations where they contribute to numerous
cellular processes. Biological membranes being lipid bilayers, they are low-permeable barriers
restricting these free exchanges. Therefore, many transmembrane proteins are required to ensure their
transport across membranes. Ca”" and Mn’" can then be transported either in an active or a passive
mode. Briefly, a passive transport follows ions electrochemical gradients and is mediated by carriers or
channels. On the other hand, pumps and transporters actively transport ions against their
electrochemical gradients thanks to the energy from either (i) ATP hydrolysis (primary active) or (ii)
transport of a coupled ion/ligand (secondary active). In the following sections, some primary active,
secondary active and passive transporters involved in Ca’ /Mn’" transport will be described to better

understand their role in Ca’*/Mn’" homeostasis within the secretory pathway.
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2.1. Role of Ca* /Mn?* P-type ATPases

2.1.1. General introduction

P-type ATPases are a group of primary active pumps that can be found in all domains of life from
eukaryote to prokaryote and archaea [204]. According to phylogenic studies, the P-type ATPases
superfamily comprises five subfamilies (P1 to P5) classified by sequence homology and substrate
specificity [29,30,204—207]. Human and yeast representatives P-type ATPases are reported in Table 11

by gene/protein names, and substrate specificities.

In this section, only P-type ATPases sharing a Ca’" and/or Mn’" transport activity will be addressed.
According to Table 11, amongst all P-type subfamilies only P2 and P5 will be of interest (mentioned in
pink, Table 11). In particular, the Ca’" (and Mn”") P-type ATPases belong to the P2 subfamily. More
precisely, P2A clade gathers human Sarco/Endoplasmic Reticulum Ca’"-ATPases (SERCA) and
Secretory Pathway Ca’"/Mn’"-ATPases (SPCA) and yeast plasma membrane ATPase related 1 (Pmrip)
while P2B includes human Plasma Membrane Ca’-ATPases (PMCA) and its yeast ortholog Pmclp
[29,30]. Moreover, P5 subfamily also gathers ATPases more indirectly linked to Ca” and Mn’"
homeostasis in yeast and human [208]. Although no clear substrate(s) for P5 ATPase members have been
identified yet, several studies reported the involvement of P5 members in Ca’"/Mn”" homeostasis and
Mn’" tolerance. Phylogenetic analysis suggested the presence of two subgroups in this family: P5A and
P5B, that may have evolved differentially as P5A and P5B members display different subcellular
localizations, structural conformations and subsequently, different putative functions [209,210]. What is
fascinating is the very high degree of conservation during evolution for P5A members. Indeed, a recent
study revealed that in fungi and animals, only a single PSA ATPase is found in each tested species [210].
The human and yeast representative members of this subgroup are respectively ATP13A1 and Spflp,
and will be further described as several studies suggest their role in Ca’"/Mn”" homeostasis along the
secretory pathway. On the other hand, P5B gathers more members in human than in yeast. Indeed, four
P5B ATPases isoforms can be found in human: ATP13A2-5 while the yeast Saccharomyces cerevisiae only
possesses one, named yeast PARK9 protein (Ypk9p), referring to the human ATP13A2 (also known as
PARKDY) [210]. Despite none of all P-type ATPase cited above share a specificity for Ca’" and/or Mn"",
a common ions/ligands transport mechanism has been established for all P-type ATPases, based on the

Post-Albers cycle [211,212].
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Table 11: List of all P-type ATPases found in human and in yeast Saccharomyces cerevisiae. P1A and
P2D subgroups are not represented since no human or yeast proteins belong to them. For P4 subfamily, as a new
nomenclature was established very recently both new (P4A, P4B) and old (“Class”) subgroups are mentioned
[213]. Human and yeast genes are written in italics with the associated proteins in brackets. When protein and
gene share the same name, it is written in capital letter without italics and brackets. Subgroups indicated in pink
will be further detailed as they comprise Ca”" and Mn™" P-type ATPases. GlcCer: glucosylceramide, GSL:
glycosphingolipids, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine. References
that served to fill this table:[29,30,205-207,209,210,213-220].

P-type ATPases Gene/protein names Substrates
Subfamilies Subgroups Human Yeast Human Yeast
- 1 ATP7A (MNK) PCAI (Pcalp) Cu”™" Cu™’
P1B ATP7B (WND) CCC2 (Cec2p) cu’* cu?t
ATP2A1-3 (SERCA1-3) - Ca’* _
P2A ATP2C1-2 (SPCA1-2) PMRI (Pmr1p) Ca’, Mn”™ o, Mn®*
P2B ATP2B1-4 (PMCA1-4) PMCI (Pmclp) Ca”™" Ca™"
P2 ATPIAI-4 (NaK1-4) PMR2/ENAI(Enalp) Na'/K* Na*
PMR2/ENA2 (Ena2p) Na*
Iy
PIC . ENA5 (Ena5p) Na
ATP4A - /K )
ATP12A /K _
P3 P3A - PMAT-2 - H
(Pmal/2p)
Class
N ATP8A1-2 DRS2 (Drs2p) PS>PE PS
Class ATP8B1-2 PC
1b ATP8B3-4 ? i
Class 3 - DNFI-2 (Dnf1/2p) - PC
PAA Class 4 - DNF3 (Dnf3p) - PC
P4
ATP10A P?C -
s o
(GlcCer) i
Class 6 ATP11A-C PS>PE -
P4B Class 2 ATP9A-B NEOI (Neolp) ? ?
ATP13A1 SPF1/CODI ? Mn", Ca™’,
P5A
(Spf1p/Codlp) sterols ?
ATP1342/PARKY YOR291W/YPK9 ~ Polyamines ~ Mn’", heavy
P5 (Ypk9p) metals
P5B ATP13A3 ?
ATP13A4 Ca™"?
ATP13A5 ?
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First established in 1967 to characterize the active transport mechanism of sodium (Na") and potassium
(K") (NaK) pumps, this model illustrates the four major conformational states of P-type ATPases, as

depicted in Figure 22 [29,30,216,221].

@
Cytosol &
! (4 Mg -ATP
E1
ADP
o Lumen or extracellular . @
E2 medium E1~P

Figure 22: Post-Albers cycle generalized for P-type ATPases. In this cycle, a ligand (red dot) and its
coupled-ligand (blue dot) are transported from one side of the membrane (cytosol) to the other (lumen or
extracellular medium). In this scheme, one ligand is exported while one is imported. It is to note that the number
of ligands in each direction may vary according the nature of the P-type ATPase. This cycle illustrates the switch
of P-type ATPases between two main conformation states: E1 and E2 and two intermediate conformation states
E1~P and E2-P. While E1 and E1~P represent the highest ligand affinity forms, E2-P and E2 are the lowest.
During transport, all P-type ATPases are subjected to reversible autophosphorylation that occurs on one of their
cytosolic domains (circled « P »). Phosphorylation and dephosphorylation are mainly responsible for the closure of
cytosolic and extracytosolic gates leading to the occluded intermediates E1~P and E2.

Briefly, E1 and E1~P states refer to the highest ligand affinity forms while E2-P and E2 represent the
lowest affinity ones. During transport, P-type ATPases are subjected to reversible autophosphorylation
that occurs on a conserved aspartate residue (Asp) in their active site. This reaction is conserved from
yeast to human with quite little differences [204]. The transient transfer of phosphate onto the protein
leads to the presence of the phosphorylated intermediates and is the reason of the designation “P-type
ATPase” [29]. Applied to Ca”/Mn”" P2 ATPases, the Ca’" transport mechanism is well established for
one of human SERCA isoform, named SERCAla and serves to explain those of SPCA [29,30] and
PMCA [222]. Thanks to the main contributions from Toyoshima and Nissen teams, 3D characterizations
of several structural conformations of SERCAla have been reported (see [223] for article references).

More recently, Gong et al., Inoue et al., and Sitsel et al., also provided structural conformations from

PMCA1, SERCA2a and SERCA2b, respectively [224-226]. All of these structures revealed common
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features shared by all P-type ATPases members that will be briefly exposed here as they have been
extensively detailed in literature [29,30,204,206,207,216]. Basically, the architecture of all five classes
P-type ATPase comprises six transmembrane domains (TM) forming the “core segment” and three
cytosolic domains referred as an actuator domain (A), a phosphorylation domain (P) and a nucleotide-
binding domain (N). According to the subfamily, additional N- and C- terminal TM can be found. For
instance, to the purpose of Ca’"/Mn’" P2 ATPases, 10 TMD are usually found except for one member

of the SERCAs, SERCA2b that possesses an additional 1 1" TMD [206,207,216].

After this brief and general introduction about the P-type ATPases in yeast and human, the following
sections will further address the role of P2 and P5 ATPases in Ca’"/Mn’" transport and homeostasis

within the secretory pathway.

2.1.2. P2-type ATPases

Dating back to more than thirty years ago, PMCI and PMRI were identified in the yeast Saccharomyces
cerevisiae as two structural genes respectively involved in Ca’" sequestration into the vacuole and
secretory organelles [217,227]. Many years later, these two genes encoding the yeast proteins Pmclp
and Pmrlp are still defined as key players in Ca’" homeostasis, in addition to their roles in Mn’"
homeostasis. To the mammalian side, PMCAs, SPCAs and SERCAs are the P-type ATPases ensuring
such functions [29,30]. Of them, a main focus will be addressed on each ubiquitous protein. For
additional information about other PMCA, SERCA and SPCA isoforms and protein variants, please have

a look on the latest review from Chen et al., including references [30].

SERCAs. In humans, three separate genes ATP241-3 encode for three SERCAs proteins named
SERCA1-3. In addition, alternative splicing events occurring either during development or in a tissue-
specific manner, introduce variations in the final protein sequence yielding the number of SERCA
protein variants to eleven: SERCAla-b, SERCA2a-b and SERCA3a-f [29,30,228,229]. Amongst them,
only SERCA?2b is ubiquitously expressed and then referred as the housekeeping isoform. Indeed, apart
from SERCA3 whose mainly expressed in non-muscle cells, all other SERCA isoforms share a more
restrictive expression pattern in muscle tissue and especially fast twitch skeletal-muscle fibers for
SERCA1la (adult) and SERCA1b (neonatal), slow twitch skeletal-muscle fibers for SERCA2a and
cardiomyocytes for SERCA2c [228]. All SERCAs are transmembrane proteins of the sarcoplasmic or
endoplasmic reticulum (SR or ER) while some of them are also expressed in the cis-Golgi compartment
[18]. Structurally speaking, all P2 type ATPases exhibit a similar domain organization (10 TMD, N-, P-

and A-domains) and possess the key motifs for ATP hydrolysis and Ca”™" transport suggesting a highly
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conserved mechanism for Ca”™" transport [29,207]. However, amongst all P2 type ATPases, only SERCA
pumps contain two high-affinity Ca’"-transport sites (site I and site II). As a consequence, SERCAs can
transport two Ca’" ions per cycle whereas PMCAs and SPCAs can only translocate one. In addition,
between all SERCA isoforms, Ca™" transport mechanism may be regulated by further structural features
such as the presence of additional 49 amino acid residues at the C-terminus of SERCA2b, containing a
11" transmembrane domain and a luminal extension [225,230]. Hence, based on isoform-specific
sequence, tissue-specific distribution and physiological requirements, each SERCA pump displays
distinct kinetic properties and regulatory control on its ability to transport Ca’"[29,30,228]. Regulation

of SERCA isoforms will be further discussed in section 3.2.2.

The role of SERCA pumps in Ca’" homeostasis has been well established and studied over the past fifty
years. First identified and purified from rabbit skeletal muscle, SERCAs play a crucial role in muscle
contraction/relaxation cycle. In muscle cells, the SR is analogous to the ER of non-muscle cells and can
store Ca™" up to hundreds of millimolar. Its main function lies in its ability to release Ca’" into the
cytosol through the ryanodine receptors (RyR) for muscle contraction and to actively reuptake cytosolic
Ca’" through SERCA pumping activity for muscle relaxation. In this context, SERCAs play two major

and complementary roles (i) lowering [Ca™"] for muscle contraction and (ii) refilling the SR Ca’"

eytosol
store then required for muscle relaxation [228]. In addition to such specialized function in muscle cells,
the SR as well as the ER needs to maintain an adequate ion environment for proper enzymatic functions
in a wide range of biological reactions such as lipid and protein synthesis, protein folding, post-
translational modifications, trafficking and sorting. Thus, SERCA serves to ensure physiological [Ca’"]in
the ER, crucial to achieve these reactions. Beyond their ability to transport Ca™", we recently suggested
that in a specific pathological context, SERCA2b would be involved in cytosolic Mn”" pumping to
sustain Golgi glycosylation reactions [231]. This will be further discussed in Results, Part I of this
manuscript. Briefly, we have demonstrated that in HEK cells lacking the newly identified Golgi Mn”"
importer TMEM165 (see Chapter 3), (i) both thapsigargin and cyclopiazonic acid treatments prevent
Mn’"-induced glycosylation rescue and that (ii) SERCA2b overexpression partially succeed in rescuing
the glycosylation profile of the heavily N-glycosylated protein LAMP2. However, this study did not
provide direct evidence for Mn’" transport but emphasize a potential role for SERCA2b in cytosolic
Mn’" pumping into the ER to then feed the Golgi apparatus. The ability of SERCA pumps to transport
Mn’" was already described in the past by Chiesi and Inesi [232]. Indeed, they first demonstrated that
Mn’" could activate SERCA pumps as Mg2+ could do. Then, they highlighted that Mn”" was a weak

competitor for Ca’" and could even be transported by SERCAs instead of Ca’", at slower rates. In

)

addition, latter evidence provided by Yonekura and Toyoshima reinforce this statement and highlight
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similar Mn”" and Ca’" transport mechanisms for SERCAla isoform [233]. Hence, a role of SERCA
pumps in Mn”* transport cannot be excluded although SERCAs mainly regulate Ca”" intake in the ER

and cis-Golgi [18].

Surprisingly and as the major difference between yeast and mammalian cells, no SERCA pumps were
identified in the yeast Saccharomyces cerevisiae. This lack of yeast SERCA orthoglogs suggests a different
way of regulating and storing Ca’". As illustrated in Figure 19, Ca’"is mainly stored in the yeast vacuole

and Golgi apparatus but not in the ER.

Pmrlp (plasma membrane ATPase related). Dating back to 1985, Smith et al. looked for
supersecreting (ssc) Saccharomyces cerevisiae mutants in the line to pinpoint beneficial yeast mutations
enabling an increased expression, production and secretion of heterologous proteins. From this study,
mutations in SSCI gene were positively selected [234]. Couple of years later, while looking for P-type
ATPases of the yeast secretory pathway, Rudolph et al. screened genes related to the plasma membrane
Ca’"-ATPases (PMCA) that they named plasma membrane ATPase related (PMR). Two genes came
out, PMRI and PMR2 among which, PMRI was shown to be identical to the previously identified SSCI
[235]. PMRI encodes for Pmrlp, a Golgi localized transmembrane protein [236]. In Saccharomyces
cerevisiae, Pmr1p was first described as a putative Ca’*-ATPase since pmrl4 strains (i) were unable to
grow on low-Ca’" media, (ii) were highly sensitive to Ca’" chelation in the culture medium (by addition
of EGTA or BAPTA) and (iii) these Ca’" deficiency growth defects could only be alleviated by Ca™"
supplementation in the culture medium and no other cations [227,235-237]. These specific phenotypes
were expected from an alteration in Ca”" homeostasis. Moreover, Lapinskas et al. suggested for the first
time a dual involvement of Pmrlp in both Ca”" and Mn"" homeostasis. Indeed, they highlighted that
pmrl4 yeasts (i) accumulate elevated levels of intracellular Mn and (ii) exhibit a higher sensitivity to Mn-
induced toxicity [180]. Hence, a physiological role for Pmrlp was assigned to Mn”" transport in the
Golgi apparatus to both prevent intracellular Mn accumulation to toxic levels and sustain Golgi Mn’"
homeostasis, especially for protein glycosylation. Further investigations then pointed out that in yeasts
lacking Pmr1p, strong N- and O-linked glycosylation defects were observed on secreted glycosylated
proteins such as invertase, chitinase and carboxypeptidase Y. While CaCl, partially suppressed the Golgi
glycosylation defects, MnCl, supplementation completely succeeded [235,236,238]. From these
observations that have been largely confirmed in more recent studies, Pmrlp was assumed to play a

major role in Golgi Mn”" homeostasis, especially to sustain the glycosylation reactions [65,239,240].
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To summarize, the main function of the yeast Pmr1p is to supply the Golgi apparatus with both Ca’" and
Mn’" and to lower cytosolic Ca”"/Mn”" levels upon overload. Subsequently, Pmrlp ensures Golgi
Ca”"/Mn’" homeostasis that is required for its proper functions such as glycosylation, protein
maturation, trafficking and sorting. In addition, Pmrlp is also assumed to be involved in Mn”"
detoxification by sequestering Mn’" excess in the Golgi apparatus to then be exited from the cells

through secretory vesicles.

SPCAs. As mentioned above, SPCAs were first identified in the yeast Saccharomyces cerevisiae as plasma
membrane ATPases related (PMR) [235,237]. In human, two separate genes (ATP2CI and ATP2C2)
encode respectively for two SPCA proteins named SPCA1 and SPCA2. Although SPCAs and SERCAs
share 43% sequence similarity, SPCAs differ from SERCAs for several reasons [237]. First, as already
mentioned earlier, SPCAs lack the first cation binding site (I) presents in SERCAs and thus, only
transport one ion per cycle instead of two for all SERCA isoforms. Second, SPCAs can transport either
Ca’" or Mn”" whereas SERCAs solely transports Ca’". Third, SPCAs are insensitive to well-known
inhibitors of SERCAs (i.e. thapsigargin, 2,5-di(ter-butyl)-hydroquinone and cyclopiazonic acid, see
3.2.2.). Fourth, SERCAs and SPCA1 do not display the same subcellular localization. While SERCAs
are mainly expressed in the ER, SPCA1 share multiple localizations in the latter compartments of the
secretory pathways: from the trans-Golgi to the secretory vesicles. Thus, even evolutionarily closed,
SPCAs and SERCAs differ from each other in their transport capacity, ion specificity and subcellular
localizations. Albeit SPCA1 and SPCA2 share up to 63% sequence identity, only SPCA1 is ubiquitously
expressed and then referred as the housekeeping Ca”"/Mn”" ATPase of the secretory pathway [29,30].
For such reason, a main focus on SPCA1 will be done in this section. Additional information about
SPCA2 could be found in such papers and related references: [27,29,30,241-245]. As the result of
splicing events in ATP2CI mRNA transcripts, four SPCA1 isoforms (SPCAla-d) have been identified,
only differing in their carboxyl-termini extensions [246]. Of them, SPCAlc is an inactive form and
SPCAT1d is the longest [246—248]. During the last twenty years, SPCA1 has been widely studied in the
pathophysiological context of Hailey-Hailey disease (HHD) since the identification of disease-causing
mutations in ATP2CI in patients suffering from HHD [249,250]. Originally described by the Hailey
brothers in 1939 [251], HHD is an autosomal dominant blistering skin disorder caused by the
haploinsufficiency of ATP2CI - meaning that one copy of the altered allele is sufficient to cause the
disorder. The characteristic skin lesions observed in HHD patients are due to defects in cell-to-cell
adhesion. This phenomenon, also called acantholysis, results from insufficient Ca”" levels within the
epidermis that weakens desmosomal connections between the cells, especially between keratinocytes

[250,252]. It has been reported that cultured HHD keratinocytes have elevated [Ca’"].... and are less

cytoso
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responsive to increasing extracellular [Ca’"] than healthy cells suggesting that mutations in ATP2CI alter
intracellular Ca’" regulation in both resting and stimulated conditions [250,253]. So far, the mechanism
by which mutations in ATP2CI lead to acantholysis is not elucidated yet but may be related to either
abnormally elevated [Caﬁ]cymm1 or abnormally low Golgi Ca’"/Mn’" levels. In addition, through a
specifically Golgi-targeted aequorin-based assay to measure luminal free [Ca®"], Van Baelen et al.
demonstrated that in Hela cells silenced for ATP2CI a lesser Golgi Ca’" intake was observed [254].
Hence, apart from the ER, the Golgi apparatus also play a major role in Ca™" storage especially thanks to
the activity of SPCA1 in pumping cytosolic Ca”" into the Golgi lumen. In other words, SPCA1 activity is
essential for the regulation of cytosolic Ca”™" levels by storing Ca’" in the Golgi apparatus. Although
much attention has been focused on its Ca’" pumping activity, SPCAT1 also transports Mn”". This was
first evidenced by heterologous expression of ATP2CI in yeast lacking Pmrlp. Indeed, Ton et al.
demonstrated that the expression of human SPCAT1 in pmrl4 yeasts fully complemented both phenotypes
related to hypersensitivity to Ca’" chelators and Mn”" toxicity [255]. Overexpression of SPCA1 in HEK
cells also confers tolerance to Mn” -induced cytotoxicity by facilitating Mn”" accumulation in the Golgi
apparatus and secretory vesicles, thereby lowering cytosolic free Mn’" levels and increasing cell viability
[256]. From these observations, Leitch et al. suggested a function for SPCAT in Mn’" detoxification,
especially in the liver [256]. To reinforce this statement, Mukhopadhyay and Linstedt found that a
specific point mutation in SPCAI1, resulting from the substitution of glutamine 747 with alanine
(Q747A), preferentially enhances Mn’" transport activity towards Ca’"[257]. Overexpression of
Q747A-SPCA1 in Hela cells indeed result in (i) a higher degradation rate of the Golgi luminal Mn”"
sensor GPP130, suggesting a higher Golgi Mn’" intake and (ii) an increased cell viability against Mn’"
toxicity [257]. Taken together, these findings highlight the importance of the Golgi apparatus in Mn’"

homeostasis and detoxification in mammalian cells, both mediated by SPCA1.

All in all, Pmrlp and SPCAI share similar functions in yeast and human towards Ca’" and Mn”"
homeostasis at the Golgi level and in cytosolic Mn’" detoxification. However, while Pmr1p deficiency
leads to strong glycosylation defects in yeast, no link between glycosylation and a lack have SPCAT1 has
been reported yet in humans. This major statement may result from additional Golgi localized
Ca’"/Mn”" transporters in yeast and human that might differentially compensate the lack of

Pmrip/SPCA1. This will be further described Chapter 3 and in Result, Part II of this manuscript.

P2B: Pmclp and PMCAs

Pmclp (plasma membrane calcium 1 protein). In the yeast Saccharomyces cerevisiae, Pmclp shares

approximately 40% identity with human PMCAs and localizes to vacuole [227,258]. In yeast lacking
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Pmclp, strong growth defects can be observed following exposure to high external [Ca™"] suggesting a
role for Pmclp in Ca’" tolerance [258]. Moreover, Pmclp has been shown to transport Ca’" from the
cytosol to the vacuole since Ca’’ sequestration into the vacuole is fivefold lower in pmcl4 yeasts
compare to wild-type strains [258]. In addition, a similar role for Pmrlp in Ca’" sequestration at the
Golgi level was suggested as the overexpression of PMRI in pmcI4 null mutant yeasts was sufficient to
rescue the Ca’" tolerance [227,258]. However, in response to short exposure to high [Ca’"], Pmeclp
plays a minor role in lowering [CaH]Cymml while Vex1p, the vacuolar H'/Ca”™" exchanger, is responsible
for Ca’™" sequestration into the vacuole. This will be further described in section 2.2.2. All in all, the

major role for Pmclp lie in its ability to lower [Ca’"] by actively pumping cytosolic Ca’" into the

cytosol

2+
vacuole to ensure a long term Ca” tolerance.

PMCAs. In humans, four separate genes named ATP2BI-4 encode for four PMCA proteins (PMCA1-4).
Resulting from numerous splicing events, more than 20 PMCA isoforms have been identified so far:
PMCAla-e, PMCA2a-f, PMCA3a-c and PMCA4a-g [259]. Although all tissue expressed at least one
PMCA, PMCAI1 and PMCA4 are ubiquitously expressed while PMCA2 and PMCA3 exhibit a more
restrictive expression pattern in the brain in addition to the lactating mammary glands for PMCA2
[30,260]. For such reasons, PMCA1 and PMCA4 are considered to fulfill a housekeeping function. Due
to the greatest numbers of PMCA isoforms and their more distant involvement in Ca’" homeostasis
within the secretory pathway than SPCAs and SERCAs, a general presentation of the role of PMCAs will
be addressed here. Additional information and further description of PMCAs could be found in
literature [30,222,261-266]. Like other P2 type ATPases, PMCAs share similar structural features and
organization i.e. three cytosolic (N-, P- and A- domains), 10 TMD and cytosolic amino- and carboxyl-
termini. Akin SPCAs, PMCAs possess a single cation binding site allowing the transport of one Ca’" ion
per cycle. More specifically, PMCAs differ from other P2 type ATPases through the presence of a
calmodulin (CaM)-binding domain in their carboxyl-termini together with other protein-binding
domains. These additional regulatory regions will be further discussed in section 3.2.1.

PMCAs were first identified in human red blood cells where they were assumed to mediate the “ATP-
dependent Ca’" extrusion from red cells” in order to maintain low intracellular Ca*" levels [267]. From
that time, further investigations extended to other cell types also reported a common function of
PMCAs as Ca’" exporters at the plasma membrane. However, while in erythrocytes PMCAs ensure the
only way to control intracellular Ca’" homeostasis, in all other mammalian cells additional
transmembrane pumps and transporters also take part in such intracellular [Ca’"] regulation. This is even
truer that the cell is excitable or not. Indeed, in non-excitable cells cytosolic Ca’" levels remain low

mainly thanks to the function of PMCAs but in excitable cells such as (cardio)myocytes and neurons, the
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solely activity of PMCAs is not sufficient to rapidly and sufficiently lower [CaLZJr]C),m,l [222,263,268]. In
those cells, the two main pathways for cytosolic Ca’" removal are (i) reuptake into the SR/ER/Golgi
apparatus through SERCAs and SPCAs activities and (ii) extrusion from the cells via both PMCAs and
the low affinity/high transport capacity Na“/Ca’" plasma membrane exchanger (NCX) activities
[268,269]. Besides the involvement of PMCAs in global Ca”" homeostasis, those pumps also play a role
in the regulation of local intracellular Ca*" levels through PMCAS interactions with proteins partners and
recruitment into specific microenvironments [222,263—265]. PMCAs share multiple protein-protein
interactions especially -but not only- through its PDZ-binding domain (see 3.2.1.) that modulate their

function while recruiting them into specific membrane microdomains.

To conclude, the functional relevance of P2B-type ATPases in Ca”" homeostasis within the secretory
pathway lies in the ability of such pumps to lower [CaH]cytosol through active sequestration in the vacuole
for yeast Pmclp or active removal across the plasma membrane for human PMCAs. So far, no Mn”"
transport activity has been reported yet for Pmclp and PMCAs. Structurally and as a major difference
between Pmclp and PMCAs, Pmclp lacks the calmodulin (CaM)-binding domain at the carboxyl-
terminus [217]. However, both PMCAs and Pmclp are respectively directly or indirectly regulated by

CaM (see 3.2.1.).

2.1.3. P5-type ATPases

Unlike the well characterized subfamily of P2 ATPases, little is known about the function and the
substrate specificity of the P5 members. However, I decided to quickly reviewed some of them, directly
or indirectly related to Ca’" and/or Mn’" transport activity by giving the reasons that led people think of

such involvement in Ca’*/Mn’" homeostasis along the secretory pathway.

P5A: Spflp.and ATP13A1

Spflp (sensitivity to Pichia Farinosa killer toxin). Also known as Codlp (control of HMG-CoA
reductase degradation), Spflp is a transmembrane protein localized in the ER. Primary investigations led
by Suzuki et al., pinpointed a link between Spf1p and the glycosylation process [32]. While deciphering
the resistance mechanism to the salt mediated killer toxin (SMKT), SPFI gene encoding the protein
Spf1p was identified and characterized. From this characterization, authors pointed out the secretion of
underglycosylated invertase in yeast lacking Spflp, reflecting a N-glycosylation defect very similar to
those observed in pmri4 yeast. Contrary to what was observed in pmri4, a CaCl, supplementation does
not rescue the migration profile of the secreted invertase in spfi4 yeasts. From this, Ca’" was not likely

considered as a substrate for the P-type ATPase Spflp [271]. Due to its ER localization and Ca
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phenotype, Spflp was then supposed to be involved in ER Ca”" homeostasis and more widely, in the
secretory pathway acting in a distinct manner from Pmrlp [270-272]. In an unrelated study, Cronin et
al. confirmed this hypothesis [214,273]. Indeed, while investigated the regulation of
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase degradation in the yeast Saccharomyces
cerevisiae, authors looked for control of HMG-CoA reductase degradation (COD) genes and identified
CODI as a candidate [273]. Although the study underlined a role for the encoded protein Codlp as a
Ca™" transporter in the regulation of the yeast Hmg2p degradation, Cronin et al. also found that CODI
was identical to SPFI and encodes the same protein, Cod1p/Spf1p. Thus, both studies on the same yeast
P-type ATPase Cod1p/Spflp suggested its involvement in ER Ca’" homeostasis, lacking direct evidence
for Ca™" transport activity [214,273]. Nevertheless, a decade later, Cohen et al. emphasized a role for
Spf1p in ER Mn’" homeostasis [220]. Based on the fact that yeasts lacking Spf1p exhibit (i) reduced Mn*"
levels in microsomes, (ii) relocalization of Mn”" sensors proteins Smf1p and Smf2p, (iii) reduced activity
of Mn-ER-dependent enzymes and (iv) increased activity of Mn-cytosolic-dependent enzymes, a role for
Spflp as a Mn’" importer of the ER was suggested [220]. Although these investigations place Ca’*
and/or Mn’" as putative substrates/ligands for Spfip, Cronin et al., demonstrated that neither Ca’" no
Mn’" had stimulatory effects on Spf1p activity [66]. This was recently confirmed by Serensen et al. that
instead found that Spf1p activity was stimulated by phosphatidylinositol 4-phosphate (PI14P) [219]. In
addition, in yeast lacking Spflp an accumulation of lipid bodies together with the increased level of
sterols at the plasma membrane suggested a function for Spflp in the regulation of sterol homeostasis
and trafficking between the ER and the plasma membrane. From this latest study, Spflp was assumed to
be a PI4P-stimulated flippase involved in cellular sterol homeostasis [219]. Although all of these
investigations tend to elucidate the substrate for Spflp, other studies demonstrated its role in the
regulation of the Unfolded Protein Response (UPR) since (i) Spflp is regulated by UPR and (ii) Spflp
deletion in yeast induces a constitutive activation of the UPR [274]. Hence, Spf1p is thought to be a P-
type ATPase involved in UPR and ER homeostasis especially in terms of cations (Ca’"/Mn”") and sterols

balance.

ATP13A1. To the human side, little is known about ATP13A1 since a unique study refers ATP13A1
putative function in humans [220]. In this study led in mammalian HeLa cells, Cohen et al. looked for
analogous functions between yeast and human orthologs and highlighted (i) a similar ER-localization for
ATP13Al, (ii) an enhanced UPR in cells silenced for ATPI3A1 and (iii) an increased activity of the
glucosylceramide synthase, a Mn-cytosolic-dependent enzyme [220]. Thus, in HeLa cells silenced for
ATP13A1, cytosolic [Mn’"] are supposed to be higher than in control cells, emphazing a role for

ATP13A1 in Mn”" import in the ER.
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All in all, a conserved function between Spflp and ATP13A1 has been suggested [220]. However,
although the contribution of both human and yeast P5A ATPases in Ca’" and Mn’" homeostasis is still

unclear, they remain the sole PSA ATPases enable to ensure such Mn”" import function in the ER.

P5B: Ypk9p, ATP13A2 and ATP13A4

Referring to Table 11, human ATP13A2-5 have evolved from the unique yeast Ypk9p.Of the four

human isoforms, only two will be of interest in this manuscript: ATP13A2 and ATP13A4.

Ypk9p (yeast PARKY). Ypk9p is a transmembrane protein localized to the vacuole, the yeast
organelle equivalent to the mammalian lysosomes [275,276]. Based on the work from Gitler et al. [276],
Schmidt et al. [275] and Chesi et al. [277], Ypk9p was found to be involved in: (i) protection against a-
synuclein toxicity, (i) resistance towards heavy metal cations (Mn*", Cd*", Ni*" and Se’") and (iii)
protein trafficking. Regarding the role of Ypk9p in divalent heavy metals ions homeostasis and tolerance,
Schmidt et al. hypothesized that the sensitivity of ypk94 yeasts to Mn”", Cd*", Ni’" and Se’" could be due
to their inability to efficiently sequester these ions in the vacuole, leading to increase their cytosolic
concentrations to toxic levels [275]. Hence, Ypk9p was thought to be the main Mn’" (amongst other
heavy metal cations) importer in the vacuole preventing its cytosolic accumulation leading to cell
damages and cell death. Based on these findings in yeast, further investigations led people to think of a
similar function for the human ortholog ATP13A2. Although ATP13A2 failed to rescue Mn”" resistance
when expressed in ypk94, other studies led in mammalian cells overexpressing ATP13A2 highlighted
their resistance to Mn-induced toxicity [278,279]. From these observations, ATP13A2 was thought to

be the main lysosomal Mn’" importer [216]. However, as just discussed hereafter, it turned out that this

hypothesis was wrong.

ATP13A2 and ATP13A4. ATP13A2 is a lysosomal transmembrane protein which function has been
widely studied in the pathophysiological context of neurodegenerative diseases. Mutations in ATP1342
(also known as PARK9) was indeed first identified as causal mutations in Kufor-Rakeb (KR) syndrome
[280]. Then, other disease-causing mutations in ATP1342 were associated with a broad range of neuronal
diseases including early-onset PD [281] (see [282,283] for mutations in ATPI1342). For many years,
ATP13A2 was thought to be a lysosomal heavy metal importer as it provides a protection against Mn”",
Zn’" and Fe'" cytotoxicities [276,278,279,284,285]. However, the lack of direct evidence for such
transport activity and the fact that neither MnCl,, ZnCl, nor FeCl; increase ATP13A2 activity assume
that ATP13A2 is not likely a Mn’", Zn’" or Fe'* transporter [218]. In addition, other studies suggested
that polyamines and lipids could also be potential substrates for ATP13A2 [286—288]. Very recently, van

Veen et al. unraveled the mystery about this substrate specificity by highlighting that ATP13A2 was a
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lysosomal polyamines exporter sharing a higher affinity for spermine and spermidine [218]. To date, no
correlation between polyamines transport and Ca’"/Mn’" homeostasis has been suggested. Nevertheless
assuming that polyamines can share both positive and negative charges, one can suppose a potential role
for polyamines as a Mn’" chelator to prevent for its cytotoxicity. This could explain why ATP13A2
protects against Mn’" and broadly heavy metals toxicity while exporting polyamines from the lysosomal
lumen to the cytosol. On the other hand, ATP13A4 is an ER-localized protein mainly expressed in brain
with a biological functional still under investigations [289]. ATP13A4 was first identified by Kwasnicka-
Crawford et al. to be associated with specific language impairments, autism and Asperger syndrome
since mutations in ATP13A44 were found in patients suffering from these disorders (Table 12) [290]. At
the cellular level, the same group deeper investigated the function of ATP13A4 and pinpointed its
involvement in Ca’" homeostasis. By overexpressing ATP1344 in COS-7 cells, they indeed shown that
intracellular [Ca’’] were increased comparing to untransfected cells [289]. From these observations,
ATP13A4 could be thought to act as an ER-localized Ca’" exporter. Albeit the precise role of ATP13A4
in such intracellular [Ca’’] is still unclear, mutations in ATPI3A4 leading to the disruption of Ca’"

homeostasis may contribute to the clinical symptoms seen patients [289].

2.1.4. P2/P5-type ATPase deficiencies in human related diseases

All P2/P5-type ATPases described above are directly or indirectly linked to Ca’"/Mn’" homeostasis
within the secretory pathway. However, human pathogenic mutations have been described for nearly all
of the cited genes leading to a broad range of human diseases such as skin, neurodegenerative or muscle
disorders. In the recent review written by Chen et al., an overview of the diseases linked to Ca’™'-
ATPases was provided [30]. Based on this work, an updated list of human diseases related to Ca”"/Mn’"

P-type ATPases belonging to P2 and P5 subgroups was summarized in Table 12.
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Table 12: List of human diseases related to Ca**/Mn>"-ATPases (P2A and P2B) and P5B-ATPases
deficiencies. Adapted and updated from Chen et al. [30]. OMIM: Online Mendelian Inheritance in Man.

Subgroups Genes Proteins Human diseases OMIM
ATP2A1 SERCAla . 108730,
Brody disease
. 601003
SERCA1b Myotonic dystrophy type 1 160900
ATP2A2 ERCA2
SERCAZa Darier-White disease (skin disorder)
) 124200
SERCA2b Heart failure
C
P2A SERCA2c¢ ancers
ATP2A43 SERCA3a-f  Gastric carcinoma, lung and colon cancer ~ 601929
Diabetes
ATP2C1 SPCA1la-d Hailey-Hailey disease (skin disorder) 169600
Breast cancer
ATP2C2 SPCA2 Breast cancer 613082
ATP2BI PMCAla-e  High cardiovascular risks, preeclampsia, 108741
salt sensitivity
ATP2B2 PMCA2a-f  Hearing loss (deafness) 108733
Autism
P2B
ATP2B3 PMCA3a-f  X-linked cerebellar ataxia 300014
Aldosterone-producing adenomas
ATP2B4 PMCA4a-g  Familial spastic paraplegia 108732
Malaria resistance
ATP13A2/PARK9 ATP13A2 Kufor-Rakeb syndrome 606693
(neurodegenerative disorder)
P5B
ATP13A4 ATP13A4 Specific language impairment 609556

Autism, Asperger syndrome

2.2. Role of (un)specific transporters

2.2.1. General introduction

Apart from P-type ATPases, other transporters take part in the maintenance of Ca’"/Mn’" homeostasis

within the secretory pathway of yeast and mammalian cells. All of them are secondary active

transporters belonging to different families with their own structural features and kinetics properties.

Based on the substantial work made by Legrand and Foulquier to gather all transporters involved in

Ca’"/Mn’" homeostasis in mammalian cells [38], I will only focus on those involved in the secretory

pathway with relevant specificity for Ca’" and/or Mn’". Yeast orthologs will also be described. All of

these transporters are listed in Table 13 by family, protein name, transport activity and subcellular

localization.
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Table 13: Yeast and human Ca’*/Mn*" transporters acting in Ca’"/Mn’" homeostasis within the
secretory pathway. Yeast (Y) Saccharomyces cerevisiae and human (H) transporters belonging to the same family
are orthologs. Atx2p: antioxydant 2 protein, CaCA: cation/ Ca’" exchanger, CAX: Ca’'/H" exchanger, CDF:
Cation Diffusion Facilitator, DMT1: Divalent Metal Transporter 1, DCT1: Divalent Cation Transporter 1, ER:
endoplasmic reticulum, FPN: ferroportin, Gdtl: Gerl dependant translation factor 1 protein, NCX: Na'/Ca™"
exchanger, NCKX: Na*/Ca™ K+—dependant exchanger, NRAMP: Natural Resistance-Associated Macrophage
Protein, PM: plasma membrane, Rchip: regulator calcium homeostasis 1 protein, SLCx: Solute Carrier family
«x», Smf: suppressor of mitochondria import function, TFR/TfR: transferrin receptor, TMEMI65:
transmembrane protein 165, UPF0016: Uncharacterized Protein Family 0016, Vexlp: Vacuolar H'/Ca™"
exchanger 1 protein, ZIP: Zinc-regulated transporter (Zrt), Iron-regulated transporter (Irt) like family Protein
and ZnT: Zinc Transporter.

Superfamily Family Organism Protein name Transported ion(s) Sub. localization
SLC8A1-3 P
NCX H (NCX13) 3Na":1Ca PM
CaCA SLC2A1-5 . -t .
: +
NCKX H (NCKX1.5) 4Na":(1Ca’" + 1K) PM
CAX Y Vex1p 1Ca*": 1H" Vacuole
H TMEM165 Golgi/PM
2+ 2+ + g
UPF0016 Mn’", Ca”", H"?
Y Gdtlp Golgi
SLC11A1 - e s
H (NRAMP1) Mn™ or Fe* :1H PM
SLC11A2 Mn’", Zn™", Fe’",
NRAMP H (NRAMP2, cu’', cd™, Co™, PM/Endosomes
(SLC11) DTC1, DMT1)  Ni’", Pb’'or Ca’":1H"
Y Smf1p Mn’", Zn’", Fe’, PM
Cu’, cd™, Co™ or
Y Smf2p Ni2t 1H" Golgi-like vesicle
TER H TR Mn’", Fe™*, other PM
ZnT SLC30A10 e
CDF (SLC30) H (ZnT10) Mn’*, Zn PM
. SLC39A8 PM
(ZIPS) an+, an+, FC2+,
ZIP cd?
SLC39A14
(SLC39) H ZIP14) PM
Y Atx2p Mn’*? Golgi
FPN H SLC40A1 Mn’", Fe’", Co™", PM
(SLC40) (Ferroportin) Zn™", Cu’"
H SLC10A7 Unknown PM/ Golgi/ER
SLC10
Y Rchlp Unknown PM
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2.2.2. Cation/Ca’" (CaCA) exchangers superfamily

Members of the cation/Ca’" (CaCA) superfamily are key components of Ca’" signaling pathways in a
broad range of species including yeast and mammals. CaCA transporters exchange cytosolic Ca’" across
organellar and/or plasma membranes against its electrochemical gradient thanks to the favorable
gradient of other cation ions such as Na", H" and K" [291]. According to phylogenetic studies, the CaCA
superfamily can be divided into five families: (i) K"-independent Na“/Ca’" exchangers (NCX) family,
(ii) K+—dependent Na'/Ca’" exchangers (NCKX) family, (iii) Ca’"/H' exchangers (CAX) family, (iv)
cation/Ca’" exchanger (CCX) family with cations other than H', K" or Na" and (v) YRBG family
gathering putative Na'/H" exchangers only found in bacteria and archaeca [291]. Of them and as
reported in Table 13, 3 NCX isoforms (NCX1-3) and 5 NCKX isoforms (NCKX1-5) have been
described to regulate cytosolic Ca’" level in human while only one member of the CAX family (Vex1p,
vacuolar H"/Ca”" exchanger 1 protein) is involved in cytosolic Ca’" sequestration into the yeast vacuole.
Hereafter, generalities will be provided for human NCX and NCKX transporters and a more detailed

description of Vex1p function in yeast Ca’"/Mn”" homeostasis will be addressed.

NCX and NCKX. Mammalian NCX (SLC8A) family comprises three members named NCX1-3
(SCL8A1-3), encoded by the three different genes SLCSAI-3 [292-294]. Alternative splicing events of
the primary genes SLC8AI and SLC8A3 result in the generation of numerous NCX1and NCX3 protein
variants. So far, no NCX2 isoforms have been identified. All NCX proteins are found expressed in the
brain with higher abundances for NCX1-2 than NCX3. While NCX1 is ubiquitously expressed with
higher expression levels in the brain, the heart and the kidneys, NCX2 is only found in the brain and
NCX3 shares a more restrictive expression pattern in skeletal muscle [292—294]. Depending on tissue
distribution and spliced variants, NCX members contribute to the regulation of Ca’"-events in many cell
type including neuronal signaling, excitation-contraction coupling in cardiomyocytes, insulin secretion
in p-cells and Ca’" reabsorption in kidneys. In addition to PMCAs, NCXs play a major role in cytosolic
Ca”" removal across the plasma membrane. However, while PMCAs are referred as high-affinity/low
capacity systems, NCXs are low-affinity/high capacity systems, responding faster to transient changes in
intracellular Ca’" levels. Basically, NCXs exchange 3 Na® for 1 Ca’" across the plasma membrane
leading to the electrogenic stoichiometry of 3Na":1Ca’". Most of the time, NCXs mediated cytosolic
Ca’" extrusion but under specific cellular conditions, they may allow extracellular Ca™" entry. Then,
NCXs can operate in either a forward (Ca’"-efflux) or a reverse mode (Ca’ -entry), depending on the
membrane potential and intra/extra-cellular [Na'] and [Ca’"]. Structurally, NCXs contain 10 TMD, two
a-repeats conserved motifs (o, and a,) and a big cytosolic loop comprising two Ca”" binding domains

CBD1 and CBD?2). These latter domains contain respectively four Ca’" binding sites (Cal-Ca4) and two
P y g
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Ca’™" binding sites (Cal and Call) with different affinities for Ca’": low-affinity for Cal, Ca2 and Call,
medium-affinity for Cal and high-affinity for Ca3 and Ca4 [292-294]. Impaired expression and
regulation of NCXs contribute to Ca’"-homeostasis alteration in cardio-vascular diseases, diabetes and

muscular dystrophy, to list some.

With regards to NCKXs, five mammalian genes SLC241-5 encode for the five different NCKX1-5
proteins. The main difference between NCXs and NCKXs lie in the absolute requirement of K" for
NCKXs to mediate Na“/Ca’" exchange. NCKXs are also referred as low-affinity/high capacity systems
and mediate the exchange of 4 Na® against 1Ca’" plus 1K, leading to the transport stoichiometry
4Na":(1Ca*" + 1K"). Under normal physiological conditions, the inward Na" and outward K*
established gradients promote cytosolic Ca’" extrusion across the plasma membrane. However, like
NCXs, upon specific (intra)cellular conditions in which Na* and K" gradients would be reversed, the
direction of Ca’" transport would also change and NCKXs would mediate Ca’™" entry into the cell [295—
297]. While NCKX1-4 are localized to the plasma membrane, NCKX5 was recently though to be more
likely expressed in the TGN. According to tissue distribution, NCKXT1 is restricted found in the rod
photoreceptors, NCKX2 is specifically expressed in neurons including cone photoreceptors, NCKX3
and NCKX4 are predominantly expressed in brain but also in other tissues and NCKX5 shares restrictive
expression pattern in some specific areas of the brain. Hence, it has been shown that NCKXs play major
roles in retinal rod (NCKX1) and cone (NCKX2) photoreceptors, olfactory neurons (NCKX4),
epidermal melanocytes (NCKXS5) and in brain for motor learning and memory (NCKX2). Due to the
abundance of NCKX proteins in the brain and neurons, it has been suggested that NKCX represent the
main mechanism of neuronal Ca’" clearance [296]. At the structural level, NCKXs and NCXs share
similarities including two groups of 5 TMD separated by a big cytosolic and hydrophilic loop and the
presence of a;- and a,-repeats motifs. Besides their crucial role in neuronal Ca’" homeostasis, only few
human disease-causing mutations have been associated with NCKX genes. They concern mutations in (i)
NCKX1, leading to non-degenerative retinal disease, (ii) NCKX4 causing amelogenesis imperfecta, a
defective enamel mineralization disease and (iii) NCKX5 associated with oculocutaneous albinism type

VI, a severe hypopigmentation condition (see [296] for references).

Vex1p. In yeast, Ca™" exchanges over the vacuolar membrane is mediated by two proteins: the P-type
Ca’"-ATPase Pmclp already described in section 2.1.2. and the low-affinity/high capacity Ca’"/H"
transmembrane antiporter Vex1p. Vex1p, also known as Hum1p (high copy number undoes manganese)
belongs to the CAX family and uses the vacuolar pH gradient established by the V-type H"-ATPase to
import cytosolic Ca”" into the vacuole. With regards to Pmclp, Vex1p responds faster to brief exposure

to high external Ca’" levels [298]. Originally, Hum1p was identified for its ability to confer Ca’" or
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Mn’" tolerance when overexpressed in either wild type strains or yeast lacking functional calcineurin
(cnb14, yeast deleted for CNBI, the gene encoding calcineurin regulatory subunit) [299]. However and
surprisingly, no Ca/Mn phenotypes were associated with HUMI deletion, unless other genes implicated
in Ca™ signaling were also deleted (PMRI, PMCI, CNBI) [299,300]. In particular, (i) in the double
mutant humlApmclA, Ca™" sensitivity was enhanced together with lower accumulation of intracellular
Ca’" levels suggesting a role for both Hump1 and Pmclp in Ca*" sequestration and (ii) Ca’" tolerance
was shown to be lower in strains with functional calcineurin than those lacking calcineurin activity
suggesting a calcineurin-dependent inhibition of VexIp function [300]. While Vex1p Ca’" transport
activity has been confirmed, no direct Mn’" transport was shown [300]. However, two particular Vex1p
mutants (Vex1-M1p and Vex1-D1p) have been described for their ability to confer a higher Mn’"
tolerance when overexpressed [301,302]. Vex1-Mlp (S204A/L208P) acts in Mn’" tolerance in a
calcineurin-dependent manner and such activity does not depends on Pmrlp or Pmclp [301]. In
contrast, Vex1-Dlp (M383I) confers a calcineurin-independent Mn®" tolerance that respectively
completely and partially depends on Pmrip and Pmclp activities [301,302]. All in all, the yeast CAX
member Vex1p functions in Ca®” homeostasis by rapidly sequestrating cytosolic Ca’" into the vacuole in
response to burst of [Ca’"]. In addition, while the wild-type form of Vex1p is poorly involved in Mn’*
tolerance, two Vex1p mutants have been identified to play a role in Mn”" homeostasis in either a

calcineurin-dependent or -independent manner.

2.2.3. Uncharacterized Protein Family 0016 (UPF0016)
The Uncharacterized Protein Family 0016 (UPFO016) can be divided in twelve subfamilies, gathering
members from all branches of life [303]. Although the function of such members is still unknown,
evidence from several living organisms (yeast, cyanobacteria, plants, humans) suggest a role in
Ca”"/H'/Mn’" homeostasis (see Chapter 3, section 2.2.). As reported in Table 13, TMEM165 and
Gdtlp are respectively the human and yeast orthologs of the UPF0O016. Both proteins are secondary
active transporters involved in Ca’" and Mn’" homeostasis and will be further and deeply detailed in the
next chapter (Chapter 3). Briefly, TMEM165 and Gdtlp were first identified as new Golgi-localized
Ca’*/H" antiporters, forming a novel Ca’" transporter family differing from the CaCA superfamily for
sequence homology reasons [239,303-305]. Next, further investigations highlighted a role for
TMEM165 and Gdtlp in Golgi Mn’" homeostasis where both proteins could act as Mn’"/Ca™

antiporters referring them as the newcomers in the regulation of Ca’*/Mn’" homeostasis along the

secretory pathway [28,65,240,306,307].
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2.2.4. Natural Resistance-Associated Macrophage Protein (NRAMP) family

Historically, the first members of the NRAMP family were cloned in 1992 from the yeast Saccharomyces
cerevisiae and called SMF for suppressor of mif (mitochondria import function) [308]. A year later, the
first mammalian member of the family (Nrampl) was identified in mouse macrophages where it
conferred resistance and defense against mycobateria invasion [309]. This primary function gave its name
to the family that has been renamed Solute Carrier family 11 (SLC11). NRAMP orthologs have been
found in all kingdoms of life and this family of metal transporters is highly conserved from bacteria to
human [310,311]. Basically, SLC11 proteins are referred as secondary metal-ions/ H" transporters, most
of them being symporters. Functional studies on various orthologs reflected similar function, substrate
and transport mechanism shared by all NRAMP family members. Hence, they have been shown to
Mn’", Zn™"

. . . 2+
mediate various biometals exchange across plasma/organellar membrane such as Fe

b b )

Co™", Ca’", Cu”", Ni’", Cd’" and Pb*" placing them as key players in the regulation of cytosolic (nay
toxic) biometal homeostasis [311]. In addition, related SLC11 proteins shared conserved structural
features including (i) an hydrophobic core composed of 10 TMD, (ii) several charged amino acid
residues conserved within the TMD, (iii) two invariant histidine residues in the 6" predicted TMD
which are thought to be involved in H' transport mechanism and (iv) a group of N-glycosylation sites in
lesser conserved regions of the 7" and 8" predicted TMD [310,312]. As reported in Table 13, two
human and two yeast orthologs of the NRAMP family have been identified and will be promptly

described afterwards.

SLC11A1 and SLC11A2. In humans, two separate genes encode for SLC members: SLCI1Al and
SLC11A42. While both encoded proteins SLC11A1 and SLC11A2 share common transport mechanism for
Fe’" and Mn’" [313], SLC11A2 has been widely reported for its contribution in Mn”" transport and will
be further detailed. Also known as NRAMP2, DCT1 (Divalent Cation Transporter 1) or even DMT1
(Divalent Metal Transporter 1), SLC11A2 was functionally characterized in Xenopus laevis and in
mammalian cells where it mediates the transport of a broad range of divalent metal ions in a pH-
dependent manner, including Mn’" and Fe’" [314-319]. In particular, Garrick et al. reported that Mn®"
was  preferentially  transported by DMT1  with the following order of affinity:
Mn’">Cd**>Fe’ " >Pb" ' ~Co’ ~Ni’">Zn’" [319]. SLCI1A2 produces, by alternative splicing events,
two main protein variants named as DMT1-I and DMT1-II, differing in their carboxyl-termini. While
DMT1-I possesses an iron regulatory element (IRE), DMT1-II lacks this domain [320,321]. Moreover,
an additional alternative use of DMT1 promoters leads to the production of two other transcripts that
differ, at the protein level, in the amino-terminal region (DMT1-A and DMT1-B) [322,323]. Together,
DMT1 exhibits four protein isoforms described as DMT1-AI/Il and DMT1-BI/II. Although DMT1 is
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ubiquitously expressed, some higher specific isoform abundance can be found in the duodenum (DMT1-
Al/II), kidneys (DMT1-Al), the reticuloendothelial system (DMT1-BI) and the brain [315,322,324]. At
the cellular level, DMT1 is predominantly expressed at the plasma membrane and also share an isoform
specific distribution linked to cations requirement. While isoforms possessing IRE domain are expressed
at the apical membrane of epithelial cells (DMT1-All) or in the late endosomes/lysosomes (DMT1-BI),
the others devoided of IRE domain localize in recycling endosomes (DMT1-A/BII) [159,323,325,326].
In addition, it has been shown that the two N-glycan structures carried by DMT1 influence its strictly
apical redistribution in polarized cells since mutations in both N-linked glycosylation sites (S338A and
T351A) result in equal distribution of the protein at both the apical and basolateral surfaces of the cell
[325]. All in all, DMT1 expression appears to be regulated at several levels depending on tissue
specificity, glycosylation status, cell-type and Mn/iron (Fe) dependency. To date, DMT1 was the first
mammalian Fe transporter to be characterized. Its biological function in both Fe and Mn homeostasis has
been originally determined in microcytic anemia mice and Belgrade rats [327-329]. These two animals
with Fe deficiency share the same missense mutation in SLC1142 leading to the substitution of glycine
185 to arginine (G185R) at the protein level which reduces by 35-fold the Fe transport activity of
DMTT1 [330]. In human, mutations in SLCI1A2 also cause hypochromic microcytic anemia suggesting a
conservation of function between several mammals [159]. In addition to Fe deficiency, Belgrade rats
described by Chua and Morgan also display alterations in Mn metabolism [327]. An overall decrease in
Mn uptake was observed in reticulocytes and organs such as the brain, kidneys and femurs along with a
reduced Mn absorption from the duodenum. Hence, authors emphasized that Mn uptake and transport
could be mediated by DMT1 and in case of mutation in SLCI1142, DMT1 loss-of-function could result in
Mn metabolism impairments [327]. This hypothesis was later reinforced by similar results obtained by
Knopfel and Garrick in the same Belgrade rat animal models and suggest an important role played by
DMT! in Mn’ /Fe’" cellular uptake, independently from their binding and entry via the
transferrin/transferrin receptor (Tf-TfR) pathway [331]. So far, DMT1 has been established as a key
player in Mn and Fe cellular uptake with two possible ways of action. On the one hand, DMT1 can
mediate the direct uptake of extracellular Mn’" and Fe’" across the plasma membrane upon acidic
conditions -especially in the duodenum- where it acts as a H"-Mn’"/Fe’" symporter in a Tf/TfR-
independent pathway. On the other hand, DMT1 was shown to export Mn”"/Fe’" from the endosomal
lumen to the cytosol in a Tf/TfR-dependent pathway. Briefly, like Fe’", plasmatic Mn is oxidized from
Mn’" to Mn’" by ceruloplasmin that can be carried by the Tf. Then, Mn**-Tf binds the TfR at the plasma
membrane and an endocytosis-mediated internalization within the endosomes ensues. In the endosomal
compartment, the dissociation of Mn’" from the Tf/TfR complex occurs upon acidification by the V-

ATPase, leading to the subsequent reduction of Mn’" into Mn”" by the ferrireductase. Here, endosomal
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Mn’" is released in the cytosol through DMTT activity, DMT1 being localized in the endosomes. It is to
note that these two Tf/TfR and DMT1 mediated Mn transports are the primary routes for Mn transport
across the blood brain barrier. Hence, apart from being key players in Mn”" homeostasis at the cellular
level, both Tf/TfR and DMTT1 are particularly involved in case of long term Mn exposure and may
contribute to facilitate Mn accumulation in specific areas of the brain, leading to Mn cytotoxicity and the

development of neurodegenerative diseases such as manganism.

Smflp and Smf2p. In the yeast Saccharomyces cerevisiae, there are three known NRAMP orthologs
Smflp, Smf2p and Smf3p respectively encoded by SMFI, SMF2 and SMF3 genes [308,332]. Structurally,
all Smfps possess 11 TMD and lack the IRE domain found in human DMT1. Moreover, a similar
“transport sequence” is shared by human and yeast orthologs implying functional similarities between
Smfps and DMT1 [159]. However, albeit the presence of three yeast homologs, only two of them
(Smf1p and Smf2p) have been reported to act in Mn*" transport and homeostasis [333]. Indeed, dating
back to 1996, Supek et al. first demonstrated the Mn transport activity of Smflp across the plasma
membrane where it is localized [334]. While SMFI deletion induces a significant decrease in Mn’"
uptake, Smf1p overexpression increased by 5 times the observed Mn”" transport activity suggesting that
Smf1p is a high-affinity Mn®" transporter [334]. Like other NRAMP members, Smf1p transport activity
was later shown not to be Mn’" specific but extend to other divalent metal ions such as Zn*", Fe**, Cu”™*
and Cd**. With regards to Smf2p and Smf3p, Cohen et al. demonstrated that in the triple mutant
smfl Asmf24smf34, only the overexpression of Smflp and Smf2p rescued Mn uptake. Hence, Smf3p
function may differ from those of Smflp and Smf2p towards Mn’" transport ability [333]. This was
confirmed in the comparative study led by Portnoy et al., highlighting a role for Smf3p in Fe
homeostasis through its vacuolar storage [332]. Yet, even if Smflp and Smf2p are involved in Mn uptake
and regulated by Mn levels, both proteins are not redundant. Several lines of evidence pinpointed a
distinct role for both proteins in Mn uptake and cellular trafficking, in physiological conditions. First,
yeasts lacking Smf1p display a greater sensitivity to metal chelators than smf24 strains [333]. Second,
Smf1p is a more effective H'-coupled/Mn’" symporter than Smf2p suggesting a higher Mn”" affinity for
Smf1p than for Smf2p. Third, Smflp and Smf2p do not share similar subcellular localizations under
physiological grown conditions. While Smf1p localizes to the plasma membrane, Smf2p was shown to
be expressed in intracellular vesicles (Golgi-like vesicles) [334,335]. Fourth, SMF2 deletion causes
greater alterations in overall Mn"" homeostasis and distribution within the different organelles than SMFI
deletion. Indeed, in yeast lacking Smflp only subtle changes in intracellular Mn levels were observed
together with normal functioning of Mn-dependent enzymes such as the mitochondrial Sod2p and the

Golgi glycosyltransferases, especially mannosyltransferases (ManT) [334—-336]. In contrast, smf24 mutant
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exhibit (i) a global decrease in cellular and mitochondrial Mn levels, (ii) an impaired mitochondrial
Sod2p activity and (iii) an altered Golgi glycosylation process reflected by the enhanced gel mobility of
the secreted invertase [335]. Together, these observations shed light on the crucial role for Smf2p -but
not Smf1p- in Mn delivery to the cytosol and its subsequent redistribution in the different organelles to
ensure Mn-dependent reactions such as mitochondrial Sod2p activity and Golgi glycosylation process.
While the mitochondrial Mn”" importer still needs to be identified, Mn”*" entry at the Golgi level
required Pmr1p activity [335,336]. Hence, the accurate distribution of Mn’" in the secretory pathway
implies both Smf2p and Pmr1p functions. It is to note that in extreme cases of Mn excess or starvation,
Smf1p and Smf2p are subjected to Mn regulation occurring at the post-translational level, driving their

protein stability and trafficking. This will be better discussed in section 3.3.1.

2.2.5. Zinc transporter family (ZnT) and Zinc—regulated transporter, Iron—regulated
transporter like protein famil;[ (Z1P)

Besides their name, some human Zn transporters also contribute to Mn’" homeostasis at both the
organism and cellular levels. This was evidenced during the last decade through the identification of
three inherited disorders of Mn metabolism resulting from mutations in genes encoding Zn transporter
proteins known as SLC39A8 (or ZIP8), SLC39A14 (or ZIP14) and SLC30A10 (or ZnT10) [194].
Basically and based on their predictive membrane topology, Zn transporters can be found in two major
families named as Zinc-regulated transporter (Zrt), Iron-regulated transporter (Irt) like family Protein
(ZIP, also referred as SLC39 family) and Zinc Transporter family (ZnT, also known as SLC30 family).
ZIP and ZnT especially mediated the transport of Zn*" (but also Mn’" which is of interest in this
manuscript) in opposite directions. While ZIP members transport Zn’" from the extracellular medium
and/or intracellular compartments to the cytosol, ZnT members carry Zn’" from the cytosol to the
extracellular medium and/or organellar lumens [337]. To date, ZIP/SLC39 family contains 14
members and ZnT/SLC30 family, 10 [35,338,339]. Of them, SLC39A8, SLC39A14 and SLC30A10
will be further detailed, being directly involved in Mn’" homeostasis (Table 13 and Table 14).

SLC30A10. In 2008, Tuschl et al. first reported a clinical case from a 17 years old girl with hepatic
cirrhosis associated with elevated liver Mn levels, hypermanganesemia (~10-fold increase in Mn blood
levels), polycythemia, dystonia and a MRI revealed Mn deposition in the basal ganglia [340]. This patient
was later shown to carry homozygous mutation in SLC30410 and was included in the second study led by
the same group in 2012, reporting twelve additional cases of patients harboring disease-causing

mutations in SLC30410 [191].

88

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Table 14: SLC30A10, SLC39A14 and SLC39A8: from systemic to intracellular regulation of Mn

homeostasis. ECM: extracellular medium, ER: endoplasmic reticulum and HMDYT: hypermanganesemia with

dystonia, Sub.: subcellular.

Protein Sub. localization Consequences in case of deficiency Mn* transport
Higher Mn blood levels
Plasma membrane, Liver disease
HMNDTY1 Export
SLC30A10 apical side Polycythemia
) (cytosol to ECM)
(polarized cells) Parkinsonism
® Dystonia
. Higher Mn blood levels
Plasma membrane,
® Lower hepatic Mn blood Import
SLC39A14 basolateral side HMNDTY?2

®  Parkinsonism (ECM to cytosol)

(polarized cells)
® Dystonia

®"  Lower to undectetable Mn blood
levels

®  Liver disease

®  Deafness Import

(ECM/organellar

lumen to cytosol)

Plasma membrane,
SLC39A8 .

Golgi apparatus, ER Skeletal anomalies, short seizure,

dwarfism

®  Congenital Disorders of
Glycosylation

" Mitochondrial Leigh-like syndrome

In a companion study, Quadri et al. also identified in 2012 five patients from two different families with
familial Mn-induced neurotoxicity due to mutations in SLC30410 [190]. Although SLC30A10 was first
assumed to be a Zn efflux transporter [341], the clinic from patients strongly suggested a role for
SLC30A10 in Mn homeostasis through a Mn-efflux activity. This was deeply investigated in different
cultured cell lines [342—346]. To summarize these findings, authors demonstrated that (i) SLC30A10 is
a transmembrane protein expressed at the plasma membrane [342], (i) SLC30A10 overexpression 1)
blocks the Mn-induced degradation of GPP130 upon MnCl, treatment suggesting either an increased Mn
influx or an inhibition of Mn uptake, 2) lowers intracellular Mn level in favor for a higher Mn efflux
activity mediated by SLC30A10, 3) protects against Mn-induced cytotoxicity [342,345] and (iii) patient
mutations 1) impair SLC30A10 trafficking (ER-localization) [342] and 2) alter SLC30A10 efflux activity
leading to Mn accumulation in the Golgi apparatus [342,346]. Moreover, Zogzas et al. pointed out the
involvement of specific amino acid residues in both TMD (second and fifth) and cytoplasmic domains
responsible for Mn’" transport capacity instead of Zn’" [344,345]. According to tissue specificity,

SLC30A10 is mainly expressed in the liver, the brain and the gastrointestinal tract [190,347,348]. In a
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very recent study led in mice knock-out for $1c30a10 (whole-body and tissue specific knock-out), it has
been shown that under physiological conditions, brain Mn levels were mainly regulated through the
activity of Slc30a10 localized in the liver and in the gastrointestinal tract while in case of Mn exposure,

Slc30a10 Mn-efflux activity in the brain protects from Mn cytotoxicity [348].

SLC39A14. In addition to SLC30A10, Tuschl et al. reported in 2016 that homozygous mutations in
SLC39A414 also lead to a human disorder of Mn metabolism [189]. Clinically, except for polycythemia
and liver damages that have not been associated with SLC39414 mutations, SLC30A10 and SLC39A14
deficiencies result in the similar condition of hypermanganesemia with dystonia (HMDYT) [192]. In
contrast to SLC30A10, SLC39A14 belongs to the ZIP family and is assumed to transport metal in the
reverse mode, i.e. from the extracellular compartments to the cytosol. Before it was hypothesized to act

2+

Fe" and

b

in Mn’" homeostasis, previous in vitro studies evidenced that SLC39A14 could transport Mn”"
Cd’" in addition to Zn’" [349-352]. In fact, the biological and physiological functions of SLC39A14 in
Mn homeostasis became clear with the identification of human mutations and the use of SLC39414
knock-out animal models (zebrafish and mice) and cultured cell lines [189,194,353]. Ubiquitously
expressed with a higher abundance in liver and the small intestine, SLC39A14 is a cell surface Mn’"
importer which plays a significant role in both Mn cellular and systemic homeostasis. Based on the fact
that SLC39414 deficiency in human, zebrafish and mice led to (i) higher Mn accumulation in the brain,
(ii) unaffected nay lower hepatic Mn levels and (iii) elevated blood Mn level, SLC39A14 was first
thought to act as the main Mn importer into the hepatocytes facilitating Mn clearance through biliary
excretion. However, in specific SIc39a14-liver knock-out mice, it turned out that even if Mn levels in
liver were lowered, no other Mn accumulation was observed — either in blood or in the brain [353].
Hence, the lack of functional SLC39A14 in the liver is not solely responsible for Mn accumulation in
other tissues. Because SLC39A 14 is also highly expressed in the small intestine, further investigations led
in SLC39A414 depleted Caco-2 cells shed light on a significant increase in the apical-to-basolateral Mn
transport meaning that a lack of SLC39A14 in the small intestine may result in a higher Mn absorption
and subsequent accumulation. This hypothesis was then confirmed in specific SIc39al4-intestine knock-
out mice [354]. Indeed, in contrast to the previous Slc39al4-liver knock-out mice, increased Mn levels
in both the liver and brain were observed in Slc39al4-intestine knock-out mice [354]. All in all and as
summarized in Table 14, SLC39A14 is assumed to be the main cell surface Mn importer in both
hepatocytes and enterocytes (basolateral localization) with a crucial role in maintaining the systemic Mn

homeostasis from its intestine localization [194,354].
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SLC39AS8. The last Mn”" transporter identified to actively contribute in both cellular and systemic Mn
homeostasis is SLC39A8. It is to note that historically, the function of SLC39A8 was linked to its cd’”
transport activity, especially in rat testis [355]. During the following century and taking advantage of
new technologies, SLC3948 was then described as a causal gene in numerous human disorders before
being prone to be a key player in Mn systemic regulation [355]. Akin SLC39A14, SLC39A8 is a
transmembrane protein belonging to the ZIP family and able to transport several cation biometals
including Cd’", Mn”", Se*" and Fe’" in addition to Zn*" [350,351,356-358]. Identification of human
mutations in SLC3948 gave rise to new insights in the understanding of both biological and physiological
functions of the transporter. In 2015, two clinical studies from separate groups reported heterozygous
compound and recurrent homozygous mutations in SLC3948 leading to an overall systemic Mn
deficiency associated with liver disease, skeletal abnormalities (short seizures, dwarfism), deafness and
intellectual disability [67,188,192,193]. In addition to these reported cases, Riley et al. identified some
patients presenting with Leigh-like syndrome, which is a disease related to mitochondrial impairments
[203]. At the cellular level, alterations in both Golgi and mitochondrial functions reflected intracellular
Mn deficiency resulting in (i) reduced activity of glycosylation enzymes -such as B-1,4-
galactosyltransferase- causing severe N-linked glycosylation defects and (ii) reduced activity of the
mitochondrial superoxidismutase (MnSOD) leading to an increased oxidative stress [67,203]. For such
reasons, human SLC39A8 deficiency is classified as a Congenital Disorders of Glycosylation associated or
not with a Leigh-like syndrome, depending on the causal mutations [67,68,203]. In addition, to better
characterize SLC39A8 Mn”" transport activity, HeLa cells were transfected with either the wild-type or
four pathogenic mutation forms of SLC3948. In this study, Choi et al. demonstrated that (i) wild-type
SLC39A8 is expressed at the cell surface where it mediates *Mn uptake, (ii) SLC39A8 mutants are
trapped in the ER and (iii) failed to enhance *Mn uptake. Hence, the mislocalization of disease-causing

SLC39A8 mutants revealed the mutations may alter its proper folding/targeting and subsequently, its

function [359].

Altogether, Table 14 gathers general information about SLC30A10, SLC39A14 and SLC39A8
subcellular localization, direction of Mn”" transport and systemic consequences in case of deficiency that
was at the basis of the understanding of their role in Mn homeostasis at the cellular level. Also, Figure 23
depicts the current interplay between SLC30A10, SLC39A14 and SLC39A8 in Mn cellular homeostasis

especially in enterocytes and hepatocytes.
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Figure 23: Interconnection between SLC30A10, SLC39A14 and SLC39A8 functions in regulating
Mn homeostasis in enterocytes and hepatocytes. Both liver and intestines play a central role in regulating
systemic Mn metabolism. On the one hand, liver is the main organ clearing Mn from the blood and secreting it
into the bile for two purposes: intestinal resorption or fecal excretion. In liver and particularly in hepatocytes,
SLC39A14 imports circulating Mn from the blood at the basolateral surface while SLC30A10 extrudes Mn into
the bile at the apical side of the cell. In addition, localized at the apical side of hepatocytes, SLC39A8 mediates Mn
import from the bile to increase Mn storage. On the other hand, Mn can be transported from the blood to the
intestinal lumen via a two-step process within the enterocytes. First, SLC39A14 imports Mn from the blood at the
basolateral membrane. Second, SLC30A10 releases intracellular Mn into the intestinal lumen. It is to note that
Mn can directly be absorbed in enterocytes from the intestinal lumen via an unknown mechanism (dashed arrows)
and released at the basolateral membrane where it can be reuptake by SLC39A14 (circled dashed arrow).

Atx2p. According to the Transporter Classification Database (TCDB), Atx2p (Antioxidant 2 protein) is
referred as a yeast ortholog of the ZIP family with a putative function in Mn’" homeostasis at the Golgi
level [360]. Historically, Atx2p was discovered in the search for yeast antioxidant genes (4TX), able to
compensate the loss of SOD1 [361]. In the primary and solely study mentioning Atx2p, Lin and Culotta
demonstrated that (i) the yeast Atx2p is a Golgi-localized transmembrane protein, (ii) yeasts
overexpressing ATX2 tends to accumulate higher intracellular levels of Mn, (iii) ATX2 deletion induces a
decrease in cytosolic Mn levels and (iv) ATX2 deletion in a pmri4 background reduces the Mn’"
sensitivity associated to PMRI deletion [361]. Together, these observations led the authors thinking
about an antagonist function between Pmrlp and Atx2p to control Mn’" homeostasis. While Pmr1p
imports cytosolic Mn”" into the Golgi lumen, Atx2p would export luminal Mn’" to the cytosol.
However, no direct Mn’" transport activity has been shown for Atx2p since no “metal binding site(s)”
have been reported in the structure of the protein [361]. Hence, Atx2p involvement in Mn”"

homeostasis at the Golgi level remains indirect.
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2.2.6. Additional solute carriers (SLC): SLC40A1 and SLC10A7/Rchlp

SLC40A1. Ferroportin (Fpn), also known as iron-regulated protein (IREG1), metal transporter protein
(MTP1) or SLC40AT1, was reported twenty years ago by three independent studies as a key player in Fe
homeostasis, mediating the export of cellular Fe’" into the blood stream [362-364]. Encoded by FPNI,
Fpn is the solely member of the SLC40 family (SLC40A1) and possesses 12 TDM, an intracellular
amino-terminus, an extracellular carboxyl-terminus and several predicted N-linked glycosylation and
phosphorylation sites [365]. This iron-regulated protein is mainly expressed in tissues involved in both
Mn and Fe homeostasis including the brain, the liver and the duodenum. Human mutations in
FPN1/SLC40A1 cause an autosomal dominant form of hemochromatosis type IV, a disorder of Fe
metabolism associated with Fe overload (Table 15). At the cellular level, Fpn localizes to the basolateral
membrane of polarized epithelial cells such as enterocytes [362—-365]. From these primary studies, (i)
mouse Mtpl overexpression reduces intracellular Fe levels [362], (ii) Mtp1-deficient mice tend to
accumulate higher levels of Fe in enterocytes, macrophages and hepatocytes [366], (iii) when expressed
in Xenopus laevis oocytes, Fpn enhances Fe efflux [364] and (iv) Fpn is found regulated by Fe contents
(overload or deficiency) at both mRNA and protein levels [362,364]. Hence, Fpn has been suggested to
actively contribute to Fe homeostasis as a plasma membrane Fe’" extruder. To date, no other
mammalian Fe’" exporter has been identified. However, since Mn and Fe share very close physical and
chemical properties, it is not surprising that Fpn has later been reported to also function as a Mn’"
exporter [367]. Originally in search for mammalian mechanisms of Mn efflux, Yin et al. hypothesized
that ferroportin could be involved in such cellular Mn clearance since it fulfills this function for Fe.
Using both in vitro and in vivo approaches, they demonstrated that (i) MnCl, exposure induces
endogenous Fpn protein expression in HEK293T as well as in mouse cerebrellum, (i) Fpn
overexpression in HEK293T cells lowers intracellular Mn accumulation and (iii) reduces Mn-induced
cytotoxicity [368]. Although no direct evidence of Mn’" transport activity was provided at the time,
these observations support a Mn-efflux function for SLC40A1[368]. In a later study, Madejczyk and
Ballatori further investigate this putative Mn transport activity of SLC40A1 using Xenopus laevis oocytes
injected with human FPN1 complementary RNA [367]. Amongst other things, they demonstrated that
more ~‘Mn was exported by Fpn-expressing oocytes comparing to control while no differences were
observed in **Mn uptake, suggesting that Fpn mediates cellular Mn export. In addition, in Fpn-
expressing oocytes, **Mn export was shown to be (i) [*MnCl,]-dependent, (ii) reduced by acidic pH,
and (iii) partially inhibited by other divalent metals (Fe*", Co’" and Ni’") [367]. Altogether, this study
allows the characterization of Mn export mediated by SLC40A1 and provides direct in vitro evidences of
Mn’" transport activity and substrate specificity. Then, to link this function of Mn”" exporter and

biological relevance, Choi et al. highlighted that human disease-causing mutation in FPNI impact Mn
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accumulation and subsequent toxicity [369]. In this in vitro study, HEK293T cells were transiently
transfected with wild-type Fpn and pathogenic mutations in FPNI leading to Fpn loss-of-function (LOF)
or gain-of-function (GOF). In these conditions, authors demonstrated that upon [MnCl,] exposure,
intracellular Mn levels decreased in cells overexpressing wild-type and GOF Fpn while a huge Mn
accumulation was observed in cells overexpressing LOF Fpn. In addition, Mn-induced degradation of
GPP130 was only shown in control cells and cells overexpressing LOF Fpn but not in cells
overexpressing wild-type or GOF Fpn suggesting that wild-type and GOF Fpn functions result in Mn
depletion while LOF Fpn exhibit an altered Mn”" export activity [369]. Additional experiments confirm
this claim. Altogether, these findings may help to redefine the proper hemochromatosis type IV with
both Fe and Mn homeostasis impairments. However, the lack of in vivo evidences of such altered Mn
homeostasis weakens the previous statement. Indeed, a recent study led in mice suggests that Fpn1 only
exerts a minor role in systemic Mn homeostasis [370]. Briefly, mice depleted for the transmembrane
serine protease 6 (TMPRSS6) expressed very low levels of Fpn due to constitutive overexpression of
hepcidin. In this specific background, Fe homeostasis is hugely impaired (reduced dietary Fe absorption
and Fe levels in tissues) while Mn homeostasis remains unaffected [370]. Hence, authors emphasized that
Fpn contribution in Mn homeostasis could be neglected comparing to other transporters. All in all,
while in vitro studies clearly demonstrate Fpn ability to export cytosolic Mn”", the biological relevance of

such function in vivo is not so clear and still need to be further investigated.

SLC10A7 and Rchlp (regulator of calcium homeostasis 1 protein). As a last member of the
human SLC family, SLC10A7 was recently reported to be a negative regulator of Store Operated
Channels (SOCs) that mediate Ca’" entry at the plasma membrane [371]. Prior to human SLC10A7, a
similar function was assigned for its yeast ortholog Rch1p, suggesting a conservation of function between
yeasts and humans [372]. To date, no direct evidence proves any Ca’" and/or Mn”" transport activity for
SLC10A7/Rch1p. Despite their contribution in Ca”" homeostasis remain likely indirect, I decided to
further discuss on these two proteins since mutations in SLC1047 cause a CDG very close to TMEM165-
CDG [373]. Based on literature, we speculated that SLC10A7 could somehow be involved in ER/Golgi
ionic homeostasis, driving Golgi glycosylation. Briefly, SLC10A7 belongs to the SLC10 family which
contains six additional members SLC10A1-6 [374]. Although it shares homology with other members of
the family through its sodium bile acid symporter family (SBF) domain, SLCI10A7 also displays
distinctive features in terms of (i) genomic organization (12 exons instead of 1 to 6 for other members),
(i) protein topology (10 predictive TMD instead of 7) and (iii) proper function (not related to bile
transport). In addition, while all other SLC10 members are exclusively found in vertebrates, SLC10A7

has orthologs in other species including bacteria, plants and yeasts [374]. In particular, two yeast

94

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

orthologs have been found: one in Candida albicans known as CaRchl1p and the other in Saccharomyces
cerevisiae named ScRchlp (or Rchlp in this manuscript) [372,375]. Originally, CaRchlp was first
characterized and later investigations in Saccharomyces cerevisiae demonstrated that ScRchlp was its
functional homolog [372,375]. Although CaRCHI and ScRCHI deletions did not result in the same Ca
phenotypes, both yeast homologs have been characterized as negative regulators of cytosolic Ca’"
homeostasis. Moreover, both protein expressions are subjected to the Ca’"-CaM/ calcineurin regulatory
pathway - that will be further detailed in section 3.3.2., Figure 34 - but contrary to CaRch1p which is
constitutively expressed, ScRchlp is only expressed and only localizes to the plasma membrane in
response to high external Ca levels [372,375]. To the human side, consistent with yeast studies,
SLC10A7 is also assumed to be a negative regulator of Ca’" entry at the plasma membrane since (i)
intracellular Ca’" levels are higher in cells knock-out for SLC10A7 and lower in cells overexpressing
SLC10A7, and (ii) a higher Ca’" influx is observed upon thapsigargin treatment in SLC10A7 knock-out
cells suggesting a higher SOCE response in absence of SLC10A7. For such reasons and others, SLC10A7
was even proposed to be renamed RCAS for regulator of intracellular calcium signaling [371]. However,
SLC10A7 is still considered as an orphan solute carrier since transport studies failed to identify a specific
substrate and subsequent transport activity for the protein [374]. At last, it is to note that two years ago,
pathogenic mutations in human SLC107 were identified in two unrelated studies using whole-exome
sequencing in individuals presenting with skeletal dysplasia, amelogenesis imperfecta and glycosylation
defects [373,376]. To the latter point, glycomics were performed on patient samples and revealed (i) a
decrease in sialylation, (ii) an increase in the proportion of high mannose glycan structures and also in
(iii) glycans lacking GlcNAc residues [373]. From these observations, SLC10A7 deficiency was classified
as a new type II CDG, SLC10A7-CDG. However, further investigations are needed to potentially link
SLC10A7 biological function in Ca’" homeostasis and an alteration of the glycosylation processes. This is

an ongoing project in the team.

2.2.7. Two other yeast transporters: Pho84p and Ccclp

In yeast, apart from Smflp and Smf2p, two additional transporters have been shown to play a role in

cellular Mn’" homeostasis: Pho84p and Ccclp.

Pho84p (phosphate metabolism 84 protein). Pho84p, a high affinity inorganic phosphate
transporter localized at the plasma membrane was indeed thought to act as a low affinity metal
transporter. In the yeast Saccharomyces cerevisiae, PHO84 deletion results in (i) a Mn’"-resistant phenotype
and (ii) an altered biometals accumulation upon exposure to high concentrations -not only restrictive to

Mn”" but also to Zn’", Co’" and in a lesser extend to Cu’". In particular, in pho§44 mutants grown
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under [MnCl,] ranging from 0 to 25uM, no Mn accumulation was observed for any concentrations
suggesting that the ensued Mn’"-resistance was due a reduced Mn’" uptake. In contrast, in the wild—type
strain, yeasts accumulate cellular Mn in excess and proportionally to the extracellular [MnCl,]. Hence,
Pho84p was assumed to be responsible for cellular Mn accumulation especially in case of Mn excess (see
Figure 33) and subsequently to act as a low affinity Mn’" transporter at the plasma membrane. Further
experiments indeed demonstrated the contribution of Pho84p in Mn’" uptake at the plasma membrane
separately from Smflp. In addition, it has been shown that Mn transported by Pho84p was biologically
active as it not only contributes to cell toxicity but also to Mn-dependent reactions and can be
incorporated into Mn-dependent enzymes such as Sod2p [377]. All in all, Pho84p is an inorganic
phosphate transporter able to mediate Mn’" import at the plasma membrane with a low affinity and

especially in case of Mn excess.

Ccclp (cross-complements Ca™* phenotype of csgl [ga2+ sensitive growth] 1 protein).
Originally and as referred by its name, CCCI was positively screened in the search for genes able to
suppress the Ca’"-sensitive phenotype due to mutations in the CSGI gene, emphasizing a role for Ccclp
in Ca”" homeostasis [378]. Two years after Fu’s discovery, Lapinskas et al. identified CCCI as a
suppressor of Mn”" sensitivity due to mutations in PMRI [181]. In such yeast background, it came out
that CCCI overexpression in both wild-type or PMRI-mutated strains (i) reduces the Mn”"-induced
cytotoxicity without lowering total Mn content and (ii) restricts the cytosolic Mn’* bioavailability since
yeasts lacking the cytosolic copper/zinc superoxydismutase (SOD) 1 protein (Sod1p) became Mn-
dependent. In addition, CCCI deletion increases the MnH—sensitiVity of the wild-type strain. Hence
Ccclp was thought to be a Mn transporter involved in Mn”" sequestration elsewhere than in the cytosol,
protecting yeasts from Mn’" cytotoxicity [181]. Like Pmrlp, Ccclp was assumed to serve a dual
function in Ca’" and Mn’" homeostasis which has been confirmed by others that identify Ccclp as a
suppressor of Mn”" sensitivity in yeasts with non-functional calcineurin [299]. Similarly to Pmrlp,
Ccclp was found localized in the Golgi apparatus then raising the question of Pmrlp/Ccclp functional
redundancy. As already mentioned, yeasts lacking Pmrip exhibit Golgi glycosylation defects, that are
not observed in ccc/4 mutants. In addition, CCCI overexpression in a pmrl4 background failed to reverse
the glycosylation defects, meaning that Ccclp could not provide sufficient Mn’" to the Golgi enzymes
[181]. In fact, in a later study led on Ccclp, Li et al. demonstrated the vacuolar localization of the
protein [379]. This confirms the non-redundant function of Pmrip and Ccclp in Mn’" sequestration
within the secretory pathway as Pmrlp acts at the Golgi level while Ccclp functions in the vacuolar
compartment. Moreover, in addition to its contribution to Ca’" and Mn’" homeostasis, Ccclp was

shown to play a crucial role in Fe’" homeostasis through Fe’* sequestration into the vacuole [379,380].
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CCCI was again positively screened to suppress a specific phenotype associated with YFHI deletion.
Yth1p refers to yeast Frataxin homologue 1 protein, an ortholog of the mammalian Frataxin known to
be involved in the development of human Friedreich’s ataxia, a neurodegenerative disorder. Insights into
the function of Frataxin pass through the characterization of its yeast ortholog. In Saccharomyces cerevisiae,
a lack of YFHI results in a loss of respiratory activity due to toxic accumulation of mitochondrial Fe’”
levels [380]. In such yeast model of Friedreich’s ataxia, CCCI overexpression sustained the respiratory
function by preventing excessive accumulation of mitochondrial Fe’" [380]. Later investigations by the
same group highlighted that CCCI overexpression (i) lowers cytosolic Fe*” levels and (i) increases both
Mn’" and Fe’" accumulation into the vacuole. Inversely, in case of CCCI deletion, yeasts are subjected to
increased Mn”" and Fe’" sensitivities [379]. Hence, by sequestering Fe’" into the vacuole, Ccclp
hampers the accumulation of mitochondrial Fe’* by lowering cytosolic Fe’" levels. Altogether, Ccclp
has been shown to play a role in Ca”", Mn’" and Fe’" homeostasis, acting as a suppressor of Ca”"-, Mn”"-
and Fe’"-sensitivities associated with specific gene deletions. Ccclp is now assumed to be a vacuolar
Mn”*/Fe”" transporter acting in Mn”" and Fe’* sequestration into the vacuole to avoid their cytosolic

accumulation to toxic levels.

2.2.8. Ca’t/Mn*" transporters deficiencies in human related diseases

Mutations in nearly all of the genes encoding the human Ca”"/Mn’" transporters mentioned above have
been described in human disorders, reflecting the crucial importance of such functional transporters to
maintain both intracellular and systemic Ca’" and Mn’" homeostasis. The following table (Table 15) lists

human diseases linked to deficiency in some of them.
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Table 15: List of human diseases related to Ca’*/Mn*" transporters deficiencies. This table compiles
the main disorders associated with deficiency in one of the Ca”"/Mn™" transporters mentioned above. CDG:
Congenital Disorders of Glycosylation, NCKX: Na'/Ca™" K+—dependant exchanger, NRAMP: Natural Resistance-
Associated Macrophage Protein, OMIM: Online Mendelian Inheritance in Man, SLCx: Solute Carrier family
«x», UPFO016: Uncharacterized Protein Family 0016, ZIP: Zinc-regulated transporter (Zrt), Iron-regulated
transporter (Irt) like family Protein and ZnT: Zinc Transporter.

Family Gene Human diseases OMIM
NCKX NCKX]1 Congenital stationary night blindness 613830
Amelogenesis imperfecta 615887
NCKX4 . . . . ..
Skin/hair/eye pigmentation variation 6 210750
NCKX5 Oculocutaneous albinism type VI 113750
UPF0016 TMEM165 TMEM165-CDG (CDG-IIk) 614727
NRAMP SLC11A42 Hypochromic microcytic anemia with iron overload-1 (AHMIOT1) 206100
ZnT SLC30410  Hypermanganesemia with dystonia (HMDYTT1) 613280
o
ZIP eigh-like syndrome
SLC39414  Hypermanganesemia with dystonia (HMDYT?2) 617013
FPN1 Hemochromatosis type IV 606069
SLC

Short stature, amelogenesis imperfecta, skeletal dysplasia with 618363

LCI0A7
SLCTO scoliosis/SLC10A7-CDG (CDG-II)

2.3. Role of (un)specific channels

2.3.1. General introduction

This latter family of proteins gathers passive transporters commonly named ion channels. Ion channels
can be classified according to their structural organization, the type of ions passing through them (e.g.
calcium Ca’", potassium K", sodium Na", chloride CI'), the factors influencing their gating (membrane
potential for the voltage-gated channels, ligand, second messenger, temperature, mechanical changes)
and their tissue distribution. Basically, all of these channels exist in one of the three states described in
Figure 24: opened, inactivated closed and resting closed. Most of the ion channels are formed by several
subunits, each of them being encoded by a different gene leading to a great number and diversity for
these channels. Amongst them, only those involved in Ca’" and/or Mn’" transport will be briefly
addressed. In humans, more than 30 different channels are referred as Ca”” channels. Of them, 15 share
a strict specificity for Ca’" encompassing the six following families: (i) Ca’" Release Activated Ca’"
(CRAC) channels, (ii) Voltage-gated Ion Channel (VIC), (iii) Ryanodine-Inositol 1,4,5-triphosphate
Receptor Ca’* Channel (RIR-CaC), (iv) Calcium Transporter A (CaTA), (v) Flower (Synaptin Vesicle-

Associated Ca’" channel) and (vi) Presenlin (Presenlin ER Ca’" channel) [38].
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Figure 24: Schematic diagram illustrating the three states of an ion channel (here, a voltage-gated
ion channel). In physiological or resting conditions, the channel is in a closed conformation (resting closed).
Changes in membrane potential initiate the transition between the three states. First, depolarization of membrane
potential triggers activation (opened) and subsequent inactivation of the channel (inactivated closed) that
cannot be opened anymore. Second, upon repolarization of the membrane potential, the channel recovers its
resting closed conformation. ECS: extracellular space and PM: plasma membrane.

All the other have been considered as non-selective Ca’" channels, meaning that they can transport other
additional ions than Ca’". Of interest in this manuscript, three Ca2+—permeable channels are able to
transport Mn”"; TRPML1 and TRPM7, two members of the Transient Receptor Potential (TRP)
superfamily and CACNATH that belong to the VIC family [38]. To the yeast point of view, some
orthologs can be found, mainly belonging to the VIC and TRP families. In the following sections, only
few mammals and yeast Ca”"/Mn”" channels will be described, as listed in Table 16. Additional

information will be provided through referred reviews.

2.3.2. Calcium Release-Activated Calcium (CRAC) channels

In mammals, Ca”" release-activated Ca”* (CRAC) channels are part of the primary route for Ca’" entry
in many cell types including both excitable and non-excitable cells. More than thirty years ago, James
W. Putney Jr was the first to propose a model of Ca’" entry activation upon store-depletion of
intracellular Ca’" reservoirs such as the ER [381]. This concept was named “Capacitative Ca’" Entry”
(CCE) and is now referred as Store-Operated Ca’" Entry (SOCE). During the past twenty years,
electrophysiological studies revealed the fingerprint of the CRAC channels in terms of biophysical and
pharmacological properties, distinguishing them from other Ca”" channels. In particular, CRAC
channels are (i) activated by ER Ca’" store depletion, (ii) have a high Ca’" selectivity, (iii) an extremely

low conductance (termed I (), and (iv) are subjected to Ca’"-dependent inactivation [382].
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Table 16: Yeast and human Ca’* channels acting in Ca’*/Mn”" homeostasis within the secretory
pathway. Yeast (Y) Saccharomyces cerevisiae and human (H) Ca’" channels belonging to the same family are
orthologs. CRAC: Ca’" release-activated Ca’*, ER: endoplasmic reticulum, HACS: high-affinity Ca’" uptake
system, LACS: low-affinitiy Ca”™" uptake system, PM: plasma membrane, RIR-CAC: ryanodine-inositol-1, 3, 4-
triphophate receptor Ca’" channel, TRP: transient receptor potential, VGCC: voltage-gated Ca’" channels.

Family Organism  Proteine name Function Subcellular localization
Orail PM
CRAC H STIM1 Ca™ entry ER, ER-to-PM junctions
TRPC Y Yvclp Ca’" entry Vacuole
Ca,1.1-4
Ca,2.1-3 | @, subunits
H Ca,3.1-3 Ca”™" entry PM

0,,01-4 subunits
B1-4 subunits

VGCC v 1-8 subunits

Cchlp (~ a,) PM

Y Midlp (~ a,8) HACS Ca’’ entry PM
Eem7p (~ ) PM?

Y Figlp (~7v) LACS Ca’™" entry PM

H IP;R Ca’" release ER, cis-Golgi

RIR-CAC
H RyR Ca’" release ER, Golgi

© 2020 Tous droits réservés.

CRAC channels are composed of two molecular key players: STromal Interaction Molecules (STIM) and
Orai proteins. Since their initial identification in 2005 [383,384] and 2006 [385—388] by several
unrelated groups, substantial works have been done to decipher the molecular and cellular mechanism
driving the STIM-Orai interaction. Reviews on the subject can be read for additional information as I
will only briefly exposed such mechanism without going into details: [266,382,389—395]. Basically,
CRAC channels are part of the Store-Operated Ca’" (SOC) channels as they become activated when ER
[Ca’"] are lower than its resting level of ~400uM. Physiologically, this occurs through the activation of
Ca’" release signals involving either IP;R or RyR. Ca’" release from the ER is sensed by STIMI, driving
its relocalization from the ER to ER-to-plasma membrane junctions where it interacts with the plasma
membrane CRAC channel subunit Orail. From this interaction, Orail opens what triggers Ca™* entry
(Figure 25). Many regulators of either STIM1 or Orail exist, modulating the SOCE response. Some of
them act by direct protein-protein interactions while other are biochemical compounds and will be
further detailed in section 3.3.4. It is to note that post-translational modifications inherent to
STIM1/Orail as well as spliced variants can also regulate STIM1/Orail interaction and subsequent

function in SOCE.
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Figure 25: The CRAC channel STIM1/Orail: structure and simplified mechanism of activation.
Left. Schematic representation of Orail and STIM1 highlighting their key structural domains. In this cartoon,
STIM1 is shown as a dimer in resting conditions. Right. STIM1-Orail interaction following (1.) ER Ca’" store
depletion, (2.) STIMI relocalization and (3.) Orail activation for subsequent (4.) Ca™" entry. CAD: CRAC
activation domain, CCD: coiled-coil domains, CRAC: Ca’' release-activated Ca’", ER: endoplasmic reticulum,

ER-PM: ER—to—plasma membrane, SAM: sterile 0-motif, TMD: transmembrane domain.

STIM. In mammalian cells, two isoforms of STIM are expressed, STIM1 and STIM2, sharing up to 60%
identity. The STIM protein family also gathers splice variants for both STIM1 (STIM1L) and STIM2
(STIM 2.1 or STIM2B, STIM 2.2 or STIM2a, STIM2.3). At the cellular level, STIM are predominantly
expressed in the ER and can also be found in a lesser extend at the plasma membrane and in acidic
compartments such as lysosomes. Of these multiple subcellular localizations, STIM proteins expressed
in the ER have a role in the activation of CRAC channels by binding to Orai proteins in specific ER-to-
plasma membrane junctions. Structurally, STIM1 and STIM?2 share a similar organization with common
features and domains. Basically, STIM proteins possess (i) a luminal amino-terminus including the Ca’'-

sensing region, (ii) a single TMD and (iii) a cytosolic carboxyl-terminus region containing the CRAC
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activation domain (CAD, also known as STIM-Orai activation region (SOAR)). As depicted in Figure
25, the luminal part of STIM proteins possesses both a canonical and non-canonical EF-hand domain that
are involved in Ca’" binding and a sterile a-motif (SAM) domain known to promote protein homo-
/hetero-oligomerization. In this specific SAM domain, two N-linked glycosylation sites have been
identified for STIM1 (N5, and N ;) while STIM2 only possesses one (N ;). Another difference between
STIM1 and STIM2 through this SAM region is the presence of additional non-polar residues for STIM2
increasing its stability in a Ca’"-bound state. On the other hand, the cytosolic part contains three coiled-
coil domains including CAD and at the very carboxyl-terminus, a lysine rich region defines the polybasic
domain that interacts with the plasma membrane. Early studies led on STIM proteins first identified
them as potential tumor growth suppressors. Later, STIM were identified as key players in Ca™
signaling by two different groups through RNA interference screens in search for inhibitors of the
thapsigargin-induced Ca’" entry mediated by SOCs (also known SOCE) [383,384]. In mammalian
cultured cells knockdown for STIMI, SOCE was suppressed and current associate to CRAC function
(Icrac) Was no more detectable [383]. The later identification of Orail as the pore-forming unit of the
CRAC channels then defined the STIM1:Orail interaction underlying the basis of the SOCE mechanism.
Apart from Orail, STIM1 also activates some channels belonging to the canonical transient receptor
potential (TRPC) family such as TRPCI1 [396-398]. STIMI activity can be regulated by post-
translational modifications such as N-linked glycosylation and phosphorylation [399—401]. Mutations of
the N-linked glycosylation sites in STIM1 can result in either an increase or a decrease in SOCE, likely
due to mis-oligomerization of the protein [402]. With regards to its phosphorylation status, STIM1 has
been suggested to be phosphorylated during mitosis [401,403]. This phosphorylation step prevents its
relocalization from the ER to ER-to-plasma membrane junctions suppressing SOCE during mitosis. In
particular, Smyth et al. identified two “mitosis-specific” phosphorylation sites, S, and S, that rescue

mitotic SOCE when mutated into alanine [401].

Orai. In the human genome, three Orai homologs have been identified Orail-3 also known as CRAC
modulators 1-3 (CRACMI1-3). Of them, Orail is the most studied and best-characterized protein
originally characterized by similarities with the unique Orai protein from Drosophila (dOrai).
Structurally, Orail contains four transmembrane domains and intracellular amino- and carboxyl-termini
(Figure 25). In human, the Orail story began in early 1990s when several individuals presented with
severe combined immunodeficiency (SCID), linked to defective SOCE response and CRAC channel
activity [404]. Although SCID patients’ T cells express normal and functional levels of STIM1, this was
not sufficient to mediate CRAC activation, suggesting that other components may contribute to the

SOCE mechanism. Further investigations led by Feske et al. identified that patients suffering from SCID
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were homozygous for a single missense mutation in Orail (substitution of arginine 91 by tryptophan,
R91W) [405]. This specific mutation has been shown responsible for the inactivation of the CRAC
channels since transformation of patients’ T cells with wild-type ORAII rescued both SOCE and the
CRAC current (I, ) [405]. Additional knockdown and overexpression experiments in either Drosophila
S2 cells or mammalian cells (HEK293 and Jurkat) further characterized the involvement of Orail in the
SOCE response [386]. While a knockdown completely inhibits I ,., ORAII overexpression with STIMI
increases this current up to 100 times. It is to note that the solely overexpression of ORAII is not
sufficient to enhance I, in either HEK923 or Jurkat cells [386]. Hence, Orail contributes to CRAC
activation but is not sufficient in itself to increase the SOCE response. It has even been shown that
overexpression of Orail alone tend to reduce rather than enhance the SOCE [406]. This was explained
by the unbalanced stoichiometry between Orail and STIMI, leading to reduce STIM1-Orail
interactions. While further investigating STIM1:Orail stoichiometry, CRAC channels were first thought
to act as tetramers of Orail subunits each bound to two STIM1 (or a STIM1 dimer) [406]. However,
since the crystal structure of dOrail revealed a hexameric organization for the Drosophila CRAC channel
[407], human CRAC channels were also supposed to be hexamers of Orail subunits. This is further
discussed by Yen and Lewis in a quite recent review [393]. Despite this specific homomeric
rearrangement, Orail is also known to form heteromultimers with Orai3 leading to specific STIM1-
dependent Ca®" channels regulated by either arachidonic acid (ARC channels) or leukotriene C, (LRC
channels) [408]. It is to note that even STIMI-dependent, these latter channels are store-independent
Ca”" channels. In other cases, Orail activation can be mediated by either SPCA1 or SPCA?2 leading to
store-independent Ca’™" entry (SICE) [244,245,409,410]. This will be further detailed in section 3.3.4.,
being a kind of specific regulation of Orail by other proteins than STIM1. Another way of regulating
Orail activity passes through post-translational modifications such as N-linked glycosylation. Orail
possesses a unique N-linked glycosylated site (N,,;) that has been shown to be differentially glycosylated
according to cell-type [411]. Dorr et al. indeed demonstrated that depending on its glycosylation status,
Orail influenced the SOCE response. For instance, mutation of Orail N,,; enhanced the SOCE
response in mammalian Jurkat cells while it failed to alter either SOCE or Iy, in mammalian HEK293
cells. It was suggested that in Jurkat T cells as well as in SCID patients’ T cells, Orail glycosylation
could have an inhibitory effect on the SOCE [411]. Extend to other diseases such as cancers and immune
disorders, it was hypothesized that Orail glycosylation may contribute to their pathophysiological Ca’™"

signaling.

In yeast, contrary to mammalian cells, the main Ca’" storage organelle is the vacuole and not the ER

(Figure 19). While looking for such SOCE-like process in yeast, it appears that Ca”" depletion from the
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vacuole did not trigger a Ca”" influx response [412]. Indeed, yeasts lacking both vacuolar Ca’™"
transporters Pmclp and Vex1p are depleted of vacuolar Ca’" and yet do not exhibit higher Ca’" influx
rates at the plasma membrane [298]. Actually, a SOCE-like mechanism has been proposed in response to
Ca’" depletion from the ER and/or the Golgi apparatus in yeast lacking Pmrlp which implied the
activation of a high-affinity Ca’" uptake system homologous to the mammalian voltage-gated Ca’"

channels (VGCC) rather than a SOCE component ortholog [413].

2.3.3. Transient Receptor Potential (TRP)

The transient receptor potential (TRP) channels superfamily defines non-selective cation channels acting
as signal transducer by either altering membrane potential or intracellular Ca’* levels. TRP channels are
found expressed in a broad range of living organisms including yeasts and mammals [414,415]. The
mammalian TRP superfamily can be divided into six families: (i) the canonical TRP (TRPC) family, (ii)
the vanilloid TRP (TRPV) family, (iii) the melastatin TRP (TRPM) family, (iv) the ankyrin TRP (TRPA)
family, (v) the polycystin TRP (TRPP) family and the (vi) the mucolipin TRP (TRPML) family. Of
them, the first four families are gathered in group 1 and the two later constitute the group 2.
Altogether, 28 mammalians TRP exist with only few of them known to transport cither Ca’" and/or
Mn”": TRPC1/2, TRPML1/2 and TRPM7. Because of this huge diversity and poor ion selectivity in
mammals, I will no longer describe these channels. In contrast, in the yeast Saccharomyces cerevisiae, only

one member of the TRP family is expressed and will be further detailed.

Yvclp (yeast vacuolar conductance 1 protein). To date, Yvclp is the solely TRP member
expressed in the yeast Saccharomyces cerevisiae. Encoded by the yeast vacuolar conductance (YVCI) gene,
Yvclp was first identified and cloned by Palmer et al. in 2001 [416]. Structurally, Yvclp contains six
TMD and both cytosolic amino- and carboxyl-termini [416—419]. Although its homology with
mammalian TRP, Yvclp is not expressed at the cell surface but rather and specifically into the vacuole
[416—418]. Linking its function with Ca homeostasis, Yvclp was described as a cation-selective channel
able to conduct Ca’", Na' and K'. Through patch-clamp experiments, Yvclp has been shown to be
activated by millimolar [Ca™"] or by physiological [Ca”]cymml in the presence of the reducing agent
dithiothreitol (DTT) [416]. Although no specific growth phenotype was associated with YVCI deletion,
its overexpression results in Ca’" sensitivity according to [CaCl,] in the culture medium [417]. A year
later, Denis and Cyert investigated the effect a hypertonic shock on Ca’™" signaling in yeast. Using a
combination of single/double yeast mutants for PMCI and VCX1, they first showed (i) that cytosolic Ca’"
levels increased in response to hypertonic shocks and that (ii) this transient increase in [Ca“]cywso]
originate from the vacuole [417]. Because no other candidate than Yvclp was known to effect vacuolar

Ca’" release, similar Ca’" response to hypertonic shocks were performed in yeasts lacking Yvclp or
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overexpressing it. While ycvi4 yeasts exhibit no significant increase in cytosolic Ca’™" levels, Yvclp
overexpression massively increases [CaH]Cymml in response to hyperosmorality compare to the wild-type
strain. These results combined to other from Denis and Cyert study demonstrated that Yvclp mediates
the Ca’" release from the vacuole into the cytosol in response to hypertonic conditions [417]. In a later
study, Zhou et al. described the mechanosensitivity of Yvclp allowing the channel to open
independently from Ca’" activation [420]. Under hypertonic conditions, water is expelled from the
cytosol and then from the vacuole causing an osmotic pressure across the vacuolar membrane. Its
subsequent deformation activates Yvclp through channel opening [420]. Lastly, in 2018, two additional
studies led by Hamamoto et al. and Ruta et al., further investigated Yvclp function and regulation using
both in vitro and in vivo approaches [419,421]. Renamed TRPY1 for transient receptor potential yeast
channel, they demonstrated that in addition to its mechanosensitivity, TRPY1 activity could be regulated
by cytosolic Ca’" and Mn”" levels, by the presence of reducing agent in the cytosol (such as DTT or p-
mercaptoethanol), by phosphatidylinositol-3-phostate and by luminal Zn** and Ca’" levels. From these
studies, TRPY1 was assumed to act in response to both external changes in osmolarity and oxidative
stress. To the latter point, Ruta et al. showed that TRPY1 activity was enhanced by increased [Mn“]cytosol
[421]. All in all, TRPY1 is the solely yeast TRP channel able to modulate cytosolic Ca’" levels through

2+ . . . 2+ .
vacuolar Ca”" release to maintain intracellular Ca”" homeostasis.

2.3.4. Voltage—Gated Calcium Channels (VGCCQC)

Voltage-gated Ca”" channels (VGCC) are part of the Voltage-gated ions channels (VIC) family. First
discovered in crustacean muscles by Fatt and Katz, VCGC play major roles in both physiological and
pathophysiological cellular processes [422]. In mammals, voltage-activated Ca’" currents were first
identified in rabbit skeletal cells and then extend to all other excitable tissues. Basically, all VGCC are
plasma membrane permeable channels for both Na’ and Ca’" with a greater affinity for Ca’" than for
Na'. Physiologically, they are found in a closed conformation but upon depolarization of the membrane
potential, they become activated and share an opened conformation. Because Ca’" levels are higher
extracellularly than intracellularly, VGCC activation results in a Ca’" influx that will contribute to
several cellular processes such as muscular contraction, hormone secretion, or neurotransmitters
release, according to cell specificity. Thanks to electrophysiological recordings, distinct characteristic
were assigned to these voltage-activated Ca’" currents depending on the membrane potentials needed to
open channels. Hence, two major classes of VGCC were identified and classified as either low- or high-
voltage-activated (LVA or HVA) channels. The LVA channels, also known as T-type channels, (i) have a
small conductance, (ii) respond to small variations from the resting membrane potential and (iii) are

rapidly inactivated. In contrast, HVA channels (i) display higher conductances, (ii) require stronger
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depolarization of the membrane potential and (iii) can be differentially inactivated. Four types of HVA
channels have been identified so far, named as L-type, N-type, R-type and P/Q-type and differing from
cach other according to pharmacology, kinetics and cellular distribution. It is to note that pharmacology
contributes a lot in the identification and characterization of all of these Ca’" channels [423-426].
Structurally and as depicted in Figure 26, VGCC are formed as a complex of five different components
termed o, @,, 8, B and y [427,428]. Of them, @, constitute the pore-forming subunit of the channel
responsible for its biophysical and pharmacological properties. These properties can be modified by the
two main auxiliary subunits 0,0 (disulfides bonds between @, and 6) and B, involved in channel folding,

driving their proper sorting to the cell surface.

Extracellular space

Plasma membrane

Cytosol 04

Figure 26: Schematic representation of the mammalian VGCC. Basically, mammalian VGCC share a
similar structure made of five components: 0, 0,, 8, B and y. @,, the pore-forming subunit of the channel,
contains four domains (I-IV, orange barrels) each composed of six transmembrane domains. One of the auxiliary
subunits, @,0 is formed by the covalent binding (disulfide bonds) between the highly glycosylated @, subunit and
the GPl-anchored 6 protein. The last component of the mammalian VGCC, the Y subunit is expressed according
to tissue specificity.

Of these three a,, 0,0 and B subunits, many isoforms and spliced variants were further identified and
characterized, massively increasing the number and functional diversity of the mammalian VGCC [423].
In particular, in the mammalian genome, ten separate genes (CACNAIA-I and -S) encode for al proteins

(Table 17), four separate genes (CACNBI-4) encode for B4 subunits and four other separate genes

(CACNA2D1-4) encode for a,0, 4 subunits.

106

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Table 17: Classification of the mammalian VGCC. In the «Proteins» column, both new and old
nomenclatures are indicated. The old nomenclature is mentioned into brackets. HVA: high-voltage-activated and
LVA: low-voltage-activated.

Electrophysiology Types Genes Proteins
CACNAIS Ca, 1.1 (alS)
. CACNAIC Ca, 1.2 (a1C)
CACNAID Ca, 1.3 (a1D)
HVA CACNAIF Ca, 1.4 (a1F) Association with the
v auxiliary subunits o o
P/Q CACNAIA Ca, 2.1 (alA) 2
and P
N CACNAIB Ca, 2.2 (a1B)
R CACNAIE Ca,2.3 (0lE)
CACNAIG Ca, 3.1 (a1G)
LVA T CACNAIH Ca, 3.2 (alH)
CACNAI Ca, 3.3 (all)

Furthermore, according to cellular distribution, an additional y subunit takes part in the structure of the
VGCC. This has been shown true for skeletal VGCC but not for neuronal and cardiac Ca”" channels
albeit several other y subunits have been cloned. Facing this huge diversity of mammalian VGCC, I will
not further describe them. To have a better understanding and a good overview on their discovery,

pharmacology and role in both physiological and pathophysiological conditions, please refers to these

reviews and references: [423,424,426,429].

As previously mentioned, in the yeast Saccharomyces cerevisiae, a plasma membrane Ca”" influx occurs in
response to Ca’" depletion from the ER/Golgi apparatus that was originally underlined in PMRI-
deficient yeasts exhibiting higher Ca’" influx rates and higher cytosolic Ca”" levels [413]. In this pioneer
study, Locke et al. demonstrated the existence of a yeast SOCE-like mechanism to refill Ca’" stores
within the secretory pathway through the activation of a high-affinity MgH—reSistant Ca’" uptake system
later known as high-affinity Ca”" uptake system (HACS) under low-Ca’" condition [413]. A screen for
yeast mutants specifically defective in the HACS response revealed two genes: CCHI (calcium channel
homolog 1) and MIDI (mating pheromone-induced death), that were both previously identified in Ca™*
influx response to mating pheromones [430,431]. CCHI or MIDI single deletion in a pmri4 background
specifically abolished Ca’" entry. This HACS inhibition was shown to be similar in the double mutant
cchlAmidlA suggesting that both Cchlp and Midlp are required to act in the HACS response [413].
Further investigations pinpointed that both Cchlp and Midlp were constitutively expressed at the
plasma membrane where they physically interact to form the HACS or Cchlp/Mid1p channel. Hence,

unlike mammalian SOCE that requires STIM1 re-localization from the ER to ER-to-plasma membrane
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junction upon ER Ca’" depletion, Cchlp/Midlp stimulation after Ca”" depletion of the secretory
pathway may involve other regulatory processes than protein delocalization. In a search for additional
subunits and regulators of Cchlp/Midlp channel, Martin et al. identified ECM7 (extracellular mutant)
as a gene involved in Ca™" entry after exposure to mating pheromone or tunicamycin, in the presence or
absence of the calcineurin inhibitor FK506 [432]. ECM7 deletion leads to similar phenotypes associated
with MIDI or CCHI deletions regarding Ca’" entry in response to tunicamycin and mating pheromones
and markedly reduces Ca’" entry in yeast lacking calcineurin [432,433]. Albeit no direct evidence was
provided to confirm a physical interaction between Cchlp, Midlp and Ecm7p, Ecm7p was shown
stabilized by Mid1p which is itself stabilized by Cchlp in non-stimulated cells [432]. Because Mid1p and
Cchlp interact together [413], this result emphasized a physical interaction between the three proteins.
Structurally, the Cchlp/Midlp/Ecm7 channel is considered as the yeast homolog of the mammalian
VGCC with homologous 0,, a,6 and y subunits, respectively. Indeed, Cchlp is a transmembrane protein
that contains four repeated membrane domains each showing strong similarities with the a, subunit
[413]. Midlp is a plasma membrane N-glycoprotein similar to the a,8 subunit [431]. Ecm7p is also a
transmembrane protein sharing four transmembrane domains, a big extracellular loop and both cytosolic
amino- and carboxyl-termini referring to the structural organization is of mammalian VGCC y subunit
[433]. It is to note that in addition to HACS, a low-affinity Ca’" uptake system (LACS) also exists in
yeast. Shown to be Mg2+—sensitive, its molecular components still need to be better identified [413]. To
date, the plasma membrane protein Figlp (factor induced gene 1 protein) was proposed to be either the
Ca’" channel itself or its regulator since the protein facilitates both Ca”" influx and cell-cell fusion step
during mating [434,435]. Like Ecm7p, Figlp contains four TMDs that are structurally similar to the y
subunit of mammalian VGCC. Altogether, the yeast Saccharomyces cerevisiae expresses a kind of VGCC
that differs from mammalian one through its activation mechanism relying of Ca’" store depletion that is

associated to mammalian CRAC and TRP channels through the SOCE response [412].

2.3.5. Ryanodine-Inositol-1,4,5-triphosphate Receptor Ca’" Channels (RIR-CAC)

The ryanodine-inositol-1, 4, 5-triphosphate (IP;) receptor Ca’" channel (RIR-CaC) family comprises
both ryanodine receptors (RyR) and IP; receptors (IP;R), two mammalian Ca’"-release channels of the

SR/ER and the Golgi apparatus.

IP;R. Three isoforms IP;R are encountered in mammalian cells, with IP,R1 being the most studied.
First described in the SR/ER, IP,R is also found in the Golgi apparatus where it acts as the major Ca’'-
release channel in non-excitable cells. Structurally, IP;R and RyR share common features such as a
tetramer organization and the presence of a large cytosolic loop where many regulatory partners can

bind to modulate their function. Basically, IP;R releases free Ca”" from the SR/ER and Golgi lumens to
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the cytosol following the recognition of its ligand, IP;. IP; is a second messenger originated from
phosphatidylinositol diphosphate (PIP,) hydrolysis mediated by the phospholipase C through the
activation of G-protein coupled receptors (GCPR). Several molecules interact directly or not with IP;R
leading to its activation. For instance, ATP can enhance IP;-mediated Ca”" release from the ER by
binding to a GCPR, triggering the production of IP; and increasing its binding to IP;R to enhance its
Ca”" release activity. IP;R can also be activated by a thiol modification and was also shown to be

phosphorylated [436].

RyR. In mammals, three RyR isoforms are expressed, RyR1-3, and shared a tissue specific expression
pattern. While RyR1 and RyR2 are mainly expressed in skeletal and cardiac muscles, RyR3 is
predominantly found in the thalamus, hippocampus, corpus striatum and smooth muscle. Hence, RyR
are mainly expressed in excitable cells. At the cellular level, all three isoforms localized to the SR/ER

and in some cisternae of the Golgi apparatus. Depending on [Ca’"] RyR are cither activated or

cytosol»

inhibited. It has been established that when [Ca’’],., is around 1uM, RyR is active and releases

cytoso.

intracellular Ca”" to raise cytosolic Ca’" level. In contrast, when [Ca’"] is sufficient and reaches

eytosol
ImM, RyR is inhibited [436]. Many proteins can bind to RyR, especially in its cytosolic loop, to regulate
its function. This is the case of some Ca2+—binding proteins such as calmodulin, ST00A and calsequestrin.
In the latter case, calsequestrin modulates RyR in the ER lumen through its interaction with two
additional proteins named junction and triadin. Cytosolic Ca’", caffeine and ATP are also known to
activate RyR while free Mg2+ is a strong inhibitor of the channel, acting as a competitive Ca’" antagonist

at a specific site of the protein (4-site) [436,437]. Together, mammalian RyR and IP,R act in concert to

release Ca’" from the SR/ER and Golgi lumens in response and to spread Ca’™" signaling.

In Saccharomyces cerevisiae, old studies identified an ER-localized transmembrane protein known as
calcium  sensitive growth protein 2 (Csg2p) involved in Ca’" sequestration in a non-vacuolar
compartment, likely the ER [438—440]. Functionally, Csg2p primarily named Cls2p for calcium
sensitive mutant protein 2 (i) confers Ca’" resistance, (ii) regulates Ca’" compartmentalization
elsewhere than in the vacuole and (iii) contributes to enhance calcineurin activity. For such reasons,
authors suggest a crucial function for Csg2p in regulating ER Ca”" level through a Ca™" efflux activity
from the ER. Hence, albeit yeasts lack both SERCA and RIR-CaC orthologs, Csg2p was considered as
the main ER Ca’" extruder. Further investigations then identified Csg2p as a CaH—binding protein
involved in the synthesis of complex sphingolipids (mannosylinositol phosphorylceramide (MIPC)) being
a regulatory unit of the MIPC synthase [441]. To date, no RyR and IP,R orthologs have been found in
yeast, suggesting another way to release Ca’" from the intracellular compartments. In fact, when ER and

Golgi [Ca™"] are higher than their resting concentrations (10uM and 300uM, respectively (Figure 19)),
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Ca’' is thought to be removed via the secretory pathway. Hence, as in case of Mn’" excess, the main
mechanism to deeply reduce intracellular levels of Ca’" and Mn’" in yeast ER and Golgi lumens is

exocytosis [442].

2.3.6. Ca’*/Mn’" channel deficiencies and human related diseases

Commonly, human diseases related to ion channel deficiency/dysfunction are called channelopathies and
can be due to either genetic or acquired factors [443]. Channelopathies are not restricted to Ca™"
channels and also affect potassium (K"), sodium (Na"), chloride (Cl') and cholinergic channels, to list
some. Consistent with their tissue distribution along the human body, a broad range of disorders have
been reported resulting from ion channels deficiency encompassing myopathy, cardiac arrhythmia,
epilepsy, migraine, deafness and blindness. Of interest in this manuscript, only human disorders due to
deficiency in Ca’" channels are listed in Table 18, only referring to those described previously.

Table 18: List of human Ca®* channelopathies. This table gathers the main human related disorders
associated with deficiencies in one of the Ca’" channels cited in section 2.3. Only deficiencies linked to the
different al pore-forming subunits of human VGCC are mentioned in this table. Additional information about
mutations in other VGCC subunits leading to human disorders can be found here [429]. CRAC: Ca’'release-

activated Ca’", OMIM: Online Mendelian Inheritance in Man, RIR-CAC: ryanodine-inositol-1, 4, 5-triphosphate
receptor Ca’* channel, VGCC: voltage-gated Ca’" channels.

Family Gene Human diseases OMIM
ORAII Tubular agg.rc.gatc myopathy 2 615883
Immunodeflaency 9 612782

CRAC Tubular aggregate myopathy 1 160565
STIM1 Immunodeficiency 10 612783

Stormorken syndrome 185070

Early infantile epileptic encephalopathy 42 617106

CACNAIA Eplsf)fhc atax.la type 2 o 108500

Familial hemlpleglc migraine type 1 141500

Spinocerebellar ataxia 6 183086

Neurodevelopmental disorder with seizures and non-epileptic

CACNAIB R 618497
hyperkinetic movements

VGCC Brugada syndrome 3 611875

CACNAIC  Timothy syndrome 601005

Long QT syndrome 8 618447

CACNAID P.rlmar?r aldosteronism, 'selzures, and neurologic abnormalities 615474

Sinoatrial node dysfunction and deafness 614896

CACNAIE  Early infantile epileptic encephalopathy 69 618285
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Aland Island eye disease 300600
CACNAIF ~ X-linked cone-rod dystrophy type 3 300476
X-linked congenital stationary night blindness type 2A 300071
Spinocerebellar ataxia 42 616795

CACNAIG  Early onset spinocerebellar ataxia 42 with neurodevelopmental
deficits 618087
CACNAIH Susc.e}.:)tlblhty to chlldhoo.d absence epilepsy type 6 611942
Familial hyperaldosteromsm type IV 617127
CACNAIS Suscept%b%l%ty to mahgnan't hype.:rth.ermla 5 . 601887
Susceptibility to thyrotoxic periodic paralysis 1 170400
Gillepsie syndrome 206700
IP3R Spinocerebrellar ataxia 15 606658
Congenital non-progressive spinocerebrallar ataxia 29 117360
Central core disease, congenital neuromuscular disease with 117000

RIR-CAC RYRI uniform type 1 fiber

King-Denborough syndrome 145600
Minicore myopathy with external ophthalmoplegia 255320
AYR2 Arrhy?chomergic right'ventricular dy'splasi'a 2 ’ 600996
Ventricular tachycardia, catecholaminergic polymorphic 1 604772

2.4. Overview of Mn*" and Ca** key transporters within the secretory pathway

Given the great diversity of biometals found in every living organisms [38], this manuscript only offered
a small and narrowed overview on the regulation of two cation homeostasis (Ca’" and Mn’") in two
organisms, human and yeast Saccharomyces cerevisiae. At the cellular level, this study only focuses on the
secretory pathway (from ER to the plasma membrane) excluding other organelles such as mitochondria,
nucleus or even the peroxisomes although they are also sites of many biological reactions requiring
adequate ion homeostasis. As a summary from the three sections above (2.1., 2.2. and 2.3.), Figure 27
and Figure 28 replace the main human and yeast key players in Mn’" and Ca”" homeostasis along the
secretory pathway. Apart from Ca’ and Mn’", a plethora of other biometals are essential for cellular life
including magnesium (MgH), iron (Fe’"), copper (Cu’™), zinc (Zn"), nickel (Ni’") and cobalt (Co™")
[38], whose homeostasis are also finely regulated by a set of pumps, transporters and channels.
Nonetheless, according to physico-chemical properties, some biometals can behave very similarly to
other and can either compete, be recognized and even replace them. This is the case for Mn and Fe that

are both recognized by transferrin (Tf) and then internalized through the Tf receptor pathway.
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Figure 27: Subcellular localization of the main

(Saccharomyces cerevisiae) and humans. Channels

actors involved in Mn’" homeostasis in yeast
and transporters (symporters and/or antiporters) are

represented by a barrel whereas a disc refers to P-ATPase pumps. Purple is the default color referring to any Mn”"
import or export. A similar color between yeast (A) and human (B) suggests that the two proteins are orthologs.
Arrows indicate the direction of the flux (influx or efflux). Purple dots refer to free manganese (Mn”") whereas bound

manganese is explicited (MnHPO, and Mn’"

bound to transferrin (Tf-Mn)). ER: endoplasmic reticulum, Tf:

transferrin, TfR: transferrin receptor and TGN: trans-Golgi network.
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Figure 28: Subcellular localization of the main actors involved in Ca’" homeostasis in yeast
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3. Intracellular Ca** and Mn** regulation

This section will deal with “regulation” of intracellular Ca”"/Mn™" transporters. To my mind and to
clarify, talking about such regulation implies regulatory mechanisms leading to their degradation,
stabilization, overexpression and/or re-localization in response to Ca”"/Mn™" deficiency or excess. In
fine, these mechanisms serve to the proper expression and functionality of each actor involved in

2+ 2+ . . . .
Ca”"/Mn"" homeostasis ensuring the maintenance of such homeostasis.

3.1. Calcium binding proteins

Apart from active or passive transport, another way to regulate cellular Ca’" content lies in its ability to
be bound to specific proteins so-called Ca**-binding proteins (CBP). CBP can be found in the cytosol, in
organellar lumens (Golgi apparatus, ER/SR, mitochondria) and also in extracellular spaces. Their main
function within the organelles is to keep/retain Ca’’ in the lumens to (i) ensure the Ca’" reservoir
capacity of such compartments, (ii) act as Ca’" sensors and drive Ca’" uptake and release, (iii) contribute
to cellular process by providing Ca’"and (iv) fulfill a proper function of chaperone for some of them.
Within the secretory pathway, several human CBP have been identified in the SR/ER and the Golgi
apparatus. To list some: (i) endoplasmin, binding immunoglobulin protein (BiP), glucose-regulated
protein 94 (Grp94), protein disulfide isomerase (PDI), calreticulin and calnexin are Ca’'-dependent
chaperones in the ER, (ii) calsequestrin acts as a SR luminal Ca’" sensor for skeletal or cardiac RyR
through its interaction with the junction-triadin complex, and (iii) CaH—binding protein of 45kDa
(Cab45), reticulocalbin, ER CaH—binding protein of 55kDa (ERC-55), crocalbin and calumenin define
the CREC family of low-affinity CBP sharing multiple EF-hands [444,445]. Structurally, EF-hand

domains consist of two a-helices oriented perpendicularly to each other and separated by a loop where

Ca’" or Mg"" can bind (helix-loop-helix). Besides the CREC family, other CBP possess EF-hand domains
like calmodulin (CaM) and calcineurin, two cytosolic key components of the Ca’" signaling pathway and
CALNUC, the second but most abundant CBP identified in the Golgi apparatus [18]. In contrast,
additional proteins are defined as CBP with other Ca’" binding domains that EF hand, C2 domain for
instance. A better overview on CBP function and structural features can be found in the following

reviews: [266,444—446].

3.2. Regulation of intracellular Ca’>*/Mn?*-ATPases

A very recent review written by Chen et al. addressed some of the regulatory mechanisms assigned for
cach Ca’"/Mn’"-ATPase [30]. The following sections will resume few of them regarding to the
modulation of PMCA, SERCA and SPCA activities, in humans (and yeast when applied). For additional

and complementary information about such regulations, please referred to [29,30,222,263,447,448].
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3.2.1. PMCA

As already mentioned, PMCAs differ from SERCAs and SPCAs by the presence of numerous regulatory
domains in their structural organization that modulate their activities (Figure 29) [259]. Of them and
best characterized, a CaM-binding domain is found at the carboxyl-terminus and exerts an autoinhibitory
control. In absence of CaM, PMCAs display a closed conformation also known as “autoinhibited state”
resulting from the interaction between the CaM-binding domain and two cytosolic inhibitory regions
(Figure 29). Such interaction blocks the ATP-binding site and dramatically lowers PMCAs affinity for

Ca’". In contrast, upon elevation of [Ca”'] CaM binds to free Ca’" (CaM-Ca’") and then interacts

cytosol»
with the CaM-binding domain, which (i) relieves the autoinhibition and (ii) raises PMCAs Ca’™" affinity.
According to PMCA isoforms, CaM-Ca’" binds to its domain with a rather high or low affinity. For
instance, CaM-Ca’" binds with a 5 to 10-fold higher affinity to neuronal isoforms (PMCA2 and PMCA3)

compared with the ubiquitous PMCA1 and PMCA4 [263].

Resting conditions

2+
Higher cytosolic Ca  levels
Autoinhibited state Activated state

ECS
PM

Cytosol
N

° e )
Key (@) Inhibitory domain Catalytic domain
CaM-binding domain d;ﬁ CaM- CaH
PDZ ©  PKA/C sites
@ PLD 8 Phosphorylated PKA/C sites

Figure 29: Simplified representation of PMCA autoinhibited and activated states mediated by
CaM-binding domain and elevation of cytosolic Ca”" levels. Left. At resting [Ca’'] PMCA displays
an autoinibhited state since CaM-binding domain interacts with two cytosolic inhibitory regions part of the
Ca”*-CaM
binds to the autoinhibitory CaM-binding domain which induces a conformational change releasing the catalytic

cytosol»

catalytic domain preventing both Ca’" binding and transport. Right. Upon elevation of [Ca’']

cytosol »

domain and allowing Ca™" transport. Additional regulatory domains are depicted in this cartoon such as two
phospholipid—binding domains (PLD), a protein-protein binding domain (PDZ) and protein kinases (PKA/PKC)

phosphorylation sites in the carboxyl-terminus.
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Besides this CaM-binding domain, PMCAs mediate additional protein-protein interactions at their
carboxyl-terminus thanks to a PDZ-binding domain (Figure 29). PDZ is an acronym referring the three
first proteins sharing the domain: Post-Synaptic Density-95 (PSD95), Drosophila discs-large-1 tumor
suppressor (Dlg) and Zonula Occludens-1 (ZO-1) [449]. Numerous PDZ proteins have been found
directly bound to the PMCAs. Of them, proteins of the membrane-associated guanylate kinase (MAGK)
family, the Ca™"/ CaM-dependent serine protein kinase (CASK), the Na'/H" exchanger regulatory
factor 2 (NHERF2) and the neuronal nitric oxide synthase (nNOS) [263-265]. Such PDZ-PMCA
binding enables the protein to be specifically integrated into signaling complexes concentrated into
microdomains like caveolae or lipid rafts. These interactions have been shown to be isoform specific and
further discriminate between PMCA splice variants activity [264,265]. In addition to PDZ proteins,
numerous other proteins have been shown to specifically interact with PMCA including: signaling and
trafficking proteins (e.g. calcineurin A, syntaxin), scaffolding and cytoskeletal proteins (e.g. actin) and
membrane receptors and sensors (e.g. STIM1). These protein-protein interactions between PMCAs and
partners fine tune their activity according to isoforms’ specificity and cell type by (i) modulating their
affinity for Ca’", CaM and ATP, (ii) relieving the autoinhibition state, (iii) lowering PMCAs number at

the plasma membrane or (iv) altering their integration into signaling complexes [264].

Protein-lipid interactions

Apart from protein-protein interaction, all PMCAs mediate protein-lipid interactions through two
phospholipids binding sites: one before the third TMD and the second within the carboxyl-tail (Figure
29). Dating back to 1981, Niggli et al. first demonstrated that specific lipids were able to modulate
PMCAs activity [450]. Several acidic phospholipids such as phosphatidylserine, phosphatidylinositol, and
phosphatidic acid indeed stimulated PMCA activity by increasing its V. and decreasing its K, for Ca’".
Unsaturated fatty acids such as oleic and linoleic acid also shown similar stimulatory effect whereas
zwitterionic ones (phosphatidylcholine, sphingomyelin and phosphatidylethanolamine) had no effect on
these constants. In addition, the lipid environment surrounding PMCAs (i.e. composition of the plasma

membrane or microdomains such as lipid rafts) also modulates their activities [30,222,450].

Post-translational modifications occurring in the carboxyl-region of PMCAs have also been shown to
modulate their activity. More particularly, PMCAs are subjected to phosphorylation by two protein
kinases, protein kinase A (PKA) and protein kinase C (PKC). PKA was first identified to phosphorylate a
serine residue belonging to the CaM-binding domain of PMCA1 increasing its affinity for Ca’". With

regards to PKC, many groups confirmed the stimulation of PMCA under PKC phosphorylation but this

116

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

effect was shown to be isoform-dependent since phosphorylated sequences are not conserved between
all PMCA protein variants [268]. Additional studies revealed that PMCAs could also be phosphorylated
by tyrosine kinase, enhancing their activity [451]. At least, PMCAs activity can also be modulated by

proteolytic cleavages ensured by two types of proteases: calpain and caspases [30,222].

3.2.2. SERCA
Pharmacological SERCA inhibitors

To date, many pharmacological SERCA inhibitors have been identified ranging from vanadate oxoanions
(VO,”) to small hydrophobic molecules. Originally, SERCA inhibitors were addressed to better
characterize their mechanistic and kinetic properties. Years later, the use of inhibitors helped to
determine the different conformational structures of the pumps that change according to the different
states during the Post-Albers cycle (i.e. E1, E1~P, E2~P and E2; see Figure 22) [29,452,453]. Amongst
all SERCA inhibitors that have been identified so far, most of them exert their inhibitory effect at very
low concentrations ranging from micromolar to nanomolar [452]. Given the diversity of the inhibitory
molecules and their high-affinity to bind the pump, only a limited numbers of binding sites exist and can
overlap between different compounds. Of them, thapsigargin is the most widely used SERCA inhibitor.
Thapsigargin is a plant-derived molecule extracted from Thapsia garganica that binds all mammalian
SERCA proteins (SERCA1-3) in the same binding pocket defined by interactions between three TMDs:
TMD3, TMD5 and TMD7. As a result, thapsigargin stabilizes SERCA pumps in the low CaH—affinity E2
conformational state preventing Ca’" transport activity. Although thapsigargin binds all mammalian
SERCA proteins with a rather high affinity (nanomolar range), its inhibitory effect is slightly different
according to protein variants. While SERCA1 is the most sensitive to thapsigargin (K, = 0.2 nM),
SERCA?2 and SERCA3 share lowest affinities (K; = 1 nM and 12 nM, respectively) [452]. In addition, at
these very low concentrations, thapsigargin was shown to only and specifically inhibit SERCA pumps
since the other mammalian Ca’ -ATPases PMCAs and SPCAs were not inhibited [29,452]. As second
and third most widely used pharmacological SERCA inhibitors, cyclopiazonic acid (CPA) and 2,5-
di(tert-butyl) hydroquinone (DBHQ) both bind specifically to SERCA pumps with lower affinity than
thapsigargin. CPA is a mycotoxin produced by some strains of Penicillium and Aspergillus while DBHQ is a
synthetic compound. Like thapsigargin, both molecules stabilize SERCA pumps in an E2-like
conformational state. CPA and DBHQ share the same binding site that differs from that of thapsigargin
since crystal structures of SERCA1 bound to both thapsigargin and DBHQ revealed two distinct binding
pockets. CPA and DBHQ are assumed to bind at the cytosolic ends of TMD1-4, preventing the cytosolic

Ca’" access to the pumps [29,452]. As already mentioned, many of SERCA inhibitors have been
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identified so far. Nowadays, in addition to serve the mechanistic and structural aspects of the pumps, the
search for isoform-specific SERCA inhibitors is valuable as new therapeutic approaches in some diseases
such as cancers. On the other hand, in some pathological conditions such as heart failure or diabetes, an
altered function of the pumps has been reported. In these cases, SERCA activators could be of interest to

stimulate SERCA activity up to physiological range [453].

Protein-protein interactions
Apart from pharmacological inhibitors, all SERCA pumps are regulated by a family of small
transmembrane proteins (STMP) that modulate their Ca’" affinity by direct protein-protein interactions.
Most of these STMPs interact with specific SERCA isoforms and often mirror they expression pattern.
In Table 19, a list of the main STMPs is given, according to SERCA isoform specificity, tissue
distribution and regulatory effect on SERCAs activity.

Table 19: List of the main small transmembrane proteins (STMP) regulating SERCA pumps
activity by direct binding.

STMP SERCA isoform Tissue distribution Effect
Phospholamban Ventricular and atrial cardiac muscles,
(PLN) slow-twitch skeletal and smooth muscles
la, 2a, 2b
Sarcolipin Atrial cardiac and fast-twitch skeletal muscles

(SLN)
M?OMrilg\Il;hn la, 2a Skeletal muscles Inhibitor
Endoregulin Endothelial and epithelial tissues,

(ELN) non muscle tissues

2b, 3a

Another-regulin
(ALN)

Non muscle tissues

DWORF 1a, 2a, 2b, 3a, 3b Cardiac and slow-twitch skeletal muscles Activator

Briefly, phospholamban (PLN) was the first STMP identified to specifically inhibit SERCA2a activity
[454]. PLN is a 52 amino acid protein that mirrors the expression pattern of SERCA2a, being mainly
expressed in cardiac muscles (ventricular and atrial regions), slow-twitch skeletal muscles and smooth
muscles. PLN directly binds on SERCA2a as a monomer resulting in a decrease of its apparent Ca’"
affinity. In addition, PLN has been shown to interact and inhibit the activities of other SERCA isoforms
amongst SERCAla, 2a and 2b. However, SERCA inhibition by PLN is reversible and can be relieved by
phosphorylation of the protein or upon elevated cytosolic Ca™" levels. A second STMP is sarcolipin
(SLN), a structural and functional homolog of PLN acting in skeletal muscles rather than cardiac tissues.

SLN interacts with SERCA isoforms at the same binding site that PLN resulting in a similar reduced Ca’*
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affinity. This inhibition can also be relieved by SLN phosphorylation but not upon elevation of Ca’"
levels. Myoregulin (MLN), endoregulin (ELN) and another-regulin (ALN) are three other STMPs
structurally related to PLN and SLN. All three proteins directly bind to SERCA isoforms, using the same
site as PLN and SLN. MLN has been defined as a skeletal muscle specific regulator of both SERCAla and
2a while ELN and ALN both follow the ubiquitous expression pattern of SERCA2b in non-muscle
tissues in addition to that of SERCA3a in endothelial and epithelial tissues. As a last member of the
STMPs, DWARF open reading frame (DWORF) is a specific one. Indeed, DWOREF does not reduce
SERCA apparent Ca’" affinity but rather enhance it by displacing endogenous inhibitors such as PLN.
For such reason, DWOREF can be considered as a SERCA activator. Additional information about STMP

can be found in the following recent review [221].

Carboxyl—terminus

As already mentioned, in mammalian cells, three separate genes encode for three SERCA proteins
named SERCAT1-3. Additional splicing events yield the total number of SERCA pumps to more than ten
(see 2.1.2.). Of them, the housckeeping SERCA2b particularly differs from all others in its carboxyl-
terminus (C-tail). Comparing with SERCA2a isoform, SERCA2b exhibits a 49 amino acids extended C-
tail forming an additional 1 1" TMD and a luminal extension [455]. This specific “2b-tail” confers unique
biochemical properties to the pump such as a two-fold higher Ca’" affinity and a two-fold lower
turnover rate compared to SERCA2a [455]. Further investigations demonstrated that these properties
were also given to SERCAla when the 2b-tail was fused to protein, leading to the chimera SERCAla2b

[230]. It has been shown that these two structural features, the 11"

TMD and the luminal extension,
control themselves the apparent Ca™" affinity of the pump by interacting with other structural motifs
[230]. This 2b-tail is then a potent activator of SERCA pumps and could be a potential target to increase

Ca’" affinity of SERCA isoforms with altered function in some pathological conditions.

3.2.3. SPCAs/Pmrlp

Protein-protein interactions

To date, SPCA1 and SPCA2 have been shown to both interact with Orail, the plasma membrane CRAC
channel, independently from depletion in intracellular Ca”" stores or STIM1 relocalization. These
specific SPCA-Orail couplings are part of the store-independent Ca’" entry (SICE) pathway and were
first demonstrated by Feng et al. for SPCA2-Orail in mammary tumors [409]. In such breast cancer
context, SPCA2 was shown to be up-regulated and its absence significantly reduces both basal Ca™"
levels and tumorigenesis [409]. From these observations, authors have demonstrated that SPCA2

mediated the increased Ca’" entry through its interaction with Orail, without involving its own Ca’"
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ATPase activity or depletion of ER Ca’" stores. Instead, SPCA2 was shown to directly bind to Orail
through its amino-terminus, rendering the two proteins close enough to allow an additional interaction

of SPCA2 thanks to its carboxyl-terminus enabling Orail activation and Ca’" entry (Figure 30) [409].

Orail

Extracellular space

Plasma
membrane
1. N 2.
N C
C
1

Cytosol

Z

Lumen SPCA2

Figure 30: Schematic representation of SPCA2-Orail interaction. Four residues (pink circles) in the
amino-terminus of SPCA2 are assumed to directly bind to cytosolic regions of Orail (1.). Once bound (2.), the
interaction between Orail and the carboxyl-terminus of SPCA2 (3.; green circle) activates the channel, leading to

Ca’" entry (4.). The model is inspired by [448].

Later investigations then evaluated the physiological relevance of such interaction and confirmed this
model in mouse mammary glands in lactation where SPCA2-Orail coupling promotes basolateral Ca’"
influx into the cells to support Ca’" transport requirement for milk secretion [244]. In another study,
Smaardjik et al. demonstrated that both SPCA2 amino- and carboxyl-termini directly interacting with
Orail were also responsible for SPCA2 activation, enhancing its Ca™" pumping activity into the Golgi
apparatus [410]. This Orail-mediated Ca’"-influx and SPCA2-mediated Ca’" uptake into the Golgi
apparatus and/or the secretory pathway was even thought to possibly take place within microdomains
[245]. Couple of years later, the same group identified that like SPCA2, SPCA1 could also interact with
Orail to mediate a SICE response [410]. In addition, authors wondered whether this functional coupling
between SPCA1 and Orail would be affected in Hailey-Hailey disease (HHD), the skin disorder
resulting from SPCA1 haploinsufficiency. Amongst other things, they found that all of the tested HHD-
mutations impaired the Ca’" content of the non-ER stores while some of them only altered Orail

activation or Ca’" transport. Hence, this new SICE pathway might be affected in HHD.

Apart from binding Orail, SPCA1 has been found to be activated by a couple of cytosolic proteins
interacting with its phosphorylation domain in order to mediate the secretory cargo sorting at the TGN

[456,457]. These two cytosolic proteins are the actin-depolymerazing factor (ADF) and the cofilin 1.
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From this study, it has been shown that Ca’" uptake into the TGN was mediated by ADF/cofilin 1
interaction with SPCA1 and that this SPCA1 Ca’" pumping activity was required for protein sorting and
secretion since the knockdown of both ADF and cofilin1 resulted in (i) reduced Ca*" import in the TGN
and (ii) mis-sorting events [456]. In fact, part of the mechanism beyond this involved the Ca’" binding
protein Cab45. In response to the local increase of luminal Ca”" mediated by SPCA1, Cab45
polymerizes and subsequently interacts with cargo molecules to ensure their secretion [457-459]. A

simple representation of this mechanism in depicted in Figure 31, adapted from [457—459].

Cytosol

Golgi lumen

Key
Actin @) Cab45
AP e 2+
(O  ADF/Cofilin 1 O.no Ca -Cab4s

2+

° Ca Q,’ Soluble cargo proteins

Figure 31: Schematic representation of SPCA1 interaction with ADF/Cofilin 1 for subsequent
Cab45-dependent sorting at the TGN. Upon ADF/Cofilin 1 interaction, SPCA1 is activated and pumps Ca™"
into the TGN lumen (1.) inducing a transient Ca’" increase (2.). This local Ca’* elevation triggers the
oligomerization of Cab45, a soluble Ca™" binding protein (3.) which then binds to specific soluble cargo proteins
(4.). These secretory cargoes are then sorted into vesicles while Cab45 remains in the Golgi apparatus to ensure
new sorting cycles. Adapted from [457—459].

To add an extra-layer of complexity, the same group recently identified that SPCA1 activity was also
sphingomylin-dependent and that local lipid synthesis in the TGN could Ca’™" import in the TGN,

driving protein sorting and secretion [460)].
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At last but not least, in our lab, we recently highlighted a functional link between SPCA1 and
TMEM165. In both fibroblasts from HHD patients and in SPCA1 KO cell lines (HeLa and Hap1 cells),
we clearly demonstrated that SPCA1 ion pumping activity governs the stability of TMEM165 [461,462].
This will be further discussed in the Result, Part II of this manuscript together with the comparison of

such link between the yeast orthologs Pmr1p and Gdtlp, respectively [240].

Amino-terminus (N-ter). Both yeast Pmrlp and human SPCA1 possess an EF-hand-like motif at
their amino-terminus that has been shown to bind Ca’" and modulate the Ca’" transport activity of both
proteins. This was well established for Pmrlp [463] and more recently proven for SPCA1 [464].
Shortly, twenty years ago, Wei et al. investigated the role of Pmrlp EF-hand-like motif and
demonstrated its Ca’" binding property that was shown to be lowered in excess of Mn’" but unaffected
in presence of Mg2+. This first revealed that Mn’" could compete with Ca’" for binding. Second, the
introduction of point mutations within the EF-hand-like domain at position 51 and 53 (two aspartic acid
substituted by alanine, D51A and D53A), increased the apparent K, for Ca™" transport resulting in
lower Ca™" transport and affinity. In addition, D51A mutation reduces Mn”" tolerance while D53A did
not suggesting a higher Mn’" pumping activity for Pmrlp carrying the D53A mutation. Altogether,
these observations led to a model in which altered ion (Ca’" or Mn”") affinity at this N-terminal region
result in subsequent changes in Pmrlp ion pumping activity: Ca’" over Mn’" or vice versa [463]. In
human, two SPCA proteins exist, SPCA1 and SPCA2. Of them, only SPCA1 possesses an EF-hand-like
motif. In a study comparing SPCAla biochemical properties to that of SPCA2, specific differences in
both Ca’"/Mn’" affinities and turnover rates were observed [464]. These differences between the two
proteins were found to be partially dependent on the CaH—binding EF-hand-like domain in SPCAla

amino-terminus that is absent in SPCA2 [464].

All in all, the amino-terminus of both Pmr1p and SPCAla contains an EF-hand-like domain that seems
to play a regulatory role in Ca’"/Mn’" ion selectivity and transport. With regards to SPCA2, instead an
EF-hand-like motif, the corresponding sequence was found responsible for Orail binding [410]. Indeed,
specific residues in the amino-terminus of SPCA2 were identified to coordinate the interaction with
Orail, ensuring a close proximity between the two proteins, required for Orail activation through a

specific region of SPCA2 carboxyl-terminus (Figure 30) [245,409].

Carboxyl-terminus (C-ter). In humans, SPCAT1 isoforms result from splicing events leading to the
four protein variants SPCAla-d. While SPCAla, b and d are functional, SPCAlc is not. Each isoform

differs from the other in their carboxyl-terminus sequence that is thought to be important for their own
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functionality [246,247]. Many regulatory roles could be assigned to these carboxyl-termini such as
sorting to reach a specific subcellular localization or specific protein interaction regulating Golgi cation
homeostasis. So far, only human SPCA2 has been shown to contain specific binding domain at its
carboxyl-terminus. A dileucine motif and putative PDZ binding domains where indeed reported to
potentially drives the subcellular localization of the protein [448]. In addition, residues in the carboxyl-
terminus of SPCA2 have been identified to specifically interact with Orail, ensuring its activation

leading to Ca’" entry through the SICE pathway [245,409].

3.3. Regulation of intracellular Ca’"/Mn?* transporters and some channels

3.3.1. Regulation of the NRAMP famil¥ members

Yeast Smflp/Smif2p regulation upon Changes in Mn’" levels

As well established by Culotta and co-workers [332,336,465—468], in the yeast Saccharomyces cerevisiae,
Smf1p and Smf2p are two Mn”" transporters post-translationally regulated by Mn levels. To go deeper
in this mechanism, three distinct conditions need to be defined: (i) “resting conditions” refers to
laboratory conditions when yeast are grown in standard enriched or minimal medium containing
sufficient Mn levels (around 1 and 5uM) -Mn is available but does not reach toxic concentrations-, (ii)
“manganese starvation” corresponds to yeast grown with [MnCl,] in the culture medium below 1uM,
leading to low Mn availability and (iii) “manganese excess” implies a condition in which yeast are grown

upon toxic Mn levels.

As depicted in Figure 32 and Figure 33, Smflp and Smf2p are subjected to relocalization or vacuolar
degradation depending on changes in surrounding Mn levels. In resting conditions when Mn levels are
sufficient, Smf1p and Smf2p are poorly expressed at the plasma membrane and the Golgi-like vesicles
but continuously addressed to the vacuole for subsequent degradation by vacuolar proteases (Figure 32A
and Figure 33, middle). This vacuolar targeting of Smflp and Smf2p relies on Bsd2p activity and is
summarized in Figure 32. Bsd2p was originally screened in the search for genes able to bypass SOD1
defect [469]. Mutations in BSD2 result in higher Mn accumulation that was correlated with Smf1p and
Smf2p overexpression since in yeast lacking Bsd2p, Smflp and Smf2p failed to reach to vacuole [469].
Bsd2p is a transmembrane protein sharing multiple localizations within the secretory pathway (ER,
prevacuolar compartments and vacuole) where it drives misfolded proteins to the vacuole for
degradation. As described in Figure 32, Bsd2p only recognizes Smf1p when Mn”" is sufficient suggesting
that Smf1p interaction with Mn”" may change its conformation. Once bound to Smf1p, Bsd2p recruits
the E3 ubiquitin ligase Rsp5 to ubiquitinate Smflp (Ub-Smf1p). This ubiquitin tag is then responsible for
Smf1p targeting at the vacuole (Figure 32A) [332,466,467]. Since Smflp and Smf2p are able to interact

123

© 2020 Tous droits réservés. lilliad.univ-lille.fr



© 2020 Tous droits réservés.

Thése de Marine Houdou, Université de Lille, 2020

with other toxic ions than Mn”", their vacuolar degradation may have a protective effect, limiting the

influx of toxic ions that can be deleterious and engage cell survival.

A.
Resting conditions/Mn excess
d] — — /i
ub sl
Smflp—Mn2+ Bsd2p Rsp5 K/
Ub-Smf1p Ub-Smf1p
B vacuolar degradation

Mn starvation

No vacuolar degradation
g

Smf1p Bsd2p Cytosol
Vacuole
Plasma Golgi
membrane

Smf1p stabilization and
sorting at the plasma membrane

Figure 32: Schematic representation of Smflp regulation and relocalization mediated by changes
in Mn levels (inspired by Culotta et al. [336]). A. In resting conditions, when Mn availability is not limited,
Smf1p is assumed to interact with Mn*" and adopt a specific conformation (Smf1p-Mn®") that can be recognized
by Bsd2p-dependent machinery. This recognition leads to Smflp ubiquitination (Ub-Smf1p) through the activity
of Rsp5, an E3 ubiquitin ligase. Ub-Smf1p is then targeted to the vacuole for subsequent degradation by vacuolar
proteases and never reaches the plasma membrane. B. In case of Mn starvation, Smflp does not likely interact
with Mn*" and exhibits a distinct conformation (Smf1p) that is not recognized by Bsd2p. Hence, Smf1p is not
subjected to ubiquitination and no longer degraded because it fails to reach the vacuolar compartment. Instead,
Smflp may be recognized by other protein trafficking factor(s) (?) that may address the protein to the plasma
membrane.

However, in case of Mn starvation, yeast has developed a mechanism by which Smf1p and Smf2p failed
to reach to vacuole and are instead overexpressed at the plasma membrane (Smflp) or in intracellular
vesicles (Smf2p) (Figure 32 and Figure 33, left). Under low Mn availability, Smf1p is thought to adopt
another conformation that is no more recognized by Bsd2p. Instead, another set of trafficking proteins
seems to be required for Smflp targeting at the plasma membrane (green triangle ?, Figure 32B).
Hence, Smf1p is stabilized in case of Mn starvation due the shift in its subcellular localization from the
vacuole to the plasma membrane [332,465—467]. Similar conclusions can be addressed for Smf2p with a
relocalization from the vacuole to Golgi-like vesicles. Increasing the number of Mn”" transporters in case

of low Mn availability is supposed to promote Mn”* uptake and its redistribution to ensure essential Mn-
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dependent biological reactions. Similar mechanisms have also been reported in yeast starved for other
biometals such as Fe’", Cu’" or Zn*". However, while mRNA levels of the corresponding transporters
were upregulated, in case of Smf1p and Smf2p regulation by Mn’", the overexpression not likely occurs

at the mRNA levels but take place post-translationally (Figure 32) [336].

Mn starvation Resting conditions Mn excess
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Figure 33: Simplified overview of Smflp and Smf2p localization and redistribution upon
surrounding changes in Mn levels. These three schemes illustrate the regulation of Smflp and Smf2p in case
of Mn starvation (low Mn”" availability), resting conditions (Mn”" sufficiency) and Mn excess (toxic Mn’" levels).
Left. When yeasts are starved for Mn”*, Smf 1p and Smf2p adopt a specific conformation allowing them to reach
the plasma membrane and the Golgi-like vesicles (GLV) where they are overexpressed to promote Mn uptake for
physiological requirements. Middle. In resting conditions, Smflp and Smf2p are localized to the plasma and the
GLV where they respectively mediate Mn’" uptake and redistribution in the secretory pathway. Other
undetermined transporters may take part in Mn’" uptake at the cell surface (?) while Mn®" redistribution in the
secretory pathway is mainly achieved by Pmr1p at the Golgi level. It is to note that Smflp and Smf2p are down-
regulated comparing to « Mn starvation » condition in order to prevent from Mn”* overload. Right. In case of
Mn excess, while Smflp and Smf2p are subjected to vacuolar degradation mediated by Bsd2p to prevent Mn”*
accumulation to toxic levels, Pho84p is mainly responsible for Mn entry (MnHPO,). In these conditions, (i)
Pmrlp act in cytosolic Mn’" detoxification by Mn”* pumping in the Golgi and subsequent secretion via the
secretory vesicles and (i) both Ypk9p and Ccclp sequester Mn”" into the vacuole.

In the latter case of Mn excess leading to Mn cytoxicity (Figure 33, right), Smflp and Smf2p are
subjected to vacuolar degradation to prevent Mn entry and intracellular accumulation to toxic levels.
However, in such conditions, the low-affinity Mn’* transporter Pho84p has been shown to be
responsible for Mn entry placing it as the main Mn’" transporter contributing to Mn cytotoxicity [377].
To avoid cell death in response to such increase in intracellular Mn levels, a detoxification pathway is
needed. In yeast Saccharomyces cerevisiae, two main routes are known for Mn detoxification [174]. A first
one involves Pmrlp Mn’" pumping activity from the cytosol to the Golgi lumen to then be extruded
from the cell via the secretory pathway and secretory vesicles. A second route for Mn detoxification lies
in Mn" sequestration in the vacuole thanks to the transport activities of both Ccclp and Ypk9p (Figure

33, right).
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In mammals, DMT1 expression has been shown to be regulated by either (i) mRNA stabilization
through the binding of Iron Regulatory Proteins (IRP) to the IRE domain [321] and/or (ii) protein
degradation via the proteasomal pathway [470]. This latter involves an ubiquitination-dependent
mechanism. In the case of DMTT1, two different ubiquitin ligases (E3 ligases) are required: Parkin or E3
ligase from the neuronal precursor cell-expressed developmentally downregulated 4 (Nedd4) family
which often use the additional accessory proteins referred as Nedd4 family interacting proteins 1 and 2
(Ndfip1-2) to ubiquitinate the targeted protein [471-473]. DMT1 proteasomal degradation was thought
to occur in an isoform specific manner since Parkin only ensures the ubiquitination of DMT1-B and
Nedd4/Ndfip1-2 was assumed to ubiquitinate DMT1 in the duodenum where the main expressed
isoform is DMT1-AI [470]. In addition, two studies revealed contradictory conclusions about changes in
DMT1 mRNA levels upon MnCl, treatment. While in cultured choroidal (Z310) cells Wang et al.
reported an increase in both mRNA levels and protein expression after 24h to 48h of MnCl, exposure
(100 -200uM) [474], Li et al. recently evidenced a decreased in DMT1 mRNA levels in Caco-2 cells
following 800uM MnCl, exposure for 2h [475]. Then two antagonist hypotheses may arise from these
observations. First, upon MnCl, exposure, Mn’" may stabilize DMT1 mRNA by promoting IRP binding
to the IRE domain. The subsequent increased in DMT1 protein expression would then facilitate Mn”"
transport across the blood brain barrier (BBB), which may contribute to Mn-induced neurodegenerative
disease through Mn accumulation. In this case, such Mn-induced overexpression of DMT1 is against all
biological relevance. Second and more likely, the down-regulation of DMT1 transcription in case of Mn
excess would prevent Mn’" uptake across the BBB and subsequently avoid its toxic accumulation.

Comparing yeast and human NRAMP regulation, it appears that in both cases, an ubiquitination-
dependent mechanism is involved for Smf1/2p and DMT1 degradations. Moreover, both yeast and
human ortholog protein expressions are intimately linked to Mn/Fe levels driving mRNA or protein
stabilization and/or degradation. Hence, it appears that a conserved regulation occurs in yeast and

human NRAMP orthologs.

3.3.2. Ca’" regulation in yeast: calcineurin-dependent and independent pathways

Ca’’-CaM/Calcineurin/ Crzlp pathway

For a better and simple overview of this signaling pathway, please have a look on the review written by
Espeso [442]. Here, I will only summarize the Ca’"-CaM/ Calcineurin/ Crz1p pathway involving Pmclp,
Pmrlp, Vexlp and Rchlp, previously described in the above sections. To contextualize, yeasts are

subjected to diverse environmental conditions that can be seen as many stimuli impacting free cytosolic

126

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Ca’" levels. If yeasts are able to grow upon extremely low to high external Ca’" levels, it is because they
rapidly adapt to such variations. The signaling cascade involving Ca’"-CaM/ Calcineurin/ Crzlp pathway
is part of their adaptation process and result in a transcriptional response to cope with excess of cytosolic

Ca’" levels. These variations in [Ca’'],..; trigger the Ca’" signal that is then sensed, transduced and

cytoso

translated into a transcription factor named calcineurin-response zinc finger (Crzlp) through the

CaM/ calcineurin pathway.
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Figure 34: Simplified illustration of the Ca**-CaM/Calcineurin/ Crzlp pathway involving Pmclp,
Pmrlp, Rchip and Vexl1p. Basically, 1. upon elevation of extracellular Ca’" levels ([Ca”’] ), 2. Ca’"
massively enters the cell leading to 3. increase cytosolic Ca’" levels ([CaH]Cywm]). 4. Free Ca’" binds to calmodulin
(CaM) which then 5. activates calcineurin (CN). 6. Subsequently, Crz1p is dephosphorylated by CN and 7. sent to
the nucleus where it binds to specific DNA sequence to regulate 8. genes transcription. In response, 9. Pmclp,

extracellular.

Pmrlp and Rchlp are up-regulated and addressed to 9.a. the vacuole, 9.b. the Golgi apparatus and 9.c. the
plasma membrane, respectively. In addition, 9.d. CN regulators Ren1/2p are also positively regulated by Crzlp
leading to 10.d. CN inhibition that 11.d. relieves Vex1p inhibition and 12.d. rescues Vexlp Ca™" pumping
activity. 10.a. Pmclp and 10.b. Pmrlp sequester cytosolic Ca”" into the vacuole and the Golgi lumen and 10.c.
Rch1p negatively regulates Ca’" entry to lower [Ca’"]

cytosol *
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The main purpose of this regulatory pathway is to lower [Ca’]. e via a transcriptional response

eytoso
providing (i) higher number of intracellular transporters dissipating the excess of cytosolic Ca’” into the
vacuole or the Golgi lumens and (ii) regulators to modulate the signaling cascade (Figure 34). Briefly and
as depicted in Figure 34, upon elevation of external [Ca’], a massive Ca’" entry occurs, increasing
[Caﬁ]cymsohc. In response to such excess of cytosolic Ca’’, free Ca’" binds to the cytosolic CBP
calmodulin (CaM or Cmdlp in yeast) that then activates the serine/threonine phosphatase calcineurin.
Calcineurin is also a cytosolic protein that binds Ca*" in its regulatory subunit (subunit B) while exerting
a phosphatase activity through its catalytic subunit (subunit A). In response to Ca’"-CaM activation,
calcineurin dephosphorylates the Crzlp transcription factor that is consequently send to the nucleus.
Once in the nucleus, Crzlp binds to specific DNA sequences named CDRE for calcineurin-dependent
regulatory elements and positively/negatively modulates gene transcription subjected to this regulation.
Amongst them, PMRI, PMCI and RCHI are transcriptionally up-regulated leading to an increase in the
encoded proteins expression. While Pmr1p and Pmclp activities would contribute to dissipate excess of
cytosolic Ca’" into the Golgi apparatus and the vacuole, Rch1p would prevent Ca’" entry by a negative
feedback regulation. In addition, Crz1p indirectly impacts calcineurin activity through the transcription
and translation of regulator of calcineurin (RCNI/2) genes. One of the main purposes of such

calcineurin inhibition is to relieve its inhibitory effect exerted on the vacuolar Ca’"/H" transporter

Vex1p to enhance the Ca™" sequestration in the vacuole together with Pmclp activity.

Mg”—sensitive Ca’! influx pathwa

In response to [Ca’'], .. elevation, free cytosolic Ca’" increases and predominantly binds to CaM to
ensure the previously described calcineurin-dependent signaling cascade (Figure 34). However, the
rapidity of such calcineurin feedback on Pmr1p and Pmclp expressions appeared not to be physiologic
during the first minutes following the Ca’" burst, suggesting another calcineurin-independent pathway
to inhibit/limit Ca’" influx [476]. By means of single to multiple deletions of genes encoding proteins
involved in Ca’" regulation (i.e. PMCI, PMRI, VCX1, CNBI, YVCI, MIDI and CCHI) Cui et al.
demonstrated that extracellular Mngr increased ICy, for CaCl, associated to single to all gene deletions
[476]. Hence, Mg2+ suppresses Ca’" toxicity independently from all known Ca”" transporters (Pmclp,
Pmrlp, Vexlp, Yvelp and Mid1p/Cchlp) suggesting that Mg2+ could inhibit additional and unknown
Ca’" influx pathways at the plasma membrane [476]. Combining these experimental data to a
mathematical model of Ca”" entry and sequestration in which Pmclp, Pmrlp and VexlIp are not
subjected to calcineurin feedback, two MgH—sensitive Ca”" influx transporters have been identified,
named transporter X and transporter M. While both of them contribute to Ca”™" entry, in case of high
[Mg™"]

transporter X is dispensable. In addition, transporter M was described as a low affinity

extracellular»
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Ca”" transporter competitively inhibited by extracellular MgCl, levels [476]. It is to note that this model
is only valid for short periods (up to 3 minutes) after Ca’" burst and voluntarily omits CaM/ calcineurin

feedback. Further experimental data are needed to confirm such model.

3.3.3. Mn-induced degradation of Mn>* transporters

TMEM165/Gdt1p from the UPFQQ16 famil

Widely investigated by our group and collaborators, we have demonstrated that both TMEM165 and
Gdtlp were specifically degraded upon high Mn’" exposure [65,307,477]. The mechanism of such
degradation in yeast still needs to be elucidated. However, in human cultured cell lines, Mn-induced

TMEM165 degradation is better understood and will be further described in Chapter 3.

SLC39A14 from the ZIP family

As described before, SLC39A14 is mainly expressed in liver where its biological function is to ensure
Mn’" import in hepatocytes for subsequent biliary excretion. In a recent study using a human-derived
and polarized hepatocytoma cell line named HepaRG, authors characterized Mn uptake in hepatocytes
and looked for SLC39A14 contribution [478]. While **Mn uptake was shown to be time- and
temperature-dependent, a reduced Mn uptake after Mn exposure (50uM for 4h and 16h) was also
evidenced. This loss of Mn transport activity was emphasized to be correlated with a decrease in
SLC39A4 protein expression. SLC39A 14 expression was indeed shown to be specifically decreased upon
MnCl, treatment in a dose-dependent manner while other hepatocyte Mn transporters (i.e. SLC39A8,
SLC30A10 and SLC40AT1) protein expression remained stable. Moreover and similarly to TMEM165,
the observed Mn-induced degradation of SLC39A14 addresses the protein to the endo/lysosomal
compartment since bafilomycin A1 treatment (i) blocks the phenomenon and (ii) increases SLC39A14
expression in LAMP1 positive vesicles [478]. Besides no structural motifs or specific amino acid residues
have been identified to be involved in such Mn-induced degradation of SLC39A14, this mechanism aims
at decreasing the number of SLC39A14 cell surface Mn importers to limit Mn entry and protect the cells
from Mn cytotoxicity. However, it is to note that oldest investigations first identified a proteasomal-
mediated degradation route for SLC39A14 involving protein endocytosis, extraction from membranes,
ubiquitination and deglycosylation prior to degradation [479]. In such study, not Mn but Fe levels were
shown to induce SLC39A14 proteasomal degradation. Furthermore, one of the three N-linked
glycosylation sites of the protein (N,j,) was shown to be critical for both Fe sensitivity and membrane
extraction required for subsequent degradation of the protein. Altogether, SLC39A14 protein
expression seems to be regulated by specific biometals (Mn and Fe) that engage the protein into specific

degradatory pathways (lysosomal and proteasomal, respectively).
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3.3.4. Regulation of mammalian CRAC channels

CRAC channels inhibitors

The use of CRAC channel inhibitors allowed both the identification and function of such channels in
different tissues. Many CRAC channel inhibitors exist, although most of them share a poor selectivity to
specifically block the channels. To date, the trivalent lanthanide ions lanthanum (La’") and gadolinium
(Gd'") are the most potent inhibitors of such channels, blocking I, with a high affinity. Nevertheless,
these ions can not be considered as specific CRAC channel inhibitors since they inhibit other plasma
membrane Ca’" channels such as VGCC and TRP channels. Lanthanides have been shown to physically
interact with CRAC channels, defining them are “pore blockers”. Another widely used molecule is
BTP2, a chemical compound which inhibits the SOCE response after a thapsigargin treatment and I .
While BTP2 exhibits specificity for CRAC channels over K" channels and VGCC, it also inhibits some
TRPC channels and even stimulates the Na'-permeable channel TRPM4. Additional widely used
inhibitors are reported in this review [382], arguing for new insights in their mode of action conferring

their inhibitory effect.

Protein-protein interactions

As described earlier, both mammalian SOCE and SICE responses are mediated by Orail. While SOCE is
a STIM1-dependent process, SICE is a STIM1-independent pathway culminating in Ca”" entry through
Orail activation by SPCA isoforms (SPCA1 and SPCA2) (see 3.2.3.). However, apart from being
activated by SPCA, the CRAC channel activity can be regulated by additional protein-protein
interactions known either activate or inhibit Ca”" entry [382]. Amongst them, some only interact with
STIM1 (STIMI1-binding proteins) such as Junctate [480], SOCE-associated regulatory factor (SARAF)
[481] and calnexin [482], other only bind Orail like SPCA1 [410] and SPCA?2 [244,245,409] and finally,
some interaction partners both interact with STIM1 and Orail such as partner of STIM1 (POST) [483],
CaM [484], CRAC regulatory protein 2A (CRACR2A) [485] and SLC10A7 [371]. Amongst the diversity
and complexity of the regulatory pathways involving protein-protein interaction between Orail and/or
STIM1, additional information can be found in the original publications and in the following review

[382].
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Chapter 3:
TMEM165 and Gdtlp: between glycosylation and
Cazt/Mn2*/H* homeostasis:

what would be their biological function(s)?

131

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

132

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Since the identification of TMEM165 in 2012, the yeast model Saccharomyces cerevisiae played a crucial role
in our current understanding of TMEM165 function in human through the characterization of Gdt1p, its
yeast ortholog. Therefore, in this chapter, both functions of TMEM165 and Gdtlp will be discussed,

often in a “mirror” manner.

1. TMEMI165 at the genomic level

1.1. TMEM165 gene

TMEMI165 gene is located on chromosome 4, portion q12 (4q12) and spans over 37kb. As shown in
Figure 35, TMEM165 coding sequence can be divided into 6 exons leading to the production of a 1312
bp mRNA transcript [64,486]. This latter is then referred as “WT-TMEM165” as it is the most abundant
transcript to be translated into the 324 amino acids TMEM165 protein. However, alternative spliced
isoforms have recently been identified, leading to translation of shorten TMEM165 isoforms [486] that

will brieﬂy be described in the next paragraph.

Chromosome 4
[ T pie. BNMpl T | 8. X ] [ ]

""""""""""""""""""""""""" TMEM165

................. | 2 3 4 5 o WT-TMEM165

Figure 35: TMEM165 genomic localization and organization leading to WT-TMEMI165 transcript.
Chromosome 4 is schematically represented to highlight the portion q12 where TMEM165 is located. TMEM165
coding sequence is divided into 6 exons (whited numbered purple boxes). Left black arrow indicates the starting
point (ATG) and right black arrow refers to the stop codon (TAA). The numbering above each exon is based on
coding nucleotides. Adapted from Foulquier et al., 2012 [64].

To date, no pseudo-genes have been identified yet in the human genome. In addition, TMEM165
sequence  is highly conserved during evolution as witnessed a phylogenetic study highlighting
homologous sequences in more than 400 eukaryotes organisms and 900 different species of bacteria

[303].

1.2. TMEM165 splicing leading to TMEM165 isoforms

TMEM165 is mainly translated into the 324 amino acids TMEM165 full length protein. However, the
EST (Expressed Sequence Tags) data base revealed three different EST corresponding to TMEM165

transcripts and differing from the WT one according to alternative splicing events. Further investigations
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have been done to highlight TMEM165 isoforms and two of them have been characterized: a long-form
(LF) and a short-form (SF) [486]. Looking at the splicing event, LF corresponds to a 1124 bp mRNA
transcript missing exon 2 and containing an additional truncated exon named E3’ (Figure 356). This
transcript is then translated into a 259 amino acids and has been shown to be only expressed in a specific
region of the human brain: the temporal lobe. On the other hand, a 713 bp mRNA transcript containing
exons 1, 5 and 6 corresponds to the SF isoform (Figure 36). This transcript is one of those already
identified in the EST data base and referred as “Bl457666”. The translated protein is made of 129 amino
acids. Although SF seems to be expressed in a broad range of samples from diverse organs, this isoform
is predominantly expressed in the human brain. Moreover, SF expression levels are rather low
comparing with those of WT TMEM165. Owing to tissue specificity and low expression levels of both

SF and LF isoforms, they won’t be further detailed in this manuscript.

TMEM165

ATG TAA

TAA

----- 6 SF

WT-TMEM165 transcript <—% 324 amino acids protein
LF-TMEMI165 transcript ~<4—% 259 amino acids protein

SF-TMEMI165 transcript ~ <4—% 129 amino acids protein

Figure 36: TMEM165 alternative splicing variants generating the short-form (SF) and long-form
(LF) isoforms of TMEMI165. A. TMEM165 genomic splicing events leading to the transcript of TMEM165
short form (SF) and long form (LF) isoforms. B. WT, SF and LF -TMEM165 transcripts and associated amino
acids content translated proteins. Adapted from Krzewinski et al., 2017 [486].

1.3. TMEM165 patients’ mutations

In 2012, mutations in TMEM165 have been reported to be pathogenic, leading to a CDG (see section
3.2). To date, four different mutations have been identified and carried amongst seven reported patients

[64,487]. All of those mutations are listed in Table 20.
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Table 20: List of reported TMEM165 patients’ mutation causing TMEM165-CDG

Mutations Reported
TMEM165-CDG
Origin Gene location Subsequent effects Protein changes patients
Activation of a cryptic WT-TMEM165
. 792+182G>
Homozygous ¢ OIFI82G=A splice donor site + 94 aa shorten TMEM165 3 (P1, P2, P3)
Homozygous c.377G>A p-ARG126His (R126H) 1 (P4)
Compound ¢.377C>T and Missense p-Arg126Cys (R126C) and 1 (P5)
heterozygous c.910G>A p-Gly304Arg (G304R)
Homozygous c.323A>G p-Glul08Gly (E108G) 2 (P6 and P7)

First identified by Foulquier et al. in 2012, the homozygous mutation in TMEMI165 leading to the
activation of a cryptic splice donor (c.792+182 G>A) is shared by three out of the seven mentioned
patients. Although two of them are siblings, the third patient is not related to them. The three other
mutations found in TMEMI65 are missense mutations. One is again shared by siblings (c.323 A>G)
whereas the two others are carried by unrelated individuals. All missense mutations enable the
production of the associated and mutated TMEMI65 transcripts and proteins. In contrast, the most
common mutation (c.792+182 G>A) leads to the transcript of wild-type TMEM165 and another one in
which exon 4 is replaced by an additional 117 bp intronic sequence. At the protein level, it would lead

to the synthesis of wild-type TMEM165 and a truncated protein, shorten by 94 amino acids.

2. TMEM165 and Gdtlp at the protein level

2.1. TMEM165 and Gdtlp topologies

TMEMI165 is a 324 amino acids hydrophobic protein ubiquitously expressed in human. According to
diverse predictions, TMEM165 is made of six or seven transmembrane domains, a putative luminal N-
tail and a 52 amino acids cytosolic loop organized in a coiled-coil domain (Figure 37) [64,488]. These
uncertainties lie on the predictive signal-peptide cleavage site at position 33, including the whole first
transmembrane domain (black arrow, Figure 37). Although it has not been clearly identified, if this
signal peptide is removed, six transmembrane domains and a luminal N-tail are predicted [64].
Compared to human TMEM165, the yeast ortholog Gdtlp is a 280 amino acids protein matching 38%
amino acids identity with TMEM165 (protein sequence alignment adapted from [66] are shown in
Figure 38). Slight topological differences can be observed between TMEM165 and Gdtlp: (i) Gdtlp
lacks the first 55 human amino acids and subsequently, the first transmembrane domain and (ii) the
central cytosolic loop is 10 amino acids longer in the yeast protein. Except the number of
transmembrane domains that may vary between TMEM165 and Gdtlp, both proteins belong to the

UPF0016 family by sharing two copies of the hydrophobic motif E-0-G-D-(KR)-(ST) (@ any

135

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

hydrophobic residue) and a cytosolic loop containing acidic amino acid residues (see 2.2.). Those
features are respectively highlighted in Figure 38 by pink boxes and colored asterisks. As depicted in
Figure 37, apart from these UPF0016 signature motifs, TMEM165 also possesses two putative lysosomal
targeting signals in two cytosolic loops: (i) Y,,,NRL,,; is located in the first small cytosolic loop and is
part of the conserved tyrosine-based sorting motif YXXO whereas (ii) the di-leucine motif L,L,,,

belonging to the non-canonical [DE]XXXL[LI] sequence is located in the second cytosolic loop [488].

zZ 1
1
7’

S ———————,
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spes. —» == l Lumen
€324

Figure 37: TMEMI165 predicted topology highlighting its conserved domains. TMEM165
transmembrane domains and signal peptide cleavage site were previously predicted using respectively TMHMM
software and SignalP. Black arrow indicates the putative signal-peptide cleavage site (SPCS) removing the first
transmembrane domain represented in the gray dotted box. Pink circles highlight the two signature motifs of the
UPF0016 family: E-O-G-D-(KR)-(ST) (© any hydrophobic residue). Purple circles indicate the two putative
lysosomal targetting sequences: YXX@ and the di-leucine motif belonging to the [DEJXXXL[LI] sequence.
Adapted from Dulary et al., 2017 [66)].

In TMEM165 the position of the aspartic residue (D,,) is too far from the first leucine residue (L,,), not
allowing the recognition of the [DE]XXXL[LI] sequence. Thus, L,yL,,, motif is not required in any
targeting of TMEM165 to the lysosomes. On the other hand, in the Y ,,NRL,,; motif, both Y,,, and R,
residues are involved in TMEM165 traveling from the Golgi apparatus to the plasma membrane where it

could be then internalized [488].

136

© 2020 Tous droits réservés. lilliad.univ-lille.fr



© 2020 Tous droits réservés.

Thése de Marine Houdou, Université de Lille, 2020

1

50
TMEMI165  yanAAPGNGRASAPRLLLLFLVPLLWAPAAVRAGPDEDLSHRNKEPPAPA
Gdtlp __________________________________________________
51 100
TMEM165 (QQLOPQPVAVQGPEPARVEKI PATQTNLGFI AA
Gdtlp ————- MGNMIKKASLIALLPL TSMESGSSSHLKSEILMS
1
150
TMEM165 MAMR) €3 (R
Gdtlp ] mHK ATS GVV

%%
Pll
V EMA EE IA

151
TMEM165 _TTVIPRV Y YVSTVI TRML
Gdtlp AVAFLSERMENAFFAGI KLTM
96

199 %% 238
TMEM165 IWEFQRTKLL PEV ————————— i’r TVPQ- mﬂ!‘?ﬁvm
Gdtlp NQDMDI )v.,K TAYDKQLKNASI VHRIRELASFM
146 194
288
TMEM165 YPY -
Gdtlp W!YWY GLAV

244

239 324

TMEM165 IGG \FSALFISPDSGF
Gdtlp KLL ASSLL LMYIYQAFTTQD
280

245

Figure 38: Protein sequence alignment of TMEM165 and Gdtlp, adapted from [66]. Black boxes
indicate identical amino acids residues in both sequences whereas grayed boxes underline homologous amino acid
residues. Black horizontal bars gather the amino acid stretches predicted as potential transmembrane domains
(TMHMM v2.0 server tool). Light pink boxes highlight the two hydrophobic motif E-@-G-D-(KR)-(ST) (@ any
hydrophobic residue) shared by both proteins. Pink asterisks show the conserved acidic amino acid residues
belonging to the cytosolic loop. Purple and green asterisks indicate acidic amino acid residues belonging to the
cytosolic loop respectively found in TMEM165 and Gdtl1p.

2.2. The Uncharacterized Protein Family 0016 (UPF0016)

TMEM165 and Gdtlp are respectively the human and yeast members of the UPFO016 family (Pfam
PFO1169). UPF0016 is a highly conserved family of membrane proteins with unknown functions.
Members of this family share strong sequence homologies across a broad range of species. Based on a
phylogenetic approach, two phylogenetic trees have been drawn revealing twelve subfamilies for this
family. The first tree corresponds to prokaryotic species and gathers subfamilies I to VI. This tree
identified members of the UPFO016 family in every bacterial phylum except for Bacillales and
Lactobacillales. A second phylogenetic tree was assigned to eukaryotic organisms and encompassed
subfamilies VII to XII. In this tree, plants are represented by subfamily IX and show the highest protein
diversity as reflecting by the number of paralogs found per genome (2 to 5) [303]. Amongst the twelve
subfamilies, two main features characterize UPFO016 members (i) the presence of one or two copies of
the hydrophobic motifs E-O-G-D-(KR)-(ST) (@ any hydrophobic residue) and (ii) the presence of six

predicted transmembrane domains. Those latter are supposed to play a crucial role for protein folding,
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stability, localization and/or function. Because TMEM165 and Gdtlp respectively belong to the
Metazoa and Fungi eukaryotic subfamilies X and XI, the common predicted topology of both proteins is

schematically represented in Figure 39.

N-ter

Cytosol

TM1

Lumen/Extracellular medium
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Figure 39: Common predicted topology of the Metoza and Fungi eukaryotic UPF0016 subfamilies
X and XI. Transmembrane domains (TM) and signal peptide cleavage site were predicted using respectively
TMHMM and SignalP. Gray dotted box and lines show the putative first transmembrane domain. Pink circles
highlight the location of hydrophic motifs on the second and fifth transmembrane domain. Associated pink arrows
show the orientation of both domains. Inspired by Demaegd et al., 2014 [303] and Potelle et al., 2017 [307].

The growing interest for this family has emerged in 2012, when Foulquier et al. discovered that
TMEM165, its human member, was genetically implicated in Congenital Disorders of Glycosylation
[64]. Since then, study of UPFOO16 family members is on-going in various species such as mammals
(TMEM165), yeast Saccharomyces cerevisiae (Gdt1p) [303,304], plant Arabidopsis thaliana (PAM71, CMT1,
PML3-5) [489—492], cyanobacterium Synechocystis (SymPAM71) [493,494] and bacterium Vibro cholerae
(MneA) [495,496]. So far, all of these UPFOO16 members have been assigned a function of cations
transporter and more precisely, Mn”" transporter with additional Ca’ and/or H" transport activities for
some of them, which will be further detailed in section 2.2.3. Amongst these five species, all UPF0016
orthologs are required for Mn’" homeostasis in addition to lactation in mammals, Ca”" signaling in yeast
and photosynthesis in plants and cyanobacteria. To ensure such transport function activity(ies) and meet
physiological requirements, UPFO016 family members share specific subcellular localization being
embedded in the membrane of the Golgi apparatus in yeast and mammals, in the thylakoid and
chloroplast envelope in plants, in the thylakoid and at the plasma membrane in cyanobacteria and at the
plasma membrane in bacteria (see section 2.2.3.). Given the number of on-going studies providing new
insights into the biological functions on UPFO016 members, this family is no more considered as

uncharacterized since it has been recently renamed “Gdt1p family” [497].
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2.2.1. E-O- G-D-(KR)-(ST) motif during evolution and N-tail extension variability

Eukaryotic members of the UPFO016 possess two copies of the hydrophobic E-@-G-D-(KR)-(ST)
domain oriented in an antiparallel manner which is a common feature for secondary cation transporter.
This specific orientation results from an ancient gene-duplication event as demonstrated by Demaegd et
al. [303] based on bacterial UPFO016 members. Briefly, bacterial orthologs can be found in three main
forms resulting from (i) singleton genes encoding homodimer of single-domain proteins, (i) pairs of
adjacent genes each encoding heterodimers of single-domain proteins and (iii) genes encoding two-
domain proteins resulting from an internal gene duplication and subsequent genes fusion. On the other
hand, amongst the twelve subfamilies, the highest variability and heterogeneity lie in the N-terminal
region of the proteins. Its length varies from no extension to a hundred of amino acids, without any
conservation between species. In the latter case, a seventh transmembrane domain is predicted and often
supposed to be cleaved by the presence of a signal peptide cleavage site. This is typically the case for
TMEM165 (see Figure 37). Moreover, other cleaved signal peptides have been identified in the N-tail of
many orthologs. For instance, TMEM165 plants orthologs CMT1 (Chloroplast Manganese Transporter
1) and PAM71 (Photosynthesis Affected Mutant 71) possess putative chloroplast transit peptides of
around 70 amino acids and are both localized in the chloroplast (thylakoid membrane and chloroplast
envelope, respectively). Hence, the N-terminal extension of the eukaryotic UPFO016 members may
have an impact in their targeting to reach their proper final destination [303,491]. Because of this great
variability of the N-terminal region, the conserved function of UPFO016 members is not likely

depending on it.

2.2.2. UPF0016 and cation/Ca’" superfamily (CaCA) similarities

Except for the number of transmembrane domains, TMEM165 and Gdtlp share the exact topology
defined for the CaCA family members i.e. two hydrophobic regions (named a-repeats) oriented in an
antiparallel manner and spaced by a huge hydrophilic loop containing acidic residues [291]. In addition,
both hydrophobic domains are surrounding by serine and threonine residues. Those latter polar amino
acids may help to create a hydrophilic pocket required for Ca’" transport. At last, the presence of
glycine and alanine residues in those hydrophobic regions can provide more flexibility to allow
conformational changes [304]. Besides UPFO016 members share tight similarities with the CaCA
superfamily members, no primary sequence homology was found. In this way, these two families have to
be considered independently. In the last decade, many studies aiming to decipher the biological
functions of both TMEM165 and Gdt1p have been done. New insights into those protein functions will

be addressed and discussed in the last section on this chapter (3.).
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2.2.3. Other studied UPF0016 orthologs

Many UPF0016 orthologs can be found in databases but only few of them are under study. Amongst
them, human and yeast orthologs are the most studied and will be described in the last section of this
chapter. Mouse and zebrafish orthologs will also be further discussed as TMEM165 knockout mice and
zebrafish models have been generated to study TMEM165 function (see section 3.2.1.). Hence, in the
following sections only plants and cyanobacteria orthologs will be addressed. At last, all UPFOO16
orthologs described in this manuscript are listed in Table 21

Table 21: List of studied UP0016 ortholgs presented in this manuscript. For cach UPFO016 member,
organisms, gene and encoded protein are mentioned. Name indicated in brackets are previous one. Names
separated by a slash are both used.

Organisms Gene name Encoded protein (name; length)
Human TMEMI65 TMEMI165; 324 aa
Yeast GDTI Gdtlp; 280 aa
Mouse Tmeml 65 TMEMI165; 323 aa
T 1 DT1 famil in;
7 ebrafish imom] 65 mem165/G amily protein; 305
aa
Atl1g64150 PAM71/BICATI; 370 aa
Ardg13590 CMT1 (PAM71-HL)/BICAT2; 359 aa
Plants At5936290 PML3; 293 aa
Atlg25520 PLM4; 230 aa
Atglg68650 PLM5; 228 aa
Cyanobacteria s10615 SynPAM71/Mnx; 206 aa

As already mentioned above, plants (subfamily IX) represented the highest diversity of UPF0016
orthologs by sharing up to 5 paralogs per genome. In this section, only Arabidopsis thaliana UPF0016
orthologs will be described. To date, five genes encode for UPFO016 orthologs in Arabidopsis thaliana
[303,491]. In the order of their discoveries, they are: PAM71 [489], CMT1 (previously PAM71-HL)
[490] and three PAM71 like proteins (PML) PML3, PML4 and PML5 [492].

Among them, PAM71 and its closest homolog CMT1 share the most identity with human TMEM165
and yeast Gdtlp. Sequences alignment confirm the presence of the two hydrophobic signature motifs,
the big cytosolic loop and six to seven predicted transmembrane domains [489,490]. Both PAM71 and
CMT1 possess an extended N-tail containing a putative chloroplast transit signal peptide allowing their
proper localization to the chloroplast [489,490]. From Schneider et al. and Eisenhut et al. studies, both
PAM71 and CMTI knockouts lead to a similar phenotype including (i) severe growth defects associated

with (ii) an alteration of the photosystem II (PSII) function and reduced photosynthesis, both being (iii)
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suppressed by manganese supplementation. At the cellular level, pam71 deletion causes a mis-
sequestration of Ca”" and Mn’" within the chloroplast. As a result, Ca”" accumulates in the thylakoid
lumen while Mn”" accumulates in the stroma. Then, PAM71 was first supposed to act as a Mn*"/H"
exchanger, importing Mn*" from the stroma to the thylakoid lumen (Figure 40). Consequently to its
accumulation in the stroma, a depletion of Mn”" in the thylakoids has been observed in pam71 mutants.
Plants mainly required manganese in the Oxygen Evolving Complex (OEC), a Mn,CaO; cluster part of
PSII. Hence, a manganese deficiency in the thylakoid lumen leads to a reduced function of the PSII and a
decrease in the photosynthesis yield. Growing pam71 in an enriched manganese medium suppresses the
photosynthesis defect and then suggests a role for PAM71 in manganese tolerance. To better confirm its
involvement in manganese transport, PAM71 heterologous expression was performed in the manganese
sensitive pmrl4 yeast. As a result, PAM71 protein expression compensates the loss of Pmrip by
suppressing the manganese sensitivity of pmrl4, demonstrating its function as a manganese transporter.
All in all, PAM71 functions as a manganese importer of the thylakoid lumen and thus, contributes to

manganese homeostasis in the chloroplast.

Thylakoid membrane

{ntermembrane space

Outer membrane

V'

/ Inner membrane

Stroma

Cytoplasm

Chloroplast

Figure 40: Subcellular localization and putative function of PAM71 and CMT1 in the regulation of
Mn”*/Ca* homeostasis within the chloroplast. Simplified representation of a chloroplast. Black arrows
indicate the direction of ions transport. Uncertainties are indicated by “?”. PSII: photosystem II. Inspired by [497].

Concerning CMT1, this 359 amino acids protein is localized in the chloroplast envelope. At the cellular
level, cmtl deletion lowers manganese concentration within the chloroplast. As for pam71 mutants, a
direct consequence of manganese deficiency in the chloroplast lies in the loss of manganese binding to
the PSII altering its function in photosynthesis. In addition, chloroplast ultrastructures were completely

disorganized in cmtl. To highlight CMT1 function in manganese transport, complementation study in
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the sensitive pmrl4 yeast was also performed. As for PAM71, CMTT1 alleviates manganese sensitivity
suggesting its role as a manganese transporter. Hence, due it subcellular localization and manganese
deficiency in cmt! chloroplast, CMT1 was supposed to act as a Mn”" importer at the chloroplast
envelope (Figure 40). Then, Arabidopsis thaliana expresses two homologs of the UPFO016 family, both
involved in manganese homeostasis in the chloroplast. One can wonder if there is any redundant
activity. Analyzing single cmt! and double pam71 cmt] mutants, CMT1 appears to be the limiting step in
manganese delivery to the chloroplast suggesting that it should acts before PAM71. To conclude, both
PAM71 and CMT1 are involved in chloroplast manganese homeostasis through its correct delivery from

the cytoplasm to the thylakoid lumen.

In addition, PAM71 and CMT1 functions are neither redundant nor competitive but sequential
according to their proper localizations (Figure 40). First, Mn’" import from the cytosol to the stroma is
achieved through the activity of CMTT1, being localized in the chloroplast envelope. Second, manganese
reaches the thylakoid lumen thanks to PAM71 activity, being proper localized in the thylakoid
membrane. However, in a very recent study, Frank et al. assigned a major role for both proteins in
calcium homeostasis [498]. In this study, PAM71 and CMT1 were renamed respectively BICAT1 and
BICAT? for Bivalent Cation Transporter 1 and 2 and were found well localized both in the thylakoid
membrane (BICAT1/PAM71) and in the chloroplast envelope (BICAT2/CMT1). By means of
heterologous expression of both proteins in either Escherichia coli or yeast lacking Gdt1p and/or Pmrlp,
Ca’" transport activities were assigned to BICAT1/2. Thus, BICAT1 would import Ca”" within the
thylakoid lumen whereas BICAT2 would import cytosolic Ca’" to the stroma. Then, further
investigations need to be done to better determine the role of both proteins in either calcium or

manganese homeostasis within the chloroplast.

In contrast, the three PAM71 homologs recently described by Hoecker et al., PML3, PML4 and PML5
display different subcellular localizations and are not restrictively expressed in photosynthetic cells
[492]. Those proteins share respectively 38%, 32% and 32% identical amino acids with PAM71.
Although both predictive transmembrane domains and signature motifs are conserved between PAM71
and PML, their functions are poorly understood. PML are not crucial neither for plant growth nor
development and may be linked to manganese homeostasis according to their subcellular localizations.
Authors suggested a role for PLM3 in balancing excess of manganese at the Golgi apparatus level. As
regard to PML4 and PMLS5, a putative role in manganese import in the ER lumen has been hypothesized

based on their ER localization.
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Cyanobacterium ortholog: SynPAM71/Manganese exporter. (Mnx)

Following the identification of PAM71 as an integral thylakoid manganese importer in Arabidopsis
thaliana, Gandini et al. looked for PAM71 ortholog(s) in the cynobacterium Synechocystis PCC6803
[493]. Based on previous phylogenetic studies [303] combined to sequence alignment, a unique PAM71
homolog was identified in Synechocystosis and named SynPAM71. The same year, Brandenburg et al.,
working in the same field also identified SynPAM71 as unique PAM71 homolog but called it Mnx for
Manganese exporter [494]. Then, both SynPAM71 and Mnx refer to the same protein. By homology,
SynPAM71/Mnx was suggested to play a role in Mn’" homeostasis. This was confirmed in
ASynPAM71/mnx mutant in whom SynPAM71/Mnx loss-of-function leads to manganese sensitivity and
manganese toxicity symptoms. Those latter are characterized by reduced levels of chlorophyll, PSI
accumulation, altered PSII function and cytosolic manganese accumulation. Indeed, a *Mn chase
experiment conducted in mnx mutants highlight their inability to release internal manganese pool out of
the cyanobacteria resulting in manganese intracellular accumulation. Thus, a manganese exporter

function was proposed for SynPAM71/Mnx (Figure 41).

SynPAM71 ljl v“\ «— Wall
Mn2+ 4—— Plasma membrane
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Figure 41: Subcellular localization(s) and function of SynPAM71 in the regulation of Mn
homeostasis. Simplified representation of a cyanobacterium highlighting a thylakoid. According to two separate
studies, SynPAM71 was found expressed either in the thylakoid membrane or in both the thylakoid membrane
and the plasma membrane. Black arrows indicate the direction of Mn’* transport.

To further identify the role of Mnx in manganese transport, Mnx heterologous expression was
performed in pmri4 yeast. As for PAM71 and CMT1, Mnx expression compensates Pmrlp loss-of-
function and suppresses pmrl4 manganese sensitivity. According to the subcellular localization, Gandini

et al., found SynPAM71 preferentially expressed at the plasma membrane with a small proportion in the
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thylakoid membrane [493] whereas, Brandenburg et al. only found Mnx localized in the thylakoid
membrane [494]. Despite this difference in SynPAM71/Mnx subcellular localization, both groups
characterized SynPAM71/Mnx as a Mn’" exporter, meditating its transport from the cytoplasm to the
periplasm or other luminal compartments (Figure 41). Such function protects the cytoplasm from

manganese excess and toxicity.

2.3. TMEM165 and Gdtlp subcellular localization(s)

2.3.1. TMEM165 and Gdtlp: two Golgi localized proteins

First visualized in fibroblasts, TMEM165 is a Golgi localized protein. To fine tune its localization within
the Golgi apparatus (at the cisternae level), a nocodazole treatment combined with Golgi markers
stainings allowed the identification of TMEM165 in the trans-Golgi subcompartment by co-localization
with the B-1,4-galactosyltransferase [64]. With regards to Gdt1p, sucrose gradient fractioning and Golgi
markers stainings highlighted its expression in the early Golgi stacks, respectively co-localizing with the
cis- and medial Golgi proteins Sed5p and Goslp [304]. Hence, TMEM165 and Gdtlp are both Golgi-
localized proteins, the human ortholog being mainly expressed in the late Golgi and the yeast ortholog in

the early Golgi.

2.3.2. Other subcellular localizations for TMEM165

Although 95% of endogenous TMEM165 is Golgi-localized, a small proportion of the protein is also
found in the late endosomes/lysosomes and at the plasma membrane [304,307,488]. This is even truer
in case of TMEM165 overexpression. Indeed, transient transfection of tagged versions of the protein in
Hela cells (RFP- or GFP-TMEMI165) display a cell surface localization [304,488]. This was then
confirmed in a later study by cell surface biotinylation indicating that 5% of endogenous TMEM165 is
expressed at the plasma membrane in HEK cells [307]. According to the late endosomes/lysosomes
localization, cell fragmentation of control and patients’ fibroblasts allowed the detection of endogenous
TMEM165 in the Golgi apparatus and in acidic compartments [488]. Therefore, TMEM165 shares
multiple subcellular localizations within the late compartments of the secretory pathway: from the Golgi

apparatus to the plasma membrane.
2.4. TMEM165 and Gdtlp stabilities

Described by Potelle, Dulary et al. for the first time, TMEM165 and Gdtlp are two proteins extremely
sensitive to high manganese concentration [307]. Amongst other tested ions, only Mn’" leads to
TMEM165 and Gdtlp-cMyc protein degradation. More precisely, 4h of treatment with 500uM MnCl,
(or MnSO,) in the culture medium are enough to specifically target TMEM165 to the lysosomes. This

Mn’"-induced lysosomal degradation was then confirmed by using leupeptin and chloroquine, two
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molecules interfering with lysosomal protease activities. In case of both MnCl, and chloroquine
treatments, TMEM165 protein expression and lysosomal subcellular localizations were recovered [307].
Then, taking advantage of patients’ missense mutations already described (i.e. R126H, R126C+G304R
and E108G), TMEM165 sensitivity to Mn’" was assessed in patients’ fibroblasts of two of them (R126H
and E108G) [307]. While R126H-TMEM165 variant is highly sensitive to Mn*", E108 G-TMEM165 was
described as Mn’" resistant. This first evidenced the importance of glutamic acid residue E108 in

TMEM165 Mn’" sensitivity.
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Figure 42: Site-directed mutagenesis of TMEM165. The residues targeted for glycine substitution are the
eight amino acids that compose the two repeated conserved motifs E-@-G-D-(KR)-(ST). The acidic and polar
residues in the repeated motifs were found to be important for manganese sensitivity of TMEM165 (colored in

green).

As E108 is part of one of the consensus motif E-@-G-D-(KR)-(ST), point mutations were extended to
other amino acids in these domains: E 4, Dy, Ky, T};5 and E, 5, D,s;, Rys,, S,q; (Figure 42) [477].
TMEM165 KO HEK cells were transfected with TMEM165 variants and expressed for 24h before being
subjected to MnCl, treatment. The study led by Lebredonchel et al. suggests that most of the acidic and
polar mutated residues (E,y, D,;;, T};5, D,g;, and S,.;) are resistant to MnCl, treatment (except E, )

while basic mutated residues (K,,,and R,.,) confer TMEM165 Mn”" sensitivity (Figure 42).

Due to this Mn’" sensitivity, TMEM165 was then considered as a new Golgi localized manganese sensor
in addition to the cis-Golgi phosphoprotein of 130 kDa (GPP130) previously described by
Mukhopadhyay et al. [499]. However, some differences distinguish TMEM165 and GPP130. First,
TMEM165 was shown to be more sensitive to MnCl, than GPP130 suggesting different manganese
binding affinity and/or degradation routes for these two proteins [307]. Second and very recently, we
demonstrated that TMEM165 is a cytoplasmic Mn’" sensor while GPP130 is a Golgi luminal Mn”"
sensor [461]. Third, although TMEM165 and GPP130 are targeted to the lysosomes for their
degradation, a faster mechanism seems to occur for TMEMI165. Indeed, contrary to GPP130,
TMEM165 was never seen in punctuae structures after Mn”" exposure [307,499]. Moreover, Venkat et

al. have recently demonstrated that Mn”"-induced turnover and trafficking of GPP130 and TMEM165
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were mediated by sortilin [500]. Unfortunately, we were unable to reproduce this result for TMEM165
suggesting a different pathway addressing the protein to the lysosomes after Mn”" treatment. Although
the molecular mechanism beyond this Mn”"-induced TMEM165 lysosomal degradation is still unclear,
the Mn”"-induced degradation of Gdtlp-cMyc in yeast demonstrated a conserved mechanism during
evolution [307]. From these observations, one can suppose that TMEM165 and Gdtlp need to be
degraded upon high Mn’" exposure to prevent manganese toxicity leading to cell damages and cell

death. Their role in manganese homeostasis will be further addressed in section 3.1.3.

3. Insights into TMEM165 and Gdtlp biological functions

Gathering previous studies from the team and collaborators to the working hypothesis assumed when I
started my PhD, this section will retrace evidence elucidating TMEM165 and Gdtlp biological

functions.

3.1.TMEM165 and Gdtlp involvements in pH and Mn?*"/Ca*" homeostasis

Based on their belonging to the UPFO116 family, TMEM165 and Gdtlp are thought to be cation
exchangers. In particular, the antiparallel orientation of the two E-@-G-D-(KR)-(ST) motifs suggests a
cation antiporter function for both proteins (see above 2.1.). Several studies on TMEM165, Gdtlp and

other orthologs, pointed out the involvement of UPFO016 members in H', Ca’" and Mn”" homeostasis.

3.1.1. TMEM165 and Gdtlp in calcium regulation

Gdtlpisinvolved in both calcium tolerance and supply.

The first studies on TMEM165 and Gtd1p suggested a role for both proteins in calcium homeostasis
[304]. In yeast lacking Gdtlp (gdti4), a strong growth defect was observed in the presence of high
calcium (CaCl,) concentrations in the culture medium (ranging from 500 to 700mM) [304]. This first
evidenced a role for Gdtlp in calcium tolerance. Further comparisons between single gdt14, pmri4 and
double gdtlA/pmrl4 mutants grown with either high or low calcium (15mM EGTA) concentrations
highlighted more severe growth defects when both Gdtlp and Pmrlp were lacking (gdt14/pmrid). In
addition, while pmri4 sensitivity to EGTA was already known [238], gdt/4 was not affected by the
presence of EGTA. Therefore, Gdtlp function in calcium homeostasis is not required when Pmrlp is
expressed but become essential when Pmrip is absent. All in all, Gdtlp plays a crucial role in both

calcium tolerance and calcium supply within the secretory pathway when Pmrl1p is lacking.

The conservation of function from yeast to human was then assessed. gdt14 null mutant was transformed

with human TMEM165 and grown under 750mM CaCl,. While full length TMEM165 failed to rescue
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the calcium sensitivity in gdt14, a truncated TMEM165 (ASS

TMEM165) partially succeeded [304]. This
shortened TMEM165 lacks the first 55 amino acids of the human protein that are absent in the yeast
ortholog (see 2.1, Figure 38). Thereby, ASTMEM165 better corresponds to Gdtlp topology, resulting

in a similar function for both Gdtlp and Ass

TMEM165 in calcium tolerance. Hence and as already
suggested above, the conserved function between TMEM165 and Gdtlp does not lie in the N-terminal
region of both orthologs. Here, TMEM165 N-tail extension may impact its proper localization in yeast,

Ass

altering and/or preventing its function. Altogether, both Gdtlp and ""TMEMI165 play a role in calcium

tolerance in yeast.

Truncated TMEM165 and Gdtlp Ca’’ transport activities

The next step linking Gdtlp/TMEM165 biological functions and calcium homeostasis was to
demonstrate their calcium transport activities. First evidence came from an in vitro study of the human
ortholog. RFP-TMEM165 was stably expressed in HeLa cells and its rather high expression at the cell
surface allowed patch-clump experiments. Compared to untransfected cells, a significant outward
current was measured at the plasma membrane of cells overexpressing TMEM165, highlighting
TMEM165 function in cation transport. Since this current was inhibited by the addition of EGTA in the
external medium, a transport of Ca”" was suggested. Moreover, using the Ca™" probe Fura-2, basal
cytosolic calcium concentrations and thapsigargin-induced calcium released were reduced in cells
overexpressing REP-TMEM165. Thus, TMEM165 is also involved in intracellular calcium homeostasis
[304]. To strengthen this result, Stribny et al. recently expressed another truncated form of TMEM165
(A78TMEM165) in the bacterial host Lactococcus lactis and measured in vivo its apparent K, for Ca’* (21 +
4uM) [28]. With regards to its yeast ortholog, the calcium activity of Gdtlp was first demonstrated by
heterologous expression of truncated GDTI in Lactococcus lactis [239]. In bacteria expressing A23Gdtlp,
increasing external [Ca™"] resulted in an increase of intracellular [Ca*"]. This was not observed in the
control strain and suggests that ABGdtlp can mediate calcium influx from extracellular medium to the
cytoplasm. AzgGdtlp corresponds to Gdt1p lacking the first 23 amino acids forming the peptide signal,
not necessary when expressed in a bacterial model. In a later study from the same group, A23Gdtlp Ca™"
affinity was measured in vivo, still in Lactococcus lactis and evaluated with a K of 15.6 + 2.6uM [306].
Moreover, this calcium pumping activity at the plasma membrane depends on the pH gradient existing

between the cytoplasm and the external medium [239].

In addition, Gdtlp Ca™" activity coupled to the pH gradient established by the V-ATPase was

demonstrated in the yeast Saccharomyces cerevisiae [501] and will be described in the next section (3.1.2.).
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Figure 43: Site-directed mutagenesis of Gdtlp. The topology model of Gdtlp was predicted using the
Memsat-SVM tool (Nugent et al., 2012). The residues targeted for alanine substitution are the twelve amino acids
that compose the two repeated motifs within the predicted TM1 and TM4, four conserved acidic residues of the
cytosolic loop, and the arginine R71 found mutated in some patients suffering from TMEM165-CDG. The acidic
and hydrophilic residues in the repeated motifs were found to be important for calcium tolerance and transport

activity of Gdtlp (colored in blue). Colinet et al., 2017 [305].

Lastly, Colinet et al. demonstrated the crucial involvement of six amino acids residues in the consensus
motifs of Gdtlp for its Ca’" transport activity (blue squared in Figure 43) [305]. Using site-directed

mutagenesis, seventeen point mutations were generated in Gdtlp including twelve amino acids within

the two consensus motifs E-@-G-D-(KR)-(ST) (Figure 43). Gdtlp mutants were screened in the yeast

strain lacking both Gdt1p and Pmr1p (gdt14/pmriA) for (i) Ca’" tolerance and (ii) Ca’™" response to saline
stress. Amongst all Gdtlp mutations, four acidic residues (Eg;, Dy, E,y, and D,,;) and two uncharged
polar residues (T and S, ) affected both gdt14/pmri4 growth under high CaCl, concentration and Ca’"
response after a saline stress. Thus, the Ca’™" binding pocket of Gdtlp seems to be likely made of these
acidic and polar amino acid residues found in the repeated consensus motif share by all UPFOO16
members. Further investigations in TMEM165 could be of interest to reinforce the conservation of

function for both proteins.

From these studies, TMEM165 and Gdt1p were supposed to be part of a novel family of Golgi-localized
Ca” " /H" antiporters, differing from the well-known CaCA superfamily for sequence homology reasons.
Further studies in TMEM165-CDG patients’ cells, yeast and conditional mouse knockout for TMEM165

then strengthened the link between TMEM165/Gdt1p and pH regulation.
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3.1.2. TMEM165 and Gdtlp in pH regulation

Over_acidification_of the Golgi_apparatus. and._ acidic_compartments_in TMEM165-

From the pioneering study on TMEM165, Foulquier et al. suggested a role for TMEM165 as a proton
(H") transporter based on its topology [64]. Although no direct link between TMEM165 and Golgi pH
homeostasis was demonstrated, TMEMI165 deficiency results in pH disruption of the acidic
compartments. Indeed, using pH-sensitive probes (LysoTracker and LysoSensor green DND189), a
general decrease in the pH of late endosomes and lysosomes was observed in TMEM165-CDG patients’
fibroblasts as well as in siTMEM165 Hela cells [304]. Moreover, a very recent study provides more
evidences for TMEM165 H" transport activity. Using in situ fluorescent and photoacoustic imaging of
Golgi pH, an acidification of the Golgi apparatus was observed in TMEM165-depleted HL7702 cells
[502]. To reinforce TMEM165 involvement in H' exit from the Golgi apparatus, HL7702 cells were
treated with both thapsigargin and calcium in order to increase cytosolic calcium concentration.
Thereby, this should favor the transport of cytosolic Ca’" to the Golgi lumen in exchange for luminal H'
export, mediated by TMEM165. Compared to control cells, Golgi pH was again more acidic in
siTMEM165 HL7702, providing stronger evidences for TMEM165 involvement in Golgi pH homeostasis

and H" transport activity [502].

As described earlier, when expressed in Lactococcus lactis, A23Gdtlp mediates Ca”" influx from the
external medium to the cytoplasm across the plasma membrane, depending on pH gradient.
Interestingly, such H+—dependent Ca’™" activity for Gdtlp was further investigated during the Golgi
glycosylation process - back in the yeast model Saccharomyces cerevisiae [501]. Basically, most of the GT
involved in a glycosylation reaction use nucleotide sugar diphosphate as donors and release the free
associated nucleotide diphosphate. This latter is then converted to nucleotide monophosphate plus
inorganic phosphate (Pi) and H" as byproducts of the reaction. Although luminal nucleotide
monophosphate is exchanged to cytoplasmic nucleotide sugar via the same nucleotide sugar transporter,
little is known about the recycling of Pi and H'. In this context, Snyder et al. demonstrated the
contribution of Erd1p and Gdtlp in these two recycling mechanisms. On the one hand, Erd1p would
export Pi from the Golgi lumen to the cytosol. On the other hand, Gdtlp would remove H" from the
Golgi while importing cytosolic Ca’" to the Golgi lumen [501]. It is to note that Gdtlp could also work
in a reverse mode according to pH variations between the cytosol and the Golgi lumen. Indeed, in case

of deletion of the V-ATPase proton pump, an increased cytosolic Ca’" concentration was observed
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suggesting that Gdt1p might import cytosolic H" to acidify the Golgi apparatus by releasing Ca’" to the
cytoplasm [501]. Thus, this study points out a reverse role for Gdtlp in Ca’" import (export) to the
Golgi lumen (cytoplasm) depending on the pH gradient established by the V-ATPase. Gdtlp could then

be considered as a key player in both Ca’ and H' regulations at the Golgi level.

TMEMI165 invelvement in lactose biosynthesis during milk production

In mammals, milk production occurs during mammary glands lactation and involves the biosynthesis of
lactose and the formation of Ca’'-casein enriched micelles. Calcium is highly concentrated in milk,
ranging between 30 and 80mM whereas its concentration in human blood only reaches 2 to 2.5mM.
Many Ca™" transporters, channels and binding proteins are involved in its transport from/within the
mammary epithelial cells into milk. Acting as a Ca”'/H" exchanger in the Golgi apparatus, TMEM165
could be an additional Ca”™" transporter in lactating mammary gland cells. First, according to the Gene
Expression Omnibus at NCBI, TMEM165 mRNA levels are found 7-times upregulated during the
secretory phase of lactation [503,504]. At the protein level, TMEM165 expression is increased by 25-
fold in mammary glands in lactation, especially in the alveolar epithelial cells where it displays a Golgi
localization [503,504]. Second, TMEM165 is upregulated in PMCA2-deficient mice, which is a hallmark
of many Ca’" transporters during lactation [503]. Therefore, in line with its subcellular localization and
its function as a Ca’" /H" antiporter, TMEM165 was thought to parallel SPCA1 by importing cytosolic
Ca’" within the Golgi lumen while removing H" excess especially due to the high rates of lactose

synthesis during milk production (Figure 44).

Lactose synthesis is indeed achieved in the Golgi apparatus, from glucose and UDP-galactose through the
activity of an enzymatic complex named lactose synthase. This complex includes two subunits, each of
them requiring a cation as a cofactor (Mn’") or nutrient (Ca’") for maximal activity: a Mn-dependent -
1,4-galactosyltransferase and a Ca-binding protein a-lactalbumin. During the transfer of galactose from
UDP-galactose onto glucose, a first H" is released in the Golgi lumen. Then, a second H' is generated
with Pi following the hydrolysis of UDP to UMP. Thus, two H" are released in the Golgi lumen for one
lactose moiety (Figure 44). In case of milk production, lactose concentration can reach up to 100mM in

the Golgi lumen, increasing massively the release of H'.
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Figure 44: Putative involvement of TMEMI165 as a Ca’*, Mn** and H* transporter supporting
lactose biosynthesis during milk production in mammary glands in lactation. Lactose biosynthesis
occurs in the Golgi lumen and requires both UDP-galactose transport by a nucleotide-sugar transporter (NST)
and glucose import by a glucose transporter (GlcT). Then, the Mn’"/Ca’" -dependent lactase synthase (green
pacman) transfers UDP-galactose onto glucose, releasing UDP and a first proton (H"). UDP is then hydrolyzed
into UMP and Pi by a Ca’"-dependent UDP-phosphatase (orange pacman), releasing a second H'. Both Pi and H*
need to be recycled in order to prevent lactose synthase inhibition. Pi can complex with Ca™", Mg2+ and casein to
form Ca’"-casein micelles and then be secreted into milk. On the other hand, luminal H' are thought to be
exchanged by TMEM165 for Ca’"and/or Mn”" to sustain lactose biosynthesis and prevent Golgi acidification. In
such context, TMEM165 indeed parallels SPCAT1, the latter being mainly involved in Ca’™" import. Inspired by
Snyder et al. [504].

To prevent both acidification of the Golgi apparatus and lactose synthase inhibition, a passive transport
of luminal H" to the cytosol may occur. This was the first hypothesized function for TMEM165 [64],
reiterate by Reinhardt et al. [503] and Snyder et al. in a more recent study [504]. Using conditional
Tmem165 knockout mice, strong defect in milk quality from TMEM165-deficient dams were observed.
Lower lactose, calcium and manganese levels were measured in this milk, not allowing the proper
feeding and growing of the pups nursed by TMEM165-deficients mice [504]. Although in vitro lactose
synthase activities were similar between TMEM165-depleted and control mammary gland cells, the in
vivo activity was thought to be severely reduced in cells lacking TMEM165. Assuming that TMEM165
could export luminal H' in exchange for cytoplasmic Mn”" or Ca’", in case of TMEM165 deficiency, a
more acidic Golgi lumen and a lower availability for Mn”" and Ca’" may alter lactose synthase activity.
Thus, as depicted in Figure 44, TMEM165 should play a crucial role in lactose biosynthesis during milk
production, supporting lactose synthase activity by importing both cytosolic Mn’" and Ca’" to the Golgi

lumen of professional secretory cells in exchange for H'.
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Altogether, these studies shed light on TMEM165 and Gdtlp involvement in pH homeostasis and H"
transport activities. This is even truer in the context of Golgi glycosylation where H'isa byproduct of
the reaction that need to be recycle. However, these roles for TMEM165 and Gdtlp as Ca”"/H"
exchangers are not restricted as already evoked in the section above. In the light of further
investigations, strong evidences link TMEM165/Gdt1p and Golgi manganese homeostasis which is easily
conceivable regarding to the function of other UPFO016 members in manganese homeostasis in plants

and cyanobacteria (see 2.2.3.).

3.1.3. TMEM165 and Gdtlp in manganese (Mn) homeostasis

TMEMI165 and Gdt1p deficiencies alter Golgi Mn’" homeostasis

A first clue linking TMEM 165 deficiency and Golgi Mn’" homeostasis was given through the observation
that GPP130 Mn’" sensitivity was altered in ssSTMEM 165 HEK cells [65]. Indeed, 4hr of treatment with
500uM MnCl, induces a loss of 70% of expression in control cells while GPP130 remains quite stable in
shTMEM165 (90% left). Thus, GPP130 is almost insensitive to MnCl, treatment in TMEM165 depleted
cells. Assuming that GPP130 stability strictly depends on Golgi Mn’" concentration, it was then
hypothesized that TMEM165 could play a role in Mn*" import from the cytosol to the Golgi lumen [65].
This Mn”" import would require the export of a counter ion which nature is still unclear. One can
suppose that the Ca™" gradient within the Golgi lumen established through the activity of SPCA could be
used by TMEM165 to import Mn”". On the other hand, if SPCA pumps more cytosolic Mn”" than Ca’",

the gradient would be reversed and a Ca”" import by TMEM165 is then conceivable (Figure 45).
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Figure 45: Putative role of TMEMI165 in Golgi Mn*" homeostasis in physiological conditions and
in case of Mn”" excess. In physiological conditions, TMEM165 would import cytosolic Mn”* against luminal
Ca’" thanks to the Ca’" gradient established by SPCAI1. In contrast, in case of Mn”" excess, SPCA1 would
preferentially pump Mn”" and create a Mn’" gradient that could be used by TMEM165 to transport Mn”" back to
the cytosol. In such conditions, TMEM165 is also degraded (dotted protein) probably to prevent this
phenomenon leading to cell death. Purple and gray dots respectively represent Mn”"and Ca’" ions.
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However, although plausible, these two related models exclude the H' transport activity of TMEM165
[65,66]. To conclude, albeit indirectly evidenced, TMEM165 play a role in Golgi Mn”" homeostasis.
With regards to the yeast ortholog Gdtlp, its involvement in Mn’" homeostasis will be further described

in the section 3.2.3, also assessing its role in Golgi glycosylation.

Truncated TMEM165 and Gdtlp Mn’" transport activities

As for Ca’" transport activity (see 3.1.1.), both TMEM165 and GDTI were expressed in the bacterial
host Lactococcus Lactis to determine their abilities to transport Mn”" [28,306]. These two independent

studies from the same group took advantage of the Mn’"-induced quenching of Ca’* probe Fura-2

emitted fluorescence to highlight a Mn”" influx across the plasma membrane mediated by ASTMEM165

023

or ~Gdtlp in bacteria expressing cither Y*TMEM165 or 2

Gdtlp. This technique allowed the

determination of their apparent K, for Mn’": 170 + 30uM for ASTMEM165 and 83.2 + 9.8uM for

A23Gdtlp. Further experiments demonstrated a competition effect between Mn”" and Ca’* transport

resulting in a higher affinity of both proteins for Ca’" than Mn”". Thus, TMEM165 and Gdtlp can
mediate Ca”” and Mn”" transport through the plasma membrane in Lactococcus lactis with a higher affinity
for Ca’". Lastly, in gdt14 and gdtlA/pmriA yeasts, authors further investigate such Mn’" transport
activity and highlighted their role in Mn’" tolerance [28,306]. Therefore, these two studies place
TMEM165 and Gdtlp as novel proteins involved in Ca’" and Mn”" intracellular yeast/human
homeostasis. More precisely, TMEM165 and Gdtlp would (i) feed the Golgi apparatus with Ca*" and

Mn’" and (ii) act in concert with Pmr1p in cytosolic detoxifying in case of Mn’" excess.

3.1.4. TMEM165 and Gdtlp transport activities: Why choosing? Ca’", Mn*" and H" all

at once!

Since a decade, the functions of TMEM165 and Gdtlp, amongst other UPFO016 members, have been
deeply investigated [28,239,304,306,307,501-504]. TMEM165 and Gdtlp are both secondary active
antiporters embedded in the membrane of the Golgi apparatus. First identified as Ca”"/H" exchangers,
TMEM165 and Gdtlp were then thought to be Ca’"/Mn”" transporters. Both TMEM165 and Gdtlp
Ca’" and Mn’" transport activities were assessed through in vivo experiments in the bacterial strain
Lactococcus Lactis [28,239,306]. From this, both proteins were described as Mn™"-Ca”"/H" exchangers,
sharing a higher affinity for Ca’" than for Mn’". The same function was assigned for TMEM165 in
lactating mammary gland cells to support lactose biosynthesis during milk production (Figure 44)

[501,503,504].
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Regarding to the amino acid residues involved in the ion transport activity of both proteins, Colinet et
al. first highlighted six amino acids (Eg;, Dy, Ty, E,p, D,g; and S,) crucial for Gdtlp Ca’" transport
function [305]. On the other hand, in the human ortholog, Lebredonchel et al. recently shown that the
conserved threonine and serine residues (T,,; and S,;;) were important for TMEM165 function in
glycosylation and especially in Mn’" transport activity [477]. Thus, from yeast to human, these two
specific polar residues are well conserved and are essential for the cation transport activity of TMEM165
and Gdtlp. To add a layer of complexity, as secondary active antiporters transport an ion against its
electrochemical gradient powered by the transport of a coupled ion following its electrochemical
gradient, TMEM165 and Gdtlp can also work in a reverse mode according to Ca’", Mn”" and H"
gradients established between the Golgi lumen and the cytosol. This was already evidenced for Gdtlp,
whose Ca’" pumping activity could be reversed by a pH disruption [501]. Hence, the nature of the ionic
driving force required for TMEM165 and Gdtlp for exchanging Ca’" to Mn’" or Ca’" and/or Mn’" to
H" may change according to cell conditions. To conclude, depending on cell physiology and numerous
other transporters, both proteins play a role in all three homeostasis at the Golgi level: H', Ca’" and

Mn’", acting either as Ca’"/Mn”" or Ca”" and/or Mn”" /H" exchangers.

3.2. TMEM165 and Gdtlp involvements in glycosylation

3.2.1. TMEM165-CDG

TMEM165-CDG reported. cases

As already mentioned earlier, four patients’ mutations have been reported and carried by seven patients
(section 1.3., Table 20). Most of them were identified and characterized in 2012 by the same research
group (P1 to P5) [64,505] and the two last were identified in 2016 (P6 and P7) [487]. As for many
CDG, all TMEM165-CDG patients harbor a broad range of clinical features: growth and psychomotor
retardations, failure to thrive, facial dysmorphy, muscular weakness, fat excess and abnormal
distribution, joint laxity and some of them have liver disorder, epilepsy and fever episodes. Despite this
heavy clinical picture, the main phenotype distinguishing TMEM165-CDG from others lies in the severe
skeletal anomalies shared by most of the patients. Indeed, four TMEM165-CDG patients present a short
stature associated with dwarfism, scoliosis, and severe osteoporosis with very thin bone cortex and
dysplastic vertebrae, ribs and toenails. Clinically speaking, bone defects observed in TMEM165-CDG
can be classified as spondylo-epi-(meta)-physeal dysplasia [505]. Linking TMEM165 mutation and skeletal

anomalies, patients carrying the splice mutation present the more severe defects.
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Mutated TMEM165 expression pattern

TMEM165 patients’ mutations cause changes in the encoded protein as described in Table 20. Mutated
TMEMI165 protein expression and subcellular localization were assessed by western blot and
immunofluorescence analyses in patients’ fibroblasts. Compare to control, TMEM165 protein
expression is dramatically decreased in patients (P1-3) sharing the splicing mutation (c.792+182 G>A).
Almost no full length and either no truncated protein expression was observed. For P4 harboring the
missense mutation R126H, mutated TMEM165 was reported to be unstable as only 25% of protein
expression left. A stable expression of TMEM165 was only seen in P5, even if this protein contains two
point mutations (R126C and G304R). With regards to the subcellular localization, in all five patients
TMEM165 is Golgi-localized. However, different intensities were observed: the highest for P5, then P4
and a very weak signal was observed for P1-3 [64]. To further characterize TMEMI65 patients’
mutations, Rosnoblet et al. reproduced them and transiently expressed WT-, R126H-, R126C-,
G304R- and both R126C/G304R-TMEM165 constructs in HeLa cells [488]. As observed in patients’
cells, the splicing mutation completely prevents the expression of TMEM165 after transient expression
in HeLa cells. Moreover, while WT-TMEM165 was equally expressed in the trans-Golgi and in
lysosomes/endosomes, R126H- and R126C-TMEM165 were reversely more localized in the
lysosomes/endosomes than in the Golgi apparatus. Thus, both point mutations lead to the mis-
localization of the protein in the late acidic compartments of the secretory pathway. As regards for
G304R- and both R126C/G304R-TMEM165, proteins were well Golgi-localized. Hence, G304R point
mutation seems to retain TMEM165 in the Golgi apparatus. All in all, mutations identified in TMEM165
leading to a CDG-II affect both stability and subcellular localization of the protein that may affect

TMEM165 function.

TMEM165 identification in a CDG implies somehow a glycosylation defect. All patients were diagnosed
as type Il CDG based on serum-transferrin isoelectric focusing (sTf-IEF). Type Il CDG results in a Golgi
glycosylation defects due to either N-glycans, O-linked glycans, GAGs and/or glycolipids biosynthesis
defect. To fine tune Golgi glycosylation in TMEMI165, diverse approaches were used. First, siRNA,
shRNA and finally TMEM165 KO HEK cells were generated to further studied the impact of TMEM165
on Golgi glycosylation [64—66,506]. Then, TMEM165 mutants were generated and transfected into
HEK cells to pursue this goal [477]. Many tools were used to perform Golgi glycosylation studies and
especially (i) mass spectrometry to analyze N-glycans, O-glycans and glycolipids from either engineered
cells, patients sera or patients fibroblasts and (ii) western blot to look at the migration profile of two

glycoproteins markers LAMP2 and TGN46.
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Mass spectrometry analysis of total N-glycans from patients’ sera highlighted an increase of abnormal N-
glycans lacking both galactose and sialic acid residues [64]. Later, this lack of Golgi maturation was
confirmed in shTMEM165 HEK cells through the accumulation of truncated agalactosylated and
consequently asialylated N-glycans. Moreover, the absence of complex glycan structures attests from a
severe Golgi processing defect in absence of TMEM165 [65]. Those results were reproducible in
TMEM165 KO HEK cells [506] and highlight a strong galactosylation defect, a mild GlcNAcylation
defect and a slight sialylation defect associated with a lack of TMEM165. Regarding the O-glycosylation,
no clear defects in O-glycan structures were observed in both sera from patients and TMEM165
deficient cells [64]. This is consistent with the normal ApoC-III profile and suggests that TMEM165
deficiency may not impact the O-glycosylation process. However, in a later study, the undersialylation
of O-glycan structures from patients’ sera suggests a potential involvement of TMEM165 in the O-
glycosylation process [507]. Nevertheless, further investigations need to be done to strengthen this link
between TMEM165 and O-glycosylation. However, recent unpublished data highlight a significant VVL-
FITC staining in TMEM165 KO HEK cells which was not observed in control cells. Vicia villosa lectin
(VVL) recognizes preferentially o- terminal GalNAc residue linked to serine or threonine in a
polypeptide. This first GaINAc residue (also called Tn antigen) initiates the mucin type O-glycans and is
supposed to be further substituted. Hence, VVL recognition in TMEM165 KO HEK cells suggests the
presence of truncated O-glycan structures and may linked TMEM165 and impaired O-glycosylation.
Next, looking at glycolipids, a decrease in glycosphingolipids (GLS) synthesis was observed in
TMEM165 KO HEK cells. Only few traces of GM2 and GM3 were observed in those cells suggesting
that a lack of TMEM165 impairs Gal/GalNAc transfer onto GSL [506]. Finally, TMEM165 deficiency
also impacts GAG synthesis as depicted in morpholino tmem165 zebrafish model where chondroitin

sulfate (CS) proteoglycans expression is impaired [508].

All in all, TMEM165 deficiency leads to strong glycosylation defects in multiple pathways including N-
glycosylation, GAG, and glycolipids synthesis. So far, no strong evidence linked TMEM165 deficiency

with altered O—glycosylation.

TMEM165-CDG animal models

As mentioned above in Table 21 (2.2.3), a mouse and a zebrafish model both lacking Tmem165/tmem165
expression were generated to further study TMEM165 function. In mouse (mus musculus), Tmem165 gene
is located on chromosome 5 and encoded for a 323 amino acids protein that shares 92% of identity with
human TMEM165. First mentioned by Reinhardt et al. in 2014 [503], C57BL/6 Tmeml65 knockout

mice were reported online by the International Mouse Genotyping Consortium and the Infrafrontier
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websites, both giving complementary data about their genotype and phenotype. Surprisingly, these mice
failed to reproduce the severe skeletal abnormalities found in human TMEM165-CDG patients. Instead,
they exhibited eye defects (abnormal cornea and iris morphologies) and an increased mean corpuscular
volume. At that time, mouse lactation phenotype was not investigated. Then, in a later study still
including Reinhardt, Snyder et al.[504] used conditional Tmem!65 deficient mice to further investigate
the function of TMEM165 in lactating mammary glands (see 3.2.1.). Tmem165 depletion only occurs in
milk-producing alveolar epithelial cells at the rather high level of 85%. A more detailed methodology
giving birth to these mice is well described in the experimental procedures section of the associated
paper [504]. Thus, although mice model lacking Tmeml165 expression are sharing only few clinical
features with human TMEM165-CDG patients, a better understanding of the role of TMEM165 during

lactose synthesis was highlighted (see 3.2.1.).

With regards to the zebrafish (Danio rerio), a single ortholog for TMEM165 was found. Encoded by
tmeml65 gene, Tmem165 shares 79% identity with human TMEM165. Moreover, Tmem165
expression is stable during early development i.e. the first week post-fertilization [508]. Therefore, using
a morpholino approach, Bammens et al., reported the developmental impact of tmem165 deficiency in
zebrafish [508]. Briefly, tmeml65 morphants exhibited strong skeletal defects reflected by shorter
seizure, craniofacial abnormalities and altered cartilage and bones formation. All of these skeletal
anomalies are consistent with those observed in human TMEM165-CDG patients [64,505]. Besides, the
human patient mutation R126H was reproduced in the zebrafish, leading to R106H replacement and
failed to rescue the cartilage alterations observed in the morphants. Therefore, the pathogenicity of such
human mutation is also pathogenic for the zebrafish. At the cellular level, using different markers of
chondrogenesis, tmem165 deficiency impairs the latter stage of chondrocyte maturation. Moreover, bone
mineralization defects were also shown in those morphants resulting from a disrupted osteoblast
maturation. All in all, tmem165 zebrafish morphants mirror TMEM165 human deficiency and linked for
the first TMEM165 function to skeletal anomalies. This model should allow further investigations on the

function of TMEM165 in both physiological and pathophysiological conditions.

3.2.2. Gdtlp involvement in glvcosvlation under high external [CaCl)] and in yeast

lacking Pmr1
Many years ago Antebi and Fink [236] followed by Diirr et al. [238] found that yeast lacking Pmrl1p, the
only Ca’"/Mn”" Golgi ATPase, presented N- and O-linked glycosylation abnormalities. These results
were based on the faster gel mobility of N-glycosylated invertase and O-glycosylated chitinase. At the
time, both Ca’" and Mn’" requirements were assigned to sustain the glycosylation as either CaCl, or

MnCl, supplementations partially rescued those defects [236,238].
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More recently, Gdtlp was described as a new Golgi localized Ca”"-Mn’"/H" transporter. As already
mentioned, the yeast null mutant gdt/4 exhibits a strong growth defect when cultured in the presence
high external CaCl, concentrations [304]. To address whether this growth deficiency was linked to
glycosylation abnormalities, N- and O-linked glycosylation were assessed thanks to the migration profile
of different glycosylation markers (secreted invertase, carboxypeptidase Y (CPY) and Gaslp), in parallel
with those obtained in pmri4 [65,239,240]. While secreted invertase and CPY are only highly N-
glycosylated, Gaslp possesses both N- and O-linked glycans. In line with previous studies, in pmri4
yeast all three proteins migrates faster reflecting a lack of N- and/or O-linked glycans. Increasing CaCl,
concentrations in the culture medium altered the migration profiles of the three proteins in gdti4
whereas those migration profiles were partially rescued in pmri4 [65,239,240]. Moreover, in the double
yeast mutant gdt1A/pmrlA, glycosylation defects were also observed without CaCl, excess and couldn’t
be restored by CaCl, complementation. This was confirmed at the structural level via NMR experiments
on total mannans in wild-type, gdtl4, pmri4 and gdtlA/pmrlA. In resting conditions, wild-type and
gdt14 strains exhibit similar mannosylation patterns whereas both pmri4 and gdt14/pmriA possess lesser
branched mannans mostly lacking @.-1,2-mannose substitutions and 0-1,3-mannose terminations [240].
On the other hand, in the presence of 500uM CaCl,, this branching mannans defect was induced in
gdt14 and gdtlA/pmrl4 while it was abolished in pmri4 [240]. All in all, Gdtlp is required to sustain
both N- and O-glycosylation (i) under high external CaCl, concentrations and (ii) in yeast lacking Pmr1p

through its ability to transport Ca’".

3.2.3. Link between TMEMI165 and Gdtlp function in glvcosvlation and Mn*"

homeostasis

To the yeast side, a first clue linking Gdt1p function in glycosylation and Mn”" homeostasis was given by
the observation that addition of 50uM MnCl, to the Ca-enriched medium of gdti4 suppressed the
observed glycosylation defects [65,239]. In addition, comparing gdt14, pmrid and gdtl1A/pmrid yeast
mutants, MnCl, complementation rescues all the glycosylation defects due to Pmr1p deficiency or both
Gdtlp and Pmrlp deficiencies [23,31]. At the structural level, this MnCl, supplementation resulted in
the suppression of the branching mannan defects [240]. Therefore, a lack of Gdt1p and/or Pmr1p would
alter the Golgi Mn’"/Ca’" homeostasis then impairing the activity of Golgi mannosyltransferases
(ManT), most of them being Mn-dependent (i.e. Mnn1p, Mnn2p, Mnn5p and Mnn6p). Hence, Gdtlp is
required for its activity in both Mn’" and Ca”" homeostasis to sustain the glycosylation process in absence
of Pmr1p. This shed light on a functional link between Gdt1p and Pmr1p in Golgi glycosylation that will

be further discussed in the Results, Part II of this manuscript.
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In mammalian cells, a similar study was done in TMEM165 KO cells by analyzing the migration profile
of two heavily glycosylated proteins (LAMP2 and TGN46) and by mass spectrometry analysis of the
total N-glycans [65,231,506,509]. MnCl, supplementation ranging from 100nM to 50uM rescued the
gel mobility of LAMP2 and TGN46 and abolished the galactosylation defects associated with the lack of
TMEM165. Thus, TMEM165 deficiency would also affect Golgi Mn’" homeostasis, therefore altering
the Golgi glycosylation process by impairing the activity of Mn-dependent glycosyltransferases such as

galactosyltransferases (GalT).

These observations highlight three major differences between yeast and human. First, TMEM165
deficiency leads to severe glycosylation defects while a lack of Gdtlp only affect the glycosylation
process when exposed to high external CaCl, concentrations. This suggests distinct involvements for
TMEM165 and Gdtlp in glycosylation. Second, strong glycosylation abnormalities characterized the
yeast null mutant pmr/4 while in human, no direct link between glycosylation and SPCA1 (Pmrlp
human ortholog) deficiency has been done yet. Third, further investigations demonstrate that Gdtlp

function in glycosylation was Pmr1p-dependent [240].

Human Yeast

TMEM165 SPCAL1 Gdtlp Pmrlp

24 N °
Ca /wn 2 Ca
[ ]
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. ° W
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GalT ManT

Correct glycosylation Correct glycosylation

Figure 46: Comparison between TMEM165 and Gdtlp function in Golgi glycosylation and Mn**
homeostasis. To the human side, TMEM165 is considered as the major Golgi localized Mn”* transporter
supposed to exchange cytosolic Mn”" for luminal Ca”" and/or H'. In human cells, TMEM 165 involvment in Golgi
Mn’" homeostasis drives the Golgi glycosylation by feeding the Golgi apparatus with Mn’", crucial cofactors of
many galactosyltransferases (GalT). On the other hand, in the yeast Saccharomyces cerevisiae, Gdt1p plays a minor
role in Golgi Mn’" homeostasis. The main Golgi Mn”" importer is Pmrip whose function is crucial in Golgi
glycosylation as mannosyltransferases (ManT) require Mn®" as cofactor to be fully active.

In mammalian cells, although a functional link between TMEM165 and SPCAT1 has been established, it
does not rely on their function in glycosylation but on TMEM165 stability regarding SPCA1 ion

pumping activity [461]. This will be further discussed in the Results, Part II of this manuscript.
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All in all, these differences between yeast and human led us to support the following hypotheses: (i) in
human cells, TMEM165 mainly transports cytosolic Mn’" to feed the Golgi apparatus and sustain the
glycosylation process while (ii) in yeast, Gdtlp Mn’" activity is only required when those of Pmrlp is

lacking .

3.2.4. MnCl, and/or D-galactose supplementation suppress the glvcosvlation defects

associated with TMEM 165 deficiency

As mentioned above, slight exogenous MnCl, concentrations are sufficient to suppress the N-
glycosylation defects observed in TMEM165 KO cells. In particular, the severe galactosylation
abnormalities resulting from a lack of TMEM165 were completely suppressed by such MnCl, treatment
[65,506]. The molecular mechanisms behind this Mn’"-induced glycosylation rescue in absence of
TMEM165 remains unclear and will be further developed in the Results, Part I of the manuscript.
However, this in vitro beneficial MnCl, effect gives a glimpse of a potential therapeutic approach to treat
TMEM165-CDG patients as it has already been done for SLC39A8-CDG, another CDG in which Golgi
Mn’" homeostasis is also impaired [67,68]. Back to the strong galactosylation defects associated with
TMEM165 deficiency, another way to suppress them was to increase the GalT substrate, i.e. UDP-
galactose, to enhance its galactosylation activity. This was first achieved in vitro by treating TMEM165
KO cells with D-galactose. Mass spectrometry analysis of total N-glycans indeed demonstrate the
positive effect of such treatment by restoring complex galactosylated and sialylated glycan structures. As
D-galactose was already used to treat other CDG such as SLC39A8-CDG or PGM1-CDG [82], this
treatment was rapidly developed for TMEM165-CDG patients. A clinical trial involving two patients
confirmed the beneficial effect of a daily dose of 1g/kg of D-galactose [506]. Biochemical and clinical
parameters improved during the galactose therapy such as the increased of sialylated forms of the
transferrin and the decrease of hypogalactosylation total N-glycan structures. From this study, the use of
D-galactose was therapeutically recommended for TMEM165-CDG patients [506]. Again, the precise
mechanism by which oral galactose supplementation significantly suppresses the N-glycosylation defects
in TMEM165 deficient cell is still unclear. Some arguments will be further developed in the Results,
Part I of this manuscript, in addition to explanations about the efficacy of combined D-galactose and

MnCl, supplementation already obtained in vitro.
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PhD objectives

Since almost a decade now, substantial work has been done by our lab to unravel the biological function
of TMEM165 and its proper role in Golgi glycosylation. Given that TMEM165 does not encode for a GT
nor a NST, the glycosylation defects associated to its deficiency are secondary. At the beginning of my
PhD, a link between TMEM165 and Mn”" homeostasis was established since (i) the lack of TMEM165
alters Golgi Mn’" homeostasis, (ii)) TMEM165 is a Mn’ -sensitive protein and (iii) N-glycosylation
defects observed in TMEM165 deficient cells can be suppressed by MnCl, supplementation. However,

the mechanisms beyond these observations were far from being elucidated.

Therefore, the first objective of my PhD was to provide new insights into the mechanisms of Mn”*-
induced glycosylation rescue in TMEM165 deficient cells. Then, as a second objective, my PhD
project focused on the potential functional links between TMEM165/Gdtlp and SPCA1/Pmrlp, two
key players acting in the regulation of the secretory pathway ionic homeostasis in humans and yeast

Saccharomyces cerevisiae, rcspcctivcly.

Altogether, the ultimate goal of this PhD was to understand the molecular mechanisms of Golgi ion
homeostasis maintenance to sustain Golgi glycosylation reactions in both yeast Saccharomyces cerevisiae and

human cells.
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1.- Part1-

Insights into the Mn2*-induced Golgi glycosylation rescues in

TMEM165 KO HEK cells.

Paper 1: Involvement of thapsigargin and cyclopiazonic acid sensitive
pumps in the Mn?*-induced LAMP2 glycosylation rescue in TMEM165 KO
HEK cells

Paper 2: Fetal Bovine Serum impacts the observed N-glycosylation defects

in TMEM165 KO HEK cells
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1. Paper 1: Involvement of thapsigargin and cyclopiazonic acid
sensitive pumps in the Mn?*-induced LAMP2 glycosylation
rescue in TMEM165 KO HEK cells

1.1.Introduction
As just described in the last introductive chapter (Chapter 3), substantial work has been done to
decipher the biological function(s) of TMEM165. At the beginning of my PhD, two publications from
the team highlighted that (i) Golgi glycosylation defects due to TMEM165 deficiency resulted from a
disrupted  Golgi Mn’" homeostasis (February 2016) [65] and (ii) both D-galactose or MnCl,
supplementations in the culture medium could rescue the Golgi glycosylation defects observed on N-
glycan structures in TMEM165 KO cells (December 2016) [506]. Hence, at the time, the state-of-the-
art had just linked TMEMI165 function and Golgi Mn”" homeostasis. However, the molecular
mechanism by which exogenous MnCl, led to the suppression of the N-glycosylation defects associated
with TMEM165 deficiency was unknown and actually defined the starting point of my PhD. As the main
objective of this work, we wondered: how does extracellular MnCl, rescue the N-glycosylation defects
in absence of TMEM165? Using control and isogenic TMEM165 KO HEK cells, I first developed a
qualitative biochemical tool to easily assess the cellular N-linked glycosylation status using the
electrophoretic migration profile of the lysosomal glycoprotein LAMP2 as a “glycomarker”. Then,
assuming that extracellular MnCl, can either enter the cell by crossing the plasma membrane through a
plethora of (un)specific transporters or channels or, be internalized via endocytosis, I further
investigated the intracellular pathway(s) by which cytosolic MnCl, could reach the Golgi lumen. At the
time, current knowledge on the regulation of human Golgi Mn*" homeostasis pointed out the potential

role of SPCAT1, the only known Golgi Ca’"/Mn’" P-type ATPase.

1.2.Publication
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Involvement of thapsigargin and cyclopiazonic
acid-sensitive pumps in the rescue of
TMEM165-associated glycosylation defects by Mn?*
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ABSTRACT: Congenital disorders of glycosylation are severe inherited diseases in which aberrant protein glycosyl-
ation is a hallmark. Transmembrane protein 165 (TMEM165) is a novel Golgi transmembrane protein involved in
type II congenital disorders of glycosylation. Although its biologic function is still a controversial issue, we have
demonstrated that the Golgi glycosylation defect due to TMEM165 deficiency resulted from a Golgi Mn**
homeostasis defect. The goal of this study was to delineate the cellular pathway by which extracellular Mn** rescues
N-glycosylation in TMEM165 knockout (KO) cells. We first demonstrated that after extracellular exposure, Mn>*
uptake by HEK293 cells at the plasma membrane did not rely on endocytosis but was likely done by plasma
membrane transporters. Second, we showed that the secretory pathway Ca**-ATPase 1, also known to mediate the
influx of cytosolic Mn** into the lumen of the Golgi apparatus, is not crucial for the Mn**-induced rescue glyco-
sylation of lysosomal-associated membrane protein 2 (LAMP2). In contrast, our results demonstrate the involvement
of cyclopiazonic acid- and thapsigargin (Tg)-sensitive pumps in the rescue of TMEM165-associated glycosylation
defects by Mn*". Interestingly, overexpression of sarco/endoplasmic reticulum Ca**-ATPase (SERCA) 2b isoform in
TMEM165 KO cells partially rescues the observed LAMP2 glycosylation defect. Overall, this study indicates that the
rescue of Golgi N-glycosylation defects in TMEM165 KO cells by extracellular Mn** involves the activity of Tg and
cyclopiazonic acid-sensitive pumps, probably the SERCA pumps.—Houdou, M., Lebredonchel, E., Garat, A.,
Duvet, S., Legrand, D., Decool, V., Klein, A., Ouzzine, M., Gasnier, B., Potelle, S., Foulquier, F. Involvement of
thapsigargin and cyclopiazonic acid-sensitive pumps in the rescue of TMEM165-associated glycosylation defects by
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(TMEM165) gene as a new gene involved in congenital
disorders of glycosylation (CDG) (OMIM entry 614727)
(1). TMEM165-CDG patients present a peculiar clinical
phenotype, including major skeletal dysplasia, osteopo-
rosis, and dwarfism (2). They also present hyposialylation
and hypogalactosylation of their sera N-glycoproteins.
TMEM165 is a Golgi transmembrane protein belonging to
an uncharacterized family of transmembrane proteins
named UPF0016 (uncharacterized protein family 0016;
Pfam PF01169). Even if TMEM165 is highly conserved
during evolution from yeast to human, its biologic func-
tion is still a controversial issue. TMEM165 was first de-
scribed as a Golgi cation antiporter by sequence analogy
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with other members of the family (3). In addition, we
recently demonstrated that the Golgi glycosylation
defect due to TMEM165 deficiency in patients and in
TMEM165 knockout (KO) cells resulted from a defect in
Golﬁgi Mn** homeostasis, thus linking TMEM165 with
Mn** homeostasis and suggesting it may import Mn**
into the Golgi stacks (4). This is reinforced by the thy-
lakoid Mn*" import via photosynthesis-affected mutant
71 transporter, the Arabidopsis thaliana ortholog of
TMEM165 (5). In addition, we highlighted that only
1 pM Mn** supplementation was sufficient to rescue a
normal glycosylation.

Manganese is considered to be a trace element, but it
is still essential for several cellular processes. It is in-
volved in the catalytic domain of many enzymes, such
as mitochondrial enzymes, RNA and DNA polymer-
ase, and Golgi glycosyltransferases. Although the link
between Golgi glycosylation and Mn** has long been
known (6), it has only recently been shown that a de-
crease in cellular Mn** could cause CDG. In addition to
our study showing that TMEM165 deficiency was
linked with Golgi Mn?* homeostasis (4), Park et al. (7)
have shown that mutations in SLC39AS8, a putative
plasma membrane manganese transporter, lead to se-
vere glycosylation defects.

The question we address here is how does extracel-
lular Mn>* supplementation rescue the glycosylation in
TMEM165 KO cells? Extracellular Mn** could reach the
Golgi lumen one of two ways: first, it might be in-
ternalized by endocytosis and subsequently reach the
Golgi lumen through endosome-to—trans-Gogi net-
work retrograde trafficking (8); and second, it might
cross the plasma membrane and eventually the Golgi
membrane through unspecific channels or trans-
porters. In the latter case, current knowledge suggests
that Mn** supply in the Golgi is achieved via the action
of the secretory pathway Ca®*-ATPases (SPCA1 and
SPCA2) (9-12), which mediates the import of Ca** and
Mn?* into the Golgi lumen. Thus, the aim of this study
was to decipher by which pathways 1 uM MnCl, sup-
plementation leads to glycosylation rescue in TMEM165
KO HEK293 cells.

MATERIALS AND METHODS
Antibodies and other reagents

Anti-TMEM165 and anti—-B-actin antibodies were purchased
from MilliporeSigma (Burlington, MA, USA). Anti-LAMP2
antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-SPCA1 antibodies were purchased
from Abcam (Cambridge, United Kingdom) for immunoflu-
orescence staining and from Abnova (Taipei City, Taiwan) for
Western blot analysis. Anti-GM130 antibody was from BD
Biosciences (Franklin Lakes, NJ, USA). Anti-GPP130 antibody
was purchased from Covance (Princeton, NJ, USA), and
anti-sarco/endoplasmic reticulum Ca®"-ATPase (SERCA) 2
antibody was purchased from MilliporeSigma. Polyclonal
goat anti-rabbit or goat anti-mouse horseradish peroxidase—
conjugated Igs were purchased from Agilent Technologies
(Santa Clara, CA, USA). Polyclonal goat anti-rabbit or goat
anti-mouse conjugated with Alexa Fluor were purchased
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from Thermo Fisher Scientific (Waltham, MA, USA). Man-
ganese (II) chloride tetrahydrate was from Riedel-de-Haén
(Seelze, Germany). All other chemicals were from Milli-
poreSigma, unless otherwise specified.

Cell culture, drug treatments, and transfections

Control and TMEM165 KO HEK293 cells were maintained in
DMEM (Lonza, Basel, Switzerland) supplemented with 10% fetal
bovine serum (Dutscher, Brumath, France) at 37°C in a humidity-
saturated 5% CO, atmosphere. For drug treatments, cells were
incubated either with 1 uM MnCl, and/or 10 uM chloroquine
(CQ), 300 nM nocodazole, 50 nM Tg, 100 uM cyclopiazonic acid
(CPA), 5 mM methyl-B-cyclodextrin (MBCD), 500 uM CaCl2,
1mM sodium pyruvate for different treatment times. Transfec-
tions were performed using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Human
SERCAZ2b plasmid (pcDNA3.1+) was purchased from Addgene
(Cambridge, MA, USA), and human siATP2C1 from Dharmacon
(Horizon Discovery, Lafayette, CO, USA).

Immunofluorescence staining

Cells were seeded on coverslips for 12 to 4 h, treated as
indicated in each figure, washed twice in PBS (Euromedex,
Souffelweyersheim, France), and fixed with 4% para-
formaldehyde in PBS pH 7.3, for 30 min at room temperature.
Coverslips were then washed 3 times with PBS, and cells were
permeabilized with 0.5% Triton X-100 in PBS for 10 min before
being washed 3 times with PBS. Coverslips were then in-
cubated for 1 hin blocking buffer [0.2% gelatin, 2% bovin serum
albumin, 2% fetal bovine serum (Lonza) in PBS] and then for 1 h
with primary antibody diluted either at 1:100 or 1:300 in
blocking buffer. After 3 washings with PBS, cells were in-
cubated for 1 h with Alexa Fluor 488- or Alexa Fluor 568-
conjugated secondary antibody (Thermo Fisher Scientific) di-
luted at 1:600 in blocking buffer. After 3 washings with PBS,
coverslips were mounted on glass slides with Mowiol. Fluo-
rescence was detected by an inverted Zeiss LSM780 or LSM700
Confocal Microscope. Acquisitions were done using ZEN Pro
2.1 software (Carl Zeiss GmbH, Jena, Germany).

Image analyses

Immunofluorescence images were analyzed using TisGolgi, an
in-house made Image] plugin (National Institutes of Health,
Bethesda, MD, USA; http://imagej.nih.gov/ij) developed by the
local TisBio (http://tisbio.wixsite.com/tisbio) facility.

Western blot analysis

Cells were scraped in Dulbecco’s phosphate-buffered saline
(DPBS) and then centrifuged at 4000 g, 4°C for 10 min. Su-
pernatant was discarded, and cells were then resuspended in
RIPA buffer (Tris/HCI 50 mM pH 7.9, NaCl 120 mM, NP40
0.5%, EDTA 1 mM, NazVO,4 1 mM, NaF 5 mM) supplemented
with a protease cocktail inhibitor (Roche Diagnostics, Rotkreuz,
Switzerland). Cell lysis was done either by passing the cells
several times through a syringe with a 26-gauge needle orby a
sonication bath for 2 min followed by incubation on ice for
10 min. Cells were centrifuged 20,000 g, 4°C for 30 min. Protein
concentration contained in the supernatant was estimated
with the micro bicinchoninic acid (BCA) Protein Assay Kit
(Thermo Fisher Scientific). Ten or 20 g of total protein lysate
was mixed with NuPAGE LDS sample buffer (Thermo Fisher
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Scientific), pH 8.4, supplemented with 4% B-mercaptoethanol
(Fluka; MilliporeSigma). Samples were heated 10 min at 95°C
(excepted for TMEM165, SPCA1 and SERCA?2), then sepa-
rated on 4 to 12% Bis-Tris gels (Thermo Fisher Scientific) and
transferred to nitrocellulose membrane Hybond ECL (GE
Healthcare, Little Chalfont, United Kingdom). Membranes
were blocked in blocking buffer [5% milk powder in TBS-T
(1x TBS with 0.05% Tween 20)] for 1 h at room temperature,
then incubated overnight with the primary antibodies (used
at a dilution of 1:1000) in blocking buffer and washed 3 times
for 5 min in TBS-T. Membranes were then incubated with
peroxidase-conjugated secondary goat anti-rabbit or goat
anti-mouse antibodies (used at a dilution of 1:10,000 or
1:20,000; Agilent Technologies) in blocking buffer for 1 h at
room temperature and later washed 3 times for 5 min in TBS-
T. Signal was detected with chemiluminescence reagent (ECL
2 Western blotting substrate or SuperSignal West Pico Plus
Chemiluminescent Substrate; Thermo Fisher Scientific) on
imaging film (GE Healthcare).

Mass spectrometry

Two T75 flasks at 90% confluence, treated as indicated in each
figure, were used. Cells were then scraped in DPBS at 4°C and
centrifuged at 4000 g, 4°C for 5 min. Then, supernatant was dis-
carded, and cells were resuspended in PBS and washed 4 times
by centrifugation (4000 g, 4°C for 10 min). Before the last wash, an
aliquot of the resuspended cells in PBS was kept (1:10) in order to
estimate the total protein concentration of the sample. Theresting
pellets were resuspended in lysis buffer (1% Triton-X100 in BS)
after a sonication bath at 4°C for 1 h and centrifuged at 20,000 g,
4°C for 10 min. Supernatants were then transferred into new
tubes. Next, dithiotreitol (MilliporeSigma) was added to a final
concentration of 10 mM and incubated 45 min at 56°C followed
by the addition of 50 mM iodoacetamide (Bio-Rad, Hercules, CA,
USA) for 1 h at 37°C, protected from light. The reduced and
acylated proteins were precipitated with a final concentration of
10% trichloroacetic acid and incubated for 30 min at —20°C. After
a centrifugation at 20,000 g, 4°C for 10 min, supernatants were
discarded. Protein pellets were then washed by the addition of
iced acetone and centrifuged at 20,000 g, 4°C for 10 min. This step
was repeated. Washed protein pellets were dried at room tem-
perature for 30 min. Then trypsin at 2 mg/ml (MilliporeSigma)
was added overnight and up to 48 h at 37°C in 50 mM ammo-
nium bicarbonate (MilliporeSigma) with a 5:1 ratio. The reaction
was stopped by heating samples 10 min at 100°C. N-glycans were
released from the proteins by addition of 10 U of PNGase
F (Roche Diagnostics) overnight at 37°C. N-glycans were then
purified by a C18 Sep-Pak chromatography (Water, Guyancourt,
France). The column was washed with 100% acetonitrile and
100% 2-propanol, and then equilibrated with 5% acetic acid in
water. Samples were loaded onto the C18 Sep-Pak, and the
bound peptides were eluted 3 times with 5% acetic acid in water.
N-glycans in 5% aqueous acetic acid were lyophylized overnight.
They were permethylated and spotted onto a matrix-assisted
desorption plate and analyzed by matrix-assisted desorption
ionization-time of flight mass spectrometry on a 4800 Proteomics
Analyzer Mass Spectrometer (Applied Biosystems; Thermo
Fisher Scientific), as described by Delannoy et al. (13). Each
spectrum resulted from the accumulation of 10,000 spectra and
shows glycans structures from m/z 1500 up to 3000.

Whole cell Mn measurement

Sample preparation

After the indicated treatments, cells were washed twice in
DPBS at 4°C. Cells were then collected and centrifuged at
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4000 g, 4°C for 10 min. Supernatant was discarded, and cells
were then resuspended in 1 ml of PBS; 200 pl was kept for
protein dosage, and 800 pl was kept for Mn measurement by
inductively coupled plasma mass spectrometry (ICP-MS).
Both were centrifuged at 4000 g, 4°C for 10 min. The cell
pellet for protein dosage was resuspended in RIPA buffer,
and cell lysis was performed. Protein concentration con-
tained in the supernatant was estimated with the micro-
BCA Protein Assay Kit (Thermo Fisher Scientific). Cell
pellet for ICP-MS analysis was resuspended in deionized
water and then sonicated for 30 s. A chloroform/methanol/
water (ratio 2:1:3) extraction was then done to separate
lipids, proteins, and soluble material. The upper phase
containing soluble material was kept and dried under ni-
trogen flux or with a vacuum concentrator (Eppendorf
Concentrator 5301). Samples were then dissolved in 500 pl
of deionized water.

Instrumentation and analysis

Samples were diluted 50 times with 1.5% (v/v) nitric acid
(ultrapure quality 69.5%; Carlo Erba Reagents, Val de Reuil,
France) solution in ultrapure water (Purelab Option-Q;
Veolia Water, Antony, France) containing 0.1% Triton
X-100 (Euromedex), 0.2% butan-1-0l (VWR Chemicals,
Fontenay-sous-Bois, France), and 0.5 pg/L rhodium (Merk,
Darmstadt, Germany). Assays were performed on an ICP-
MS Thermo ICap Q device (Thermo Fisher Scientific). The
limit of quantification was 0.2 pg/L.

Statistical analysis

Comparisons between groups were performed by the Stu-
dent’s t test for 2 variables with equal or different variances,
depending on the result of the F test.

RESULTS

Time course of lysosomal-associated
membrane protein 2 glycosylation rescue
by Mn?*

Our previous studies demonstrated that supplemen-
tation with low Mn** concentrations could completely
suppress lysosomal-associated membrane protein 2
(LAMP2) glycosylation defects in TMEM165 KO cells
(4). This has, however, been observed for long treat-
ments (48 h). The time course of the Mn?* effect was
not evaluated. To answer this point, a concentration of
1 uM of MnCl, was applied to the cells for increas-
ing times (1-64 h), and LAMP2 glycosylation was
assessed by Western blot analysis (Fig. 1A). The results
showed that after Mn>* treatment of TMEM165 KO
cells, fully glycosylated forms of LAMP2 appear af-
ter 8 h of Mn®* treatment, yet most LAMP2 remain
underglycosylated. Relative quantification of under-
glycosylated and fully glycosylated LAMP2 (Fig. 1B)
indicate that fully glycosylated LAMP2 progressively
increases from 10% after 8 h to 97% after 64 h of Mn**
treatment. This result is consistent with the slow
turnover of LAMP2 estimated to 48 h. In further ex-
periments, cells were treated with 1 pM MnCl, for
8 and/or 16 h.
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Figure 1. Time course of Mn**-induced LAMP? glycosylation rescue. A) Control and TMEM165 KO HEK293 cells were cultured with
1 wM MnCl, during indicated times. Cell culture medium was renewed every 16 h. Total cell lysates were prepared, then subjected to SDS-
PAGE and Western blot with indicated antibodies. B) Relative quantification of fully and underglycosylated forms of LAMP2 (n = 2).

Blocking endocytosis in TMEM165 KO cells
does not prevent rescue of LAMP2
glycosylation by Mn?*

The pathways by which Mn** enters cells after MnCl,
exposure are unknown. Two different ways are possi-
ble, either by permeating membranes using specific
and/or unspecific transporters or via endocytosis and
endosome-to-trans-Gogi network retrograde traffick-
ing (8). To discriminate between these possibilities, cells
were treated with different drugs known to interfere
with endocytosis such as CQ (14), a weak base raising
the pH of acidic compartments, MBCD, that depletes
cholesterol from plasma membrane and nocodazole, a
microtubule depolymerizing agent (15) (Fig. 2 and
Supplemental Figs. S1 and S2). We first checked the
potential effects of these drugs on both the steady-state
glycosylation status of LAMP2 in control HEK293 cells
and its subcellular localization. No changes in the
LAMP2 electrophoresis mobility could be observed
in control HEK293 cells after these drug treatments
(Supplemental Figs. SIA and S2A), suggesting no
major alteration of its glycosylation. Moreover,
neither nocodazole nor MBCD nor CQ disrupted the
lysosomal localization of LAMP2 (Supplemental Figs.
S1B and S2B).

We also checked the effects of those drugs on the
morphology of the Golgi apparatus. Immunofluores-
cence staining of Golgi proteins GPP130 and GM130
were performed, followed by confocal microscopy
analyses (Supplemental Figs. S1B and S2B). As already
known from the literature, nocodazole fragmented the
Golgiapparatus, but CQ and MBCD had no effect on its
morphology.

The LAMP2 glycosylation profile in TMEM165 KO
HEK293 cells after treatment with or without a combina-
tion of those drugs and MnCl, was then assessed (Fig. 2
and Supplemental Fig. S2C). The observed LAMP2 mo-
bility in TMEM165 KO cells after 1 pM MnCl, treatment
was comparable to the one observed in Fig. 1. Ten percent
of LAMP2 was found to be normally glycosylated after 8 h
of Mn*" treatment and 33% after 16 h. Cells were then
treated with CQ or MBCD in the presence or absence of
1 uM MnCl, for 8 and 16 h (Fig. 2). The results show that
CQ and MBCD did not prevent the rescue of LAMP2
glycosylation after Mn®* supplementation because 22 and

32% of fully glycosylated forms, respectively, were ob-
served after 16 h treatment. Similar results were obtained
with nocodazole (Supplemental Fig. S1C, D).

These results clearly highlight that none of these drugs
prevents the rescue of LAMP2 glycosylation by Mn** in
TMEM165 KO cells. This suggests that at the extracellular
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concentration used in our study (1 pM), Mn?* enters
TMEM165-defective HEK293 cells through plasma mem-
brane transporters rather than by endocytosis.

Is Golgi pump SPCA1 involved in Mn**-induced
rescue of LAMP2 glycosylation?

After entering TMEM165-defective cells, cytososlic
Mn** should reach the Golgi lumen to correct the
glycosylation defects. Besides TMEM165, which acts
as a key determinant for Golgi Mn** homeostasis (4),
the SPCA pumps (SPCA1 and -2) are known to be the
main suppliers of Mn?* in the Golgi lumen (11). Be-
cause SPCA2 is poorly expressed in our cell line, we
tested the contribution of SPCA1 by silencing its gene,
ATP2C1 (Fig. 3). The small interfering RNA (siRNA)
knockdown was very efficient, as 95% of the protein was
depleted compared to untreated cells. Surprisingly, the
knockdown of ATP2C1 did not prevent the rescue of
LAMP?2 glycosylation by Mn*". Thirty-seven percent of
LAMP?2 was fully glycosylated after 16 h Mn** treatment in
SiATP2C1-treated cells, a level similar to that observed
without ATP2C1 knockdown. SPCA1 is thus not involved in
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LAMP2
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Figure 2. Mn®* entry into TMEM165 KO HEK293
cells does not rely on endocytosis. A) Control
and TMEM165 KO HEK293 cells were cultured
with CQ (10 M) or MBCD (5mM) in combina-
tion or not with 1 uM MnCl; for 8 or 16 h. Total
cell lysates were prepared, then subjected to
SDS-PAGE and Western blot with indicated
antibodies. B) Relative quantification of fully
and underglycosylated forms of LAMP2 (n = 2).

LAMP2

Drug treatment

MnCI,(1uM)

the glycosylation rescue induced by Mn** supplementation
in TMEM165 KO HEK293 cells.

Golgi glycosylation rescue induced by
Mn?* supplementation requires Tg and
CPA-sensitive pumps

Given the previous results, we next considered whether the
endoplasmic reticulum (ER) could play a role in the observed
glycosylation rescue. It had indeed been shown that SERCA
pumps are able, in certain conditions, to transport Mn" into
the ER lumen in addition to Ca* (16-18). We thus hypoth-
esized that SERCA pumps might be involved in the Mn**
supplementation effect. To address this point, LAMP2 gly-
cosylation status was evaluated by Western blot analysis in
cells treated with CPA or Tg, two specific SERCA inhibitors,
in the presence or absence of 1 wM MnCl, (Fig. 4). CPA and
Tg did not induce any glycosylation defect on LAMP2 in
control HEK?293 cells; nor did this occur after 8 or 16 h of
treatment (Supplemental Fig. S3). Remarkably, in TMEM165
KO HEK293 cells treated with CPA and 1 uM MnCl,, the
treatment strongly delayed the rescue of LAMP?2 glycosyla-
tion by Mn*", as only 4% of LAMP2 was fully glycosylated
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Figure 3. ATP2CI knockdown does not prevent Mn**-induced rescue glycosylation of LAMP2 in TMEM165 KO HEK293 cells. A) Control,
TMEM165 KO, and siATP2CI HEK293 cells were cultured with 1 M MnCls for 16 h. Total cell lysates were prepared, and then subjected
to SDSPAGE and Western blot analyses with indicated antibodies. B) Quantification of SPCA1 protein expression after normalization with
actin. C) Relative quantification of fully and underglycosylated forms of LAMP2.

after 8 h and 29% after 16 h of Min®* treatment. To reinforce
this result, stronger effects were obtained after Tg treatment
(Fig. 4A, B). To confirm these results at the structural level,
mass spectrometry of total N-glycans was performed (Fig. 5).
TMEM165 KO HEK293 cells were treated or not with
1 uM MnCl, and with or without Tg/CPA. Consistent
with our previous studies, a pronounced hypo-
galactosylation was seen in TMEM165 KO HEK293
cells, with the accumulation of agalactosylated glycan
structures detected at m/z 1661, 1835, 2081, and 2326.
Consistent with our previous studies, MnCl, treatment
rescues the general glycosylation defect, as indicated by
the decreased abundance of the structures m/z 1835,
2081, and 2326 (54% decrease, Supplemental Fig. 54).
Although Tg and CPA treatments in KO TMEM165
cells slightly increase the abnormal agalactosylated
glycan structures, such treatments fully prevent the
total rescue of TMEM165-associated glycosylatlon de-
fects by Mn?* , as indicated by the remaining high
abundance of the structures m/z 1661, 1835, 2081, and
2326 (Supplemental Fig. S4).

To validate these results, we tested whether CPA or Tg
treatment acted by indirectly altering Mn®" entry into the
cells. Therefore, the total cellular Mn concentration in
presence and absence of CPA or Tg was evaluated by ICP-
MS after MnC12 supplementation. The results showed that
after Mn** supplementation, the amount of Mn is com-
parable in cells treated or not with CPA or Tg (Supple-
mental Fig. S3C). This demonstrated that neither CPA nor

Tg prevented the cellular Mn**
supplementation.

In parallel, the effects of CPA and Tg on the morphol-
ogy of the Golgi apparatus were investigated by confocal
immunofluorescence analysis of the Golgi proteins
GPP130 and GM130 (Fig. 4C and Supplemental Fig. S3A).
No effect was observed on the Golgi apparatus mor-
phology after CPA treatment, and only a slight dilatation
of the Golgi was shown after Tg treatment. Moreover,
LAMP2 localization was not disrupted by either Tg or
CPA.

Overall, these results provide pharmacologic evidence for
the involvement of Tg- and CPA-sensitive ;)umps in the
Golgi N-glycosylation rescue induced by Mn“" supplemen-
tation in TMEM165 KO HEK293 cells.

entry after MnCl,

Potential involvement of SERCA pump in the
Mn?*-induced rescue of LAMP2 glycosylation

The observed Tg and CPA sensitivity led us to mvestlgate
the potential role of ER SERCA pump in the Mn** sup-
plementation effect. Among all SERCA proteins, the
SERCAZ2b isoform is the main form expressed in HEK293
cells. SERCA2b was overexpressed for 48 h in TMEM165
KO HEK293 cells, and LAMP2 glycosylation status was
assayed by Western blot analysis. The correct SERCA2b
expression was checked by immunofluorescence (data not
shown) and by Western blot analyses in both TMEM165
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Figure 4. Involvement of Tg- and CPA-sensitive pumps in Mn*"-induced rescue of LAMP2 glycosylation. A) Control and
TMEM165 KO cells were cultured with either Tg (50 nM) or CPA (100 wM), 2 SERCA inhibitors, in combination or not with
1 uM MnCl, for 8 or 16 h. Total cell lysates were prepared, then subjected to SDS-PAGE and Western blot with indicated
antibodies. B) Relative quantification of fully and underglycosylated forms of LAMP2 (n = 2). C) Immunofluorescence analysis.
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performed, showing nuclei. Scale bars, 5 pm.
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Figure 5. Nglycosylation defects observed in TMEM165 KO HEK293 cells treated with Tg or CPA are not rescued by Mn*"
supplementation. Matrix-assisted desorption ionization—time of flight mass spectrometry spectra of permethylated N-glycans from
TMEM165 KO HEK293 cells after different treatments. No treatment (A), TMEM165 KO HEK293 cells treated with 1 puM MnCly
for 16 h (B), TMEM165 KO HEK293 cells treated with 50 nM Tg, in combination or not with 1 uM MnCl for 16 h (C, D),
TMEM165 KO HEK293 cells treated with 100 wuM CPA in combination or not with 1 wuM MnCls for 16 h (E, F). Symbols represent
sugar residues as follows: blue square, N-acetylglucosamine; green circle, mannose; yellow circle, galactose; purple diamond, sialic
acid; red triangle, fucose. Linkages between sugar residues have been removed for simplicity.



KO and control HEK293 cells (Fig. 6). Compared to
untransfected cells, LAMP2 glycosylation profile is slightly
restored in TMEM165 KO HEK293 cells overexpressing
SERCA2b (Fig. 6). In order to prove that this slight res-
cue was not due to potential ER/Golgi Ca** homeo-
stasis changes, the overexpressing cells were treated
with 500 pM CaCl, and 1 mM sodium pyruvate. LAMP2
glycosylation rescue is identical to the one obtained with-
out such treatment and suggests that the observed shift is
likely not the cause of the SERCA2b Ca®* pumping activ-
ity. Taken together, these results suggest the potential in-
volvement of SERCA2b pump in the Mn** rescued
glycosylation of LAMP2.

DISCUSSION

TMEM165 deficiency was recently found to lead to a type
I CDG associated with strong Golgi glycosylation ab-
normalities (1). Our previous work has shown that
these glycosylation abnormalities in TMEM165 KO
cells could result from a lack of Golgi Mn** (4). Many
Golgi glycosyltransferases using UDP sugars as a do-
nor substrate, such as UDP-Gal:N-acetylglucosamine
B-1,4-galactosyltransferase I (B4GALT1; EC 2.4.1.22)
and UDP-Gal:N-acetylglucosamine B-1,4-galactosyl-
transferase II (BAGALT2; EC 2.4.1.22), are indeed known to
require Min>* in their catalytic site to be fully active. Indeed, as
it has been well described by Ramakrishnan et al. (19), Mn**
first needs to bind the enzyme in a so-called open confor-
mation to then allow the binding of the nucleotide sugar.
Once in this enzyme-Mn* nucleotide sugar conformation,
the acceptor substrates bind it, and the catalysis can start.
Remarkably, we have demonstrated that 1 uM MnCl, sup-
plementation was sufficient to completely suppress the gly-
cosylation defects in TMEM165 KO cells. The underlying
mechanism of this glycosylation rescue by Mn** was how-
ever unknown.

To address this point, LAMP2 was used as a reporter
glycoprotein to finely study the Mn**-induced mecha-
nism of Golgi glycosylation rescue. We have clearly
shown that after 8 h 1 uM MnCl, treatment, newly
synthesized LAMP2 was already fully glycosylated in
TMEM165 KO cells. Moreover, and in line with its
turnover, half of LAMP2 is fully glycosylated after 24-h
treatment, and almost all LAMP?2 is fully glycosylated
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after 64-h treatment. This showed that LAMP2 could be
used to study glycosylation kinetics and that 1 uM
MnCl, was able to totally suppress the glycosylation
defect observed on LAMP2 in TMEM165 KO HEK293
cells.

The first step of this glycosylation rescue induced by
1 uM MnCl, is the Mn*" uptake at the plasma mem-
brane. This can be done either by endocytosis or
through transporters. Using CQ, nocodazole, and
MBCD, 3 drugs known to disrupt endocytosis (14), we
have demonstrated that none of these drugs prevented
the glycosylation rescue after 1 uM MnCl, exposure in
TMEM165 KO cells, thus suggesting that Mn>* does not
enter into cells via endocytosis. This can easily be
explained by the presence of several plasma membrane
transporters known to import Mn**. This includes the
divalent metal transporter 1 (DMT1/NRAMP2/
SLC11A2) (20, 21), NRAMP1 (22), transferrin, and
transporters SLC30A10/ZNT8 (23), SLC39A8/ZIP8 (7)
and SLC30A14/ZIP14 (24, 25). As a consequence, we
reasonably think that Mn®* can use a wide set of
transporters to directly enter into cells, thus making the
identification of the involved transporters difficult,
with possibly different answers depending on the cell
type.

Once in the cytosol, Mn** needs to reach the Golgi
lumen to suppress the Golgi glycosylation defect in-
duced by a lack of TMEMI165. In the absence of
TMEM165, it is likely that the Mn>* supply in the Golgi
is achieved via the action of SPCA pumps (SPCA1 and
SPCA2) (9, 11, 26). Overexpression of SPCA1 has in-
deed been shown to increase Mn** accumulation into
the Golgi after high Mn>* concentrations exposure (27).
Given that SPCA2 is not expressed in HEK cells, we
have depleted SPCA1 by siRNA and analyzed the sta-
tus of LAMP2 glycosylation in TMEM165 KO cells in
the presence or absence of 1 pM MnCl,. The results
unequivocally showed that Mn** supplementation could
rescue a normal LAMP2 glycosylation in siATP2C1
TMEM165 KO-treated cells. This demonstrates that
somehow SPCA1 is not involved in the glycosylation rescue
induced by Mn?*" in TMEM165 KO cells. However, because
5% of SPCA1 still remains after siRNA treatment, we cannot
completely exclude the notion that the remaining SPCA1 is
sufficient to efficiently transport Mn®* from the cytosol to the
Golgi apparatus to rescue glycosylation.
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We then investigated the hypothesis that Mn** could
reach the ER before being transported to the Golgi com-
partment. The effects of specific inhibitors of sarcoplasmic
reticulum calcium ATPase, Tg, and CPA were in-
vestigated. Interestingly, we did demonstrate that Mn**
supplementation could not rescue a correct LAMP2 gly-
cosylation in cells treated with CPA (100 uM) or Tg
(50 nM). Importantly, these used concentrations of CPA
and Tg did not inhibit the activity of SPCA1. Indeed, Chen
et al. (28), recently showed that SPCA1 inhibition by either
CPA or Tg occurred from 182 to 7 uM, respectively. As
we demonstrated using ICP-MS, neither CPA nor TG
treatment prevented the cellular Mn** entry; our results
suggest that the observed Golgi glycosylation rescue
induced by Mn** supplementation could come from
ER/Golgi uptake via Tg and CPA sensitive proteins. To
address the potential involvement of SERCA pumps,
SERCA2b (the main isoform expressed in HEK cells)
overexpression in TMEM165 KO HEK293 cells was per-
formed. Although partial, the LAMP2 glycosylation pro-
fileis clearly enhanced, which suggests the involvement of
SERCAZ2b protein in the Mn®* rescued glycosylation of
LAMP2.

The importance of SERCA pumps in the observed
Golgi glycosylation rescue was quite unexpected, and the
molecular mechanisms by which SERCA pumps are in-
volved in the Mn** rescued Golgi glycosylation in
TMEM165 KO cells remain unknown. One can expect that
under Mn?" supplementation, cytosolic Mn** is directly
pumped by SERCA into the ER. Such role has already
been documented in the literature. Chiesi and Inesi (17)
showed in sarcoplasmic reticulum vesicles that a Ca**
ATPase could indeed be activated by Mn** and was even
able to import Mn*" instead of Ca**, but at slower rate. It
was also confirmed, many years ago, that SERCAla was
able to transport Mn** instead of Ca®* with similar acti-
vation energies using the same mechanism but with a
much lower affinity (18). Another hypothesis that we
cannot exclude would be the crucial importance of ER/
Golgi Ca** homeostasis in the Mn**induced Golgi gly-
cosylation rescue. Some Golgi glycosyltransferases, and
particularly the Golgi B4GalTl (EC 2.4.1.38) enzyme,
possesses 2 metal binding sites. Site I binds Mn** with
high affinity, and site Il binds diverse metal ions including
Ca** (18). It could be possible that a decrease in ER/Golgi
Ca?* homeostasis completely inhibits, in cellulo, the ac-
tivity of B4GalT1 even under Mn>* supplementation.

Overall, our results shed light on the involvement
of Tg- and CPA-sensitive pumps, most likely SERCA
pump, in the rescue of TMEM165-associated glycosylation
defects by Mn**,

ACKNOWLEDGMENTS

The authors are indebted to D. Legrand [Federation of
Research Structural and Functional Biochemistry of Bio-
molecular Assemblies (FRABio), University of Lille] for
providing the scientific and technical environment conducive
to achieving this work. The authors thank the staff of the
BiolmagingCenter of Lille, especially C. Slomianny and
E. Richard, for the use of the Leica LSM700 and LSM780

Thése de Marine Houdou, Université de Lille, 2020

devices. The authors are indebted to D. Mouajjah (Centre
National de la Recherche Scientifique Unités Mixte de
Recherche 8576, University of Lille) for her helpful assistance
in mass spectrometry experiments, and D. Allorge (Centre
Hospitalier Universitaire Lille, EA 4483) for her kind
assistance in ICP-MS experiments. This work was supported
by the French National Research Agency (SOLV-CDG to F.F.)
and the Mizutani Foundation for Glycoscience (to F.F.). The
authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

S. Potelle and F. Foulquier designed the research; M. Houdou,
E. Lebredonchel, and V. Decool performed the experiments;
M. Houdou, S. Duvet, and S. Potelle analyzed data;
M. Houdou, S. Potelle, and F. Foulquier wrote the manuscript;
A. Garat developed and optimized the ICP-MS analysis and
kindly gave access to the platform for the experiments; and
D. Legrand, A. Klein, M. Ouzzine, and B. Gasnier helped edit
the manuscript and provided useful advice.

REFERENCES

1. Foulquier, F., Amyere, M., Jacken, J., Zeevaert, R., Schollen, E., Race, V.,
Bammens, R., Morelle, W., Rosnoblet, C., Legrand, D., Demaegd, D.,
Buist, N., Cheillan, D., Guffon, N., Morsomme, P., Annaert, W., Freeze,
H. H,, Van Schaftingen, E., Vikkula, M., and Matthijs, G. (2012)
TMEM165 deficiency causes a congenital disorder of glycosylation. Am.
J. Hum. Genet. 91, 15-26

2. Zeevaert,R.,de Zegher, F., Sturiale, L., Garozzo, D., Smet, M., Moens,
M., Matthijs, G., and Jaeken, J. (2013) Bone dysplasia as a key feature
in three patients with a novel congenital disorder of glycosylation
(CDG) type II due to a deep intronic splice mutation in TMEM165.
JIMD Rep. 8, 145-152

3. Demaegd, D., Foulquier, F., Colinet, A.-S., Gremillon, L., Legrand, D.,
Mariot, P., Peiter, E., Van Schaftingen, E., Matthijs, G., and
Morsomme, P. (2013) Newly characterized Golgi-localized family of
proteins is involved in calcium and pH homeostasis in yeast and hu-
man cells. Proc. Natl. Acad. Sci. USA 110, 6859-6864

4. Potelle, S., Morelle, W., Dulary, E., Duvet, S., Vicogne, D., Spriet, C,,
Krzewinski-Recchi, M-A., Morsomme, P., Jaecken, ]., Matthis, G.,
De Bettignies, G., and Foulquier, F. (2016) Glycosylation abnormalities
in Gdtlp/TMEMI165 deficient cells result from a defect in Golgi man-
ganese homeostasis. Hum. Mol. Genet. 25, 1489-1500

5. Schneider, A., Steinberger, 1., Herdean, A., Gandini, C., Eisenhut, M.,
Kurz, S., Morper, A., Hoecker, N., Riihle, T., Labs, M., Flugge, U-IL,
Geimer, S., Schmidt, S. B., Husted, S., Weber, A. P. M., Spetea, C., and
Leister, D. (2016) The evolutionarily conserved protein photosynthesis
affected mutant71 is required for efficient manganese uptake at the
thylakoid membrane in Arabidopsis. Plant Cell 28, 892-910

6. Powell, J. T., and Brew, K. (1976) Metal ion activation of
galactosyltransferase. J. Biol. Chem. 251, 36453652

7. Park,]. H., Hogrebe, M., Griineberg, M., DuChesne, L, von der Heiden,
A. L., Reunert, J., Schlingmann, K. P., Boycott, K. M., Beaulieu, C. L.,
Mhanni, A. A., Innes, A. M., Hortnagel, K., Biskup, S., Gleixner, E. M.,
Kurlemann, G., Fiedler, B., Omran, H., Rutsch, F., Wada, Y., Tsiakas, K.,
Santer, R., Nebert, D. W., Rust, S., and Marquardt, T. (2015) SLC39A8
deficiency: a disorder of manganese transport and glycosylation. Am. J.
Hum. Genet. 97, 894-903

8. Bonifacino, J. S., and Rojas, R. (2006) Retrograde transport from
endosomes to the trans-Golgi network. Nat. Rev. Mol. Cell Biol. 7, 568-579

9. He, W, and Hu, Z. (2012) The role of the Golgi-resident SPCA Ca*/

Mn®* pump in ionic homeostasis and neural function. Newrochem. Res. 317,

455-468

Micaroni, M., Perinetti, G., Berrie, C. P., and Mironov, A. A. (2010)

The SPCAl Ca®* pump and intracellular membrane trafficking.

Traffic 11, 1315-1333; erratum: 12, 789

11. Van Baelen, K., Dode, L., Vanoevelen, |., Callewaert, G., De Smedt, H.,

Missiaen, L., Parys, J. B., Raeymaekers, L., and Wuytack, F. (2004) The
Ca*/Mn* pumps in the Golgi apparatus. Biochim. Biophys. Acta 1742,
103-112

10.

176



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Roth, J. A. (2006) Homeostatic and toxic mechanisms regulating
manganese uptake, retention, and elimination. Biol. Res. 39, 45-57
Delannoy, C. P., Rombouts, Y., Groux-Degroote, S., Holst, S., Coddeville,
B., Harduin-Lepers, A., Wuhrer, M., ElassRochard, E., and Guérardel, Y.
(2017) Glycosylation changes triggered by the differentiation of
monocytic THP-1 cell line into macrophages. /. Proteome Res. 16, 156-169
Dutta, D., and Donaldson, ]J. G. (2012) Search for inhibitors of
endocytosis: intended specificity and unintended consequences. Cell.
Logist. 2, 203-208

Bayer, N., Schober, D., Prchla, E., Murphy, R. F., Blaas, D., and Fuchs, R.
(1998) Effect of bafilomycin Al and nocodazole on endocytic transport
in HeLa cells: implications for viral uncoating and infection. J. Virol. 72,
9645-9655

Chiesi, M., and Inesi, G. (1980) Adenosine 5'-triphosphate dependent
fluxes of manganese and and hydrogen ions in sarcoplasmic reticalum
vesicles. Biochemistry 19, 2912-2918

Chiesi, M., and Inesi, G. (1981) Mg*" and Mn®* modulation of Ca®*
transport and ATPase activity in sarcoplasmic reticulum vesicles. Arch.
Biochem. Biophys. 208, 586-592

Yonekura, S-1., and Toyoshima, C. (2016) Mn?* transport by Ca%*
-ATPase of sarcoplasmic reticulum. FEBS Leit. 590, 4650; erratum:
2086-2095

Ramakrishnan, B., Ramasamy, V., and Qasba, P. K. (2006) Structural
snapshots of beta-1,4-galactosyltransferase-I along the kinetic path-
way. J. Mol. Biol. 357, 1619-1633

Au, C., Benedetto, A., and Aschner, M. (2008) Manganese transport in
eukaryotes: the role of DMT1. Neurotoxicology 29, 569-576

Garrick, M. D., Dolan, K. G., Horbinski, C., Ghio, A. J., Higgins, D.,
Porubcin, M., Moore, E. G., Hainsworth, L. N., Umbreit, J. N., Conrad,

22.

23.

24.

25.

26.

27.

28.

177

Thése de Marine Houdou, Université de Lille, 2020

M.E, Feng, L., Lis, A, Roth, ]. A,, Singleton, S., and Garrick, L. M. (2003)
DMT1: a mammalian transporter for multiple metals. Biometals 16, 41-54
Forbes, J. R., and Gros, P. (2003) Iron, manganese, and cobalt transport
by Nrampl (Slcllal) and Nramp2 (Slc11a2) expressed at the plasma
membrane. Blood 102, 1884-1892

Chen, P., Bowman, A. B., Mukhopadhyay, S., and Aschner, M. (2015)
SLC30A10: a novel manganese transporter. Worm 4, €1042648

Chen, P., Chakraborty, S., Mukhopadhyay, S., Lee, E., Paoliello, M. M. B.,
Bowman, A. B., and Aschner, M. (2015) Manganese homeostasis in the
nervous system. J. Neurochem. 134, 601-610

Girijashanker, K., He, L., Soleimani, M., Reed, J. M., Li, H., Liu, Z., Wang,
B., Dalton, T. P.,and Nebert, D. W. (2008) Slc39a14 gene encodes ZIP14,
a metal/bicarbonate symporter: similarities to the ZIP8 transporter. Mol.
Pharmacol. 73, 1413-1423

Vandecaetsbeek, I., Vangheluwe, P., Raeymaekers, L., Wuytack, F., and
Vanoevelen, J. (2011) The Ca®" pumps of the endoplasmic reticulum
and Golgi apparatus. Cold Spring Harb. Perspect. Biol. 3, 2004184
Mukhopadhyay, S., and Linstedt, A. D. (2011) Identification of a gain-of-
function mutation in a Golgi P-type ATPase that enhances Mn?" efflux
and protects against toxicity. Proc. Natl. Acad. Sci. USA 108, 858-863
Chen, J., De Raeymaecker, J., Hovgaard, J. B., Smaardijk, S.,
Vandecaetsbeek, 1., Wuytack, F., Mgller, J. V., Eggermont, J.,
De Maeyer, M., Christensen, S. B., and Vangheluwe, P. (2017)
Structure/activity relationship of thapsigargin inhibition on the
purified Golgi/secretory pathway Ca®'/Mn**-transport ATPase
(SPCA1la). J. Biol. Chem. 292, 6938-6951

Received for publication February 26, 2018.
Accepted for publication September 17, 2018.



Thése de Marine B

Control HEK293

MBCD (5mM) - 8h 16h 8h 16h - - - -
cQ(10um) - - - - - 8h 16h 8h 16h
MnCl, (1uM) - - - 8h 16h - - 8 16h
kDa 130 { 130
LAMP2
LAl L L L1 J
701 70
40 e m—— s [ B-Actin
B.
No treatment Chloroquine MBCD No treatment Chloroquine

Control HEK293

TMEM165 KO HEK293

upplementary fi

udou, Université de Lille,

gOZO

MBCD

Supplementary figure 1: Effect of chloroquine (CQ) and methyl-B-cyclodextrin (MBCD) on Golgi morphology, LAMP2 subcellular localization and
glycosylation profile. A. Control HEK293 cells were incubated with CQ (10uM) or MBCD (5mM) for 8h or 16h, in combination or not with 1uM MnCl,. Total
cell lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies. B. Inmunofluorescence analysis. Control and TMEM165
KO HEK293 cells were incubated with CQ (10pM) or MBCD (5mM) for 16h, fixed, permeabilized and labeled with antibodies against GM130, GPP130 and
LAMP2 before confocal microscopy visualization. DAPI staining (blue) was performed, showing nuclei.
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Supplementary figure 2: Effect of nocodazole on Golgi morphology, LAMP2 subcellular localization and glycosylation profile. A. and C. Control and
TMEM165 KO HEK293 cells were incubated with nocodazole (300nM) for 8h or 16h, in combination or not with 1uM MnCl,. Total cell lysates were
prepared, subjected to SDS-PAGE and western blot with the indicated antibodies. B. Inmunofluorescence analysis. Control and TMEM165 KO HEK293 cells
were incubated with nocodazole (300nM) for 16h, fixed, permeabilized and labeled with antibodies against GM130, GPP130 and LAMP2 before confocal
microscopy visualization. DAPI staining (blue) was performed, showing nuclei. D. Relative quantification of fully and underglycosylated forms of LAMP2 (N,
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Supplementary figure 3: Effect of thapsigargin (TG) and cyclopiazonic acid (CPA)) on Golgi morphology, LAMP2 subcellular localization and glycosylation
profile and manganese uptake. A. Inmunofluorescence analysis. Control cells were incubated with either TG (50nM) or CPA (100uM) for 16h, fixed,
permeabilized and labeled with antibodies against GM130, GPP130 and LAMP2 before confocal microscopy visualization. DAPI staining (blue) was
performed, showing nuclei. B. Control HEK293 cells were incubated with either TG (50nM) or CPA (100uM) for 8h or 16h, in combination or not with 1uM
MnCl,. Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies. C. TMEM165 KO HEK293 cells were cultured
with either TG (50nM) or CPA (100pM) in combination with 1uM MnCl, for 16h. Total cell lysates were prepared as described in Material and Methods
section for ICP-MS analysis and total manganese concentration was measured (N = 2, n, number of samples = 4).
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Mn2*, A. Quantification of abnormal glycan structures observed in TMEM165 KO HEK293 cells following the different indicated treatments. B.
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1.3. Complementary results

1.3.1. Multiplicity of the routes of entry for extracellular MnCl,
Assuming that neither CQ, nocodazole, methyl-p-cyclodextrine nor dynasore prevents the entry of
extracellular MnCl,, we reasoned that MnCl, could be transported from the extracellular medium to the
cytosol through the transport activity of (un)specific transporters or channels. Before standing for it, we
did performe siRNA based experiments to knockdown the expression of genes encoding for putative
plasma membrane Mn”" importers, mainly SLCI142 and SLC39414. However, as shown below in Figure
47, none of the two siRNA seemed to prevent the Mn’"-induced rescue of LAMP2 in TMEM165 KO
HEK cells. Moreover, the lack of efficient antibodies against SLC11A2 and SLC39A14 did not allow us

to warrant siRNA efficiency.

Ctrl TMEM165 KO HEK
siSLC11A42 - - - + + - - + +
siSLC39414 - - . _ _ + 4 + +
MnCl2 (1uM, 8h) - - + - + _ + _ +
| Fullyglyc.
10 LAMP2
| Underglyc.

70

L . - —— DMT1

— — — — — — — — | _AC(in

Figure 47: Impact of SLCI1A2 and SLC39414 silencing by siRNA on the rescue of LAMP2
glycosylation defect induced by MnCl, supplementation. TMEM165 KO HEK293 cells were
transfected with siSLC11A42 and siSLC39414 and incubated or not with 1uM MnCl, for 8h. Total cell lysates were
prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.

Hence, facing the multiplicity of the putative Mn’" plasma membrane transporters (see Chapter 2,

Figure 27), we therefore admit that Mn”" could enter the cells using one or several of them.

1.3.2. SERCA? as “thapsigargin and cyclopiazonic acid sensitive pumps”?
As suggested from the title of this publication, “thapsigargin and cyclopiazonic acid sensitive pumps”
have been identified to play a role in the Mn”"-induced N-glycosylation rescue in absence of TMEM165.
This particular caution relies on the fact that we lacked evidence to clearly identify SERCA2. Although
we highlighted that SERCA2b overexpression slightly rescues LAMP2 glycosylation status in TMEM165

KO HEK cells, we failed to demonstrate that ATP242 silencing prevents the Mn”"-induced glycosylation
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rescue on LAMP2. Using a siRNA strategy, TMEM165 KO HEK cells were silenced for ATP242 and
treated or not with 1uM MnCl, for 8h. As shown in Figure 48, ATP242 silencing was not sufficient to
prevent the Mn’"-induced glycosylation rescue on LAMP2. Although the good efficiency of the siATP242
(more than 90% extinction), we reasoned that this result may come from “off-target” effects due to the

endogenous expression of additional SERCA protein variants (SERCA1 and SERCA3).

Control HEK TMEM165 KO HEK

MnCl (1uM) - 8h - 8h - 8h - 8h
SiATP2A2 - - + + - - + +
kDa 130 o
- — — SERCA2
100
130 4

100 J E R _E ' . . . | Falyglye. LAMP2
| Underglyc‘

Z I L — N EEY 41

Figure 48: Effect of ATP2A2 silencing by siRNA on the rescue of LAMP2 glycosylation defect
induced by MnCl, supplementation. Control and TMEM165 KO HEK293 cells were transfected with
siATP2A2 and incubated or not with 1uM MnCl, for 8h. Total cell lysates were prepared, subjected to SDS-PAGE
and western blot with the indicated antibodies.

Indeed, as mentioned in the Introduction part of this manuscript (Chapter 2, section 2.1.2.), SERCA
pumps are encoded by three separate genes ATP2A41, ATP2A2 and ATP2A3 that are all expressed in HEK
cells (with different expression levels). In addition, splicing events in each of the corresponding mRNA
yield the total number of SERCA protein variants to more than ten. Hence, it is likely that the silencing
of only one isoform, although the ubiquitous one (SERCA2b), is not sufficient to prevent the Mn’"-
induced mechanism in TMEM165 KO cells which could be compensate or rely on the activity of other
SERCA protein variants and/or isoforms. Nonetheless, the remaining SERCA2 protein expression over
siRNA could also contribute to the slight rescue on LAMP2 migration profile upon MnCl,
supplementation. These “off-target” effects are not seen with the use of pharmacological agents such as

thapsigargin and CPA that Completely inhibit the activity of all SERCA proteins.

1.4.Conclusion

In this first study, we aimed at demonstrating that exogenous supplementation of the cell culture
medium with 1uM MnCl, for 8h was sufficient to correct Golgi N-linked glycosylation in TMEM165
KO HEK cells. Although the mechanism beyond this observation still needs to be clarified, we shed light

on a completely new and unknown mechanism by which the ER would feed the Golgi apparatus with
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Mn’" ions, through the activity of likely SERCA pumps to sustain Golgi glycosylation reactions in
absence of TMEM165. This concept is summarized below in Figure 49 and will be discussed further in

the General Discussion of this manuscript.

[ ]
[ ]
N
[ P
P
[ ]
[ ]
[ ]
[ ]
TMEM165
* e
ATP
SPCA1 —»
ADP + Pi
Q
4.
Golgi apparatus
2+ 2+
® Ca ions ® Mn ions

Figure 49: Potential involvement of SERCA2 pumps in cytosolic Mn’>* pumping to sustain the
Golgi glycosylation process in TMEM165 KO cells. Schematic representation of the concept arose from
our observations. 1. Entry of extracellular MnCl,. 2. Cytosolic Mn’* pumping by SERCA2 in the ER. 3. Mn’"
redistribution into the Golgi lumen to sustain the Golgi glycosylation. 4. Glycoprotein correctly glycosylated.
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2. Paper 2: Fetal Bovine Serum impacts the observed N-

glycosylation defects in TMEM165 KO HEK cells

2.1.Introduction
This study is directly linked to Paper 1. To contextualize, during the reviewing of the previous
publication, I did experience a so-called cruel joke. While I spent almost a year to demonstrate that
MnCl, supplementation was triggering Golgi glycosylation rescue in TMEM165 deficient cells, in a
couple of months, I found out that Golgi glycosylation defects were spontaneously suppressed in
TMEM165 KO HEK cells without any MnCl, supplementation. I first checked TMEM165 expression in
those TMEM165 KO HEK cells to be sure that the mistake was not coming from a potential crossed
contamination, resulting in a mixed population of TMEM165 KO and control cells that might have
explained the unexpected LAMP2 migration profile. However, as shown in Figure 50, this was not

likely: cells were not contaminated and still, the result was there.

TMEM165
Ctrl KO

kDa 130

100 4 ~ — LAMP2

70 -

TMEM165

e  p-actin

Figure 50: LAMP2 glycosylation defect observed in TMEM165 KO cells is no more detectable.
TMEM165 KO and HEK cells were thawed and cultured in DMEM Lonza with 10% FBS* for several weeks.
Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.

Trying to figure it out, I then looked for potential changes in cell culture conditions and pinpointed that
both cell culture media and fetal bovine serum (FBS) had changed, in the same period of time, apart
from early 2018. Actually, (i) we were running out of FBS1 (Dutscher, batch n® S1053651810), i.e.
batch number could not have been the same anymore due to end of production and (ii) the firm from
which we were purchasing DMEM cell culture media (Lonza) had a contamination on its production
chain supply, forcing us to find another supplier (Biowest) to overcome the lack of media and sustain cell
culture activities. Taking these two major modifications into account, I decided to further investigate

from where the issue originates.
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First, I cultured TMEM165 KO and control HEK cells in three different media we had at the time:
DMEM from Lonza (batch n°0000704255), UltraMEM from Lonza (batch n°6MB140) and two
different batches of DMEM from Biowest (n°S17337L0104 and n°S17436L0104), all supplemented
with 10% of FBS from Corning (batch n°35079002), named FBS*,

Condition A Condition B Condition C Condition D

o o o o
4 £ 2 N
3 2 2 2
5 = = =
m a3 [aa)
E = = p=
Ctrl Cal F Ctrl Ctrl =
kDa 130
100 | - - R ]
LAMP2
70
B-actin
. - - ——— TMEMI165
35
*  Condition A: DMEM Lonza, batch n°0000704255
*  Condition B: UltraMEM Lonza, batch n°6MB140
+10% FBS*

*  Condition C: DMEM Biowest, batch n°S17337L0104
*  Condition D: DMEM Biowest, batch n°S17436L.0104

Figure 51: Changes in cell culture conditions impact Golgi glycosylation defects associated with
TMEM165 deficiency. TMEM165 KO and control (ctrl) cells were cultured in four different conditions for
72h with medium renewal every 24h hours. FBS* refers to FBS from Corning, batch n°35079002. Total cell
lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibobies.

The hypothesis beyond these treatments was to evaluate whether the composition of the different media
could interfere with the observed spontaneous Golgi glycosylation rescue seen on LAMP2 in TMEM165
KO HEK cells. As shown in Figure 51, after 72h in the different cell culture media, a rather slight shift
in LAMP2 gel mobility was observed in TMEM165 KO HEK cells cultured in the usual medium
(DMEM Lonza) complemented with new FBS* (condition A). In contrast, no more differences in the
migration profile of LAMP2 were noticed between TMEM165 KO and control cells in the three other
conditions (Figure 51, conditions B, C and D). From these observations, it was likely that LAMP2
glycosylation rescue originated from a component of the FBS* since in condition A compared to usual

and old conditions, only FBS has changed (from FBS1 to FBS*).
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To strengthen this observation and better visualize discrepancies in LAMP2 gel mobility, 1 then re-
loaded a SDS-PAGE with old (September 2016) and fresh (April 2018) TMEM165 KO cell lysates
coming from cells cultivated in DMEM Lonza with 10% of either old FBS Dutscher (FBS1) or new FBS
Corning (FBS*) (Figure 52). Unambiguously, the more TMEM165 KO HEK cells are cultured with
FBS*, the slightest shift in LAMP2 gel mobility is observed. In other words, the more TMEM165

deficient cell are incubated with FBS*, the better the Golgi glycosylation rescue can be observed.

DMEM Lonza
Ctrl TMEM165 KO
kDa 130 A
- Fully glyc.
11 L e
. . Underglyc.
70
2016 2017 2018

» » [

October October January February March April

FBS1 FBS*
Dutscher, batch Corning, batch
n°S10536S1810 n°® 35079002

Figure 52: Suppression of LAMP2 glycosylation defect in TMEM165 KO cells induced by change
in FBS used for cell culture. Control and TMEM165 KO HEK cells were cultured in DMEM Lonza
supplemented with 10% FBS1 or *. Total cell lysates were prepared, subjected to SDS-PAGE and western blot
with the indicated antibody.

All of these introductive results defined the starting point for further investigations on the influence of

different FBS onto N-linked glycosylation process in TMEM165 KO HEK cells and led to Paper 2.

2.2.Publication
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1 | INTRODUCTION

Abstract

TMEM165 is involved in a rare genetic human disease named TMEM165-CDG
(congenital disorders of glycosylation). It is Golgi localized, highly conserved through
evolution and belongs to the uncharacterized protein family 0016 (UPF0016). The use
of isogenic TMEM165 KO HEK cells was crucial in deciphering the function of
TMEM165 in Golgi manganese homeostasis. Manganese is a major cofactor of many
glycosylation enzymes. Severe Golgi glycosylation defects are observed in TMEM165
Knock Out Human Embryonic Kidney (KO HEK) cells and are rescued by exogenous
manganese supplementation. Intriguingly, we demonstrate in this study that the
observed Golgi glycosylation defect mainly depends on fetal bovine serum, particu-
larly its manganese level. Our results also demonstrate that iron and/or galactose can
modulate the observed glycosylation defects in TMEM165 KO HEK cells. While iso-
genic cultured cells are widely used to study the impact of gene defects on proteins'
glycosylation patterns, these results emphasize the importance of the use of validated

fetal bovine serum in glycomics studies.
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requirements, several cellular and animal models were created.
Regarding CDG, isogenic cell lines represent an interesting
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Congenital disorders of glycosylation (CDG) are a rapidly
growing and heterogeneous group of rare genetic diseases.'”
The deficiencies observed in CDG affect the biosynthesis of
glycoproteins leading to macro- and/or micro-heterogeneity of
the protein glycosylation status. They show heterogeneous
phenotypes comprising mostly neurological involvement and
dysmorphism.®’” A new era in CDG is started with the identifi-
cation of defects in genes not directly linked to glycosylation
but involved in vesicular Golgi trafficking®'* and Golgi homeo-
stasis.'® In order to understand the molecular mechanisms that
fine-tune the glycosylation machinery to physiological
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toolset to better understand the molecular and cellular mecha-
nisms of the glycosylation process itself. This was used to find
out the function of TMEM165 in Golgi glycosylation. Indeed,
in 2012 we identified TMEM165 as a gene involved in a novel
CDG-II, TMEMI165-CDG (OMIM entry #614727).'%"7
TMEMI165 is a 324 amino acids transmembrane Golgi protein
belonging to the wuncharacterized protein family 0016
(UPF0016; Pfam PF01169). The cellular and molecular func-
tions of the UPF0016 family members remain controversial.
Our previous results unambiguously demonstrated a link
between TMEM165 and Golgi Mn** homeostasis'® through



the rescue of Golgi glycosylation defects observed in
TMEM165 Knock Out Human Embryonic Kidney (KO HEK)
cells by MnCl, supplementation.'®'* Recently, we noticed that
suppression of these glycosylation defects depends on cell cul-
ture conditions. In this study, we investigate the effects of differ-
ent fetal bovine sera (FBS) on Golgi glycosylation defects in
TMEM165 KO HEK cells.

2 | MATERIAL AND METHODS

2.1 | Antibodies and other reagents

Anti-LAMP?2 antibody was purchased from Santa Cruz Biotech-
nology (Dallas). Polyclonal goat anti-mouse immunoglobulins
HRP conjugated were purchased from Dako (Glostrup,
Denmark). p-(+)-Galactose, zinc chloride (ZnCl,) and nickel sul-
fate hexahydrate (NiSO4) were purchased from Sigma (Saint
Louis), manganese(I) chloride tetrahydrate (MnCl,) was from
Riedel-de-Haén (Seelze, Germany), calcium chloride (CaCl,)
and iron(Ill) chloride (FeCl;) were from ACROS Organics
(New Jersey), copper(Il) sulfate (CuSO,) was from Prolabo
(France), lithium chloride (LiCl) was from Bio Basic Canada
(Canada), magnesium chloride (MgCl,) was from Euromedex
(Souffelweyersheim, France) and iron(Il) tetrahydrate (FeCl,)
was purchased from WVR Chemicals (Germany).

2.2 | Cell culture, drug treatments and
transfections

Control and TMEM165 KO HEK/HeLa-GalT cells were gener-
ated as previously described in Reference 23. Briefly, TMEM 165
was knocked out using CRISPR/Cas9-mediated deletion with
guide RNAs targeting the first exon (target sequence:
TCCAGGGAACGGCCGCGCAT). Clones were first screened
for lack of detection of TMEM165 protein with TMEM 165
antibodies in western blot and immunofluorescence experi-
ments and then by sequencing. Clones were analyzed by
PCR using genomic DNA as a template and primers F7
(tggaggaagcagaagtgaa) and R4 (ctaattcctctgegttcctaaag) pro-
ducing an amplicon length around 1200 bp. Sequencing of
KO clones showed a deletion of 347 bp. Control cells were
from a clone that went through the screening process but was
immunoreactive with TMEM165 antibodies and showed no
mutations by sequencing. Cells were maintained in Dulbecco's
modified Eagle's medium (DMEM; Lonza, Basel, Switzerland)
supplemented with either 10% FBS from animal origin from
Dutscher (France), Corning (France) or PAN Biotech (Germany),
or 10% synthetic serum substitute (Panexin) from PAN Biotech
(Germany) at 37°C in humidity-saturated 5% CO, atmosphere.
To simplify both writing and reading, we named the different
FBS from animal origin as follow: FBS 1 for FBS from Dutscher
(old batch, lot no. S10536S1810), FBS 2 for FBS from Dutscher
(new batch, lot no. S1564251810), FBS 3 for FBS from Corning
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(lot no. 35079011) and FBS 4 for FBS from PAN (lot
no. P170602). When used, the cells have been cultured for at least
9 days with the different sera.

2.3 | Western blotting

Cells were scraped in DPBS and then centrifuged at 6000 rpm,
4°C for 10 minutes. Supernatant was discarded and cells were
then resuspended in RIPA buffer (Tris/HCI 50 mM pH 7.9,
NaCl 120 mM, NP40 0.5%, EDTA 1 mM, Na;VO, 1 mM,
NaF 5 mM) supplemented with a protease cocktail inhibitor
(Roche Diagnostics, Penzberg, Germany). Cell lysis was done
by passing the cells several times through a syringe with a
26G needle. Cells were centrifuged for 30 minutes, 4°C at
14 000 rpm. Protein concentration contained in the supernatant
was estimated with the micro BCA Protein Assay Kit (Fisher
Scientific, Waltham). Total protein lysate of 10 pg was mixed
with NuPAGE LDS sample buffer (Fisher Scientific) pH 8.4
supplemented with 4% p-mercaptoethanol (Sigma). Samples
were heated 10 minutes at 95°C then separated on 4 to 12%
Bis-Tris gels (Fisher Scientific) and transferred to nitrocellu-
lose membrane Hybond ECL (GE Healthcare, Little Chalfont,
UK). Membranes were blocked in blocking buffer (5% milk
powder in TBS-T [x11X TBS with 0.05% Tween20]) for
1 hour at room temperature, then incubated overnight with the
primary antibody (used at a dilution of 1:2000) in blocking
buffer and washed three times for 5 minutes in TBS-T. Mem-
branes were then incubated with the peroxidase-conjugated
secondary anti-mouse antibody (Dako; used at a dilution of
1:20 000) in blocking buffer for 1 hour at room temperature
and later washed five times for 5 minutes in TBS-T. Signal
was detected with chemiluminescence reagent (Super Signal
West Pico PLUS chemiluminescent Substrate, Thermo Scien-
tific, Courtaboeuf, France) on imaging film (GE Healthcare).

2.4 | Glycan analysis by mass spectrometry

Cells were sonicated in extraction buffer (25 mM Tris,
150 mM NaCl, 5 mM EDTA and 1% CHAPS, pH 7.4) and
then dialyzed in 6 to 8 kDa cut-off dialysis tubing in an ammo-
nium bicarbonate solution (50 mM, pH 8.3) for 48 hours at
4°C and lyophilized. The proteins/glycoproteins were reduced
and carboxyamidomethylated followed by sequential tryptic
and peptide N-glycosidase F digestion and Sep-Pak purifica-
tion. Permethylation of the freeze-dried glycans and MALDI-
TOF-MS of permethylated glycans were performed as
described elsewhere.**

2.5 | Mn measurement by ICP-MS
2.5.1 | Instrumentation and analysis

Serum samples were diluted 50 times with 1.5% (v/v) nitric
acid (ultrapure quality 69.5%, Carlo Erba Reagents, Val de



Reuil, France) solution in ultrapure water (Purelab Option-Q,
Veolia Water, Antony, France) containing 0.1% TritonX-100
(Euromedex, Souffelweyersheim, France), 0.2% butan-1-ol
(VWR Chemicals, Fontenay-sous-Bois, France) and 0.5 pg/L
rhodium (Merk, Darmstadt, Germany). Assays were per-
formed on an ICP-MS THERMO ICAP Q (Thermo Scien-
tific). The limit of quantification was 0.2 pg/L.

3 | RESULTS

3.1 | Serum impacts the observed Golgi
glycosylation defects in TMEM165 KO
HEK cells

We previously reported that LAMP2 glycosylation defects
found in TMEM165 KO HEK cells were totally suppressed
by the addition of exogenous MnCl, in the culture medium.
This was observed from 8 hours of incubation with 1 pM
MnCL."®!'® We recently observed that this suppression could
appear without any supplementation of MnCl, probably due
to cell culture conditions (data not shown). This urged us to
investigate the effects of different sources of FBS on the
appearance and/or rescue of the N-glycosylation defects in
TMEM165 KO HEK cells. To investigate this, LAMP2 gly-
cosylation profile was assessed by western blot in TMEM165
KO HEK cells grown in medium supplemented with six dif-
ferent FBS: four from animal origin (FBS 1, 2, 3 and 4 in this
study) and two synthetic serum substitutes. After a few pas-
sages, HEK cells (controls and TMEM165 KO) did not sur-
vive when cultured with the synthetic serum substitutes (data
not shown). Regarding the sera from animal origin, differen-
tial gel mobilities of LAMP2 can be easily seen after 9 days
of culture (Figure 1). When cells were grown with FBS 3,
LAMP2 gel mobility was less pronounced compared to cells
cultured with FBS 1 or FBS 2. Intriguingly, a very
pronounced gel mobility arguing for a severe LAMP2
N-glycosylation defect was observed with FBS 4 (Figure 1).
Similar results were observed with TMEM165 KO HeLa-
GalT cells cultured with FBS 4 (Figure S1). This suggests that
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the severity of the observed glycosylation defects depends on
the source of the serum used for cell culture.

To confirm these results and pinpoint the potential differ-
ences in N-glycosylation that result from the use of each
FBS, mass spectrometry analysis of total N-glycans was per-
formed in the different cell culture conditions. For control
cells, no significant changes in N-glycan structures were
observed with any serum tested (Figure 2, panels A-D). Sim-
ilar to our previously published analyses,'®*° TMEM165
KO HEK cells showed massive hypogalactosylation in all
tested conditions with the accumulation of agalactosylated
glycan structures detected at mass-per-charge (m/z) ratios
of 1591, 1836, 2081 and 2326 (Figure 3, panels E-H).
Interestingly, the proportion of these abnormal glycan
structures found was totally dependent upon the FBS cho-
sen for cell growth (see Table 1). On one hand, the propor-
tion of these abnormal glycan structures was comparable,
and found in rather low quantity to control cells when
TMEMI165 KO HEK cells were cultured with FBS 2 or
3 (Table 1). On the other hand, they largely increased in
abundance in TMEM165 KO HEK cells cultured with FBS
1 or 4 (24% general increase of abnormal glycan structures
compared to FBS 2/3). The mass spectrometry analyses not
only confirmed the results obtained from LAMP2 gel
mobility, but also highlighted the crucial importance of the
use of validated FBS in analyzing the Golgi glycosylation
defects and/or rescue observed in TMEM165 KO HEK
cells.

3.2 | Independently of the serum used for

cell growth, Mn>* supplementation suppresses
the glycosylation defects in TMEM165 KO
HEK cells

As we have previously shown that Mn®* supplementation
could rescue the observed N-glycosylation defects in
TMEM165 KO HEK cells, we wondered whether Mn** sup-
plementation would overcome the issues we have observed
with regard to FBS. First, each culture medium was sup-
plemented with 1 pM MnCl,, and LAMP2 glycosylation was
assessed by western blot. Such treatment partially suppressed

FIGURE 1 The appearance of FBS1 FBS 2 FBS 3 FBS 4
LAMP?2 glycosylation defects in o '\?‘,’7 \({g, é,,
TMEM165 KO HEK cells depends on N § q‘é_ > § Qé— N S \z@- N S \g;—
the FBS used for cell culture. Control bg S@ QQ@*' INKS) Oé\é- NES bg NES

and TMEM165 KO HEK cells were T

cultured in DMEM supplemented with kDa 130 -
10% FBS 1, 2, 3 or 4. Total cell lysates
were prepared, subjected to sodium 100
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and

western blot with the indicated antibody

| Fully glycosylated

LAMP2
Underglycosylated
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the increased gel mobility observed with FBS 1, 2 and 3
(Figure 4). However, this was not the case for the condition
with FBS 4 where only a slight decrease in LAMP2 gel mobil-
ity was seen (Figure 4). This last condition was retested with
increased amounts of MnCl,, 5 and 10 pM, in addition to
FBS 4. Very interestingly, a pronounced suppression of
LAMP2 glycosylation defect could be seen for these two Mn**
concentrations with a significant increase in the fully glyco-
sylated forms of LAMP2 (Figure 5). Nevertheless, a significant
fraction of underglycosylated LAMP2 remained after treatment.
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Therefore, 5 pM MnCl, was applied to the cells cultured in
FBS 4 for 72 hours with cells harvested at multiple time points
(Figure 6). The results showed that fully glycosylated forms of
LAMP? started to appear after 8 hours of Mn**
progressively increased until 72 hours, while underglycosylated
LAMP?2 forms decreased from 2 to 72 hours (Figure 6). These
results demonstrated that the fraction of underglycosylated
LAMP2 observed under Mn**
LAMP2 turnover, Mn?* concentration and incubation time.
Altogether, these results strongly suggest that the observed

treatment and

supplementation depends on



FIGURE 3 The N-glycosylation
defects severity observed in
TMEM165 KO HEK cells depends on
the FBS used for cell culture. MALDI-
TOF-MS spectra of the permethylated
N-glycans from TMEM165 KO HEK
cells following different cell culture
conditions. (E-H) TMEM165 KO
HEK cells were cultured in DMEM
supplemented with 10% FBS 1 (E) or

100

% Intensity
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glycosylation defect in TMEM165 KO HEK cells certainly
depends on Mn>* level in the different FBS used for cell
culture.

To test this hypothesis, manganese levels of each FBS
were quantified by inductively coupled plasma-mass spec-
trometry (ICP-MS). As observed in Figure 7, manganese
levels vary between sources of FBS. In synthetic serum
substitutes, the manganese level was extremely low,

between 0.03 and 0.05 pM. In the four other sera from ani-
mal origin, our results showed that the concentration is
between 0.56 and 0.61 pM for FBS 1 and FBS 4 and 1.08
and 1.21 pM for FBS 2 and FBS 3 (Figure 7). This result
confirms that the observed differences in severity of the
glycosylation defects in TMEM165 KO HEK cells may be
correlated with the manganese level present in the FBS
used for cell culture.
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TABLE 1
fetal bovine serum (FBS)

A (Ctrl FBS 1), %
B (Ctrl FBS 2), %
C (Ctrl FBS 3), %
D (Ctrl FBS 4), %
E (KO FBS 1), %
F (KO FBS 2), %
G (KO FBS 3), %
H (KO FBS 4), %

Ion at m/z 1591
P

e

27
19
29
22
31
24
24
36
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Comparison of the relative intensity of specific ions (m/z) observed in control and TMEM165 KO HEK cells cultured with different

Ion at m/z 1836 Ion at m/z 2081 Ion at m/z 2326
¥ Y
29 25 13
26 27 13
30 28 13
24 28 10
50 56 34
39 42 23
38 43 18
56 77 58

Symbols represent sugar residues as follow: blue square, N-acetylglucosamine; green circle, mannose; red triangle, fucose. Linkages between sugar residues have been

removed for simplicity.

FBS 1 FBS 2
& & &
‘z‘y O O\b 0\2\
@ N N N
s & & & & & & &
F F&8F&HEFES
s & & & & &
- - 16h 16h - - 16h  16h MnCl,,1uM
kDa 130
Fully glycosylated
100 LAMP2
Underglycosylated
70
FBS 3 FBS 4 FIGURE 4 The suppression of
« « LAMP2 glycosylation defect by Mn**
Q‘s% 0\2% O~Z‘~" supplementation in TMEM165 KO
(,)*—O & o,{- o,*' HEK cells depends on the FBS used
& e & > & & & »‘°
RS Yy I S N S N S for cell culture. Control and
X S K S 3 N 3 &
© N R © R © N TMEM165 KO HEK cells were
cultured in DMEM supplemented with
- - 16h  16h 16h  16h  MnCl,,1uM 10% FBS 1,2, 3 or 4. Cells were
kDa 130 incubated with or without 1 pM
Fully glycosylated MnCl, for 16 hours. Total cell lysates
were prepared, subjected to sodium
100 LAMP2 dodecyl sulfate polyacrylamide gel
Underglycosylated electrophoresis (SDS-PAGE) and
70 western blot with the indicated
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FIGURE 5 Increasing FBS 4
concentrations of MnCl, are required
to rescue LAMP2 glycosylation defect
i & & & &
in TMEM165 KO HEK cells cultured & & N N
with FBS 4. Control and TMEM165 o & & &
& S N R & &

KO HEK cells were cultured in S $ N $ N < N &

s & & & & & g4
DMEM supplemented with 10%
FBS 4. Cells were incubated with - - +1 +1 +5 +5 +10 +10 MnCl, (uM), 16h

either 1, 5 or 10 pM MnCl, for kDa 130

16 hours. Total cell lysates were Fully glycosylated

prepared, subjected to sodium dodecyl 100

sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and
western blot with the indicated

LAMP2

70

Underglycosylated
antibody

FBS 4

Ctrl TMEM165 KO HEK

HEK
2h 4h 8h 10h  16h 20h  24h 30h 48h 72h MnCl,, 5uM
kDa 130
. i - - . Fully glycosylated
100 LAMP2
| - |

FIGURE 6 Time course of the Mn>"-induced LAMP2 glycosylation rescue in FBS 4. Control and TMEM165 KO HEK cells were cultured in
DMEM supplemented with 10% FBS 4. Cells were incubated with 5 pM MnCl, during indicated times. Cell culture medium was renewed every

16 to 24 hours. Total cell lysates were prepared, subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot with the indicated antibody

1549

3.3 | Iron supplementation can also suppress
the glycosylation defects in TMEM165 KO
HEK cells

1.21

134

While our results clearly support that the serum Mn level is an
" important factor to take into consideration, it cannot by itself
explain the observed differences in the suppression of the gly-
cosylation defects. This suggests that additional factors within
sera could also affect the glycosylation in TMEM165 KO cells.
To tackle this point, the culture medium of TMEM165 KO
HEK cells grown in FBS 4 was supplemented with 100 pM of
many different ions, and LAMP2 glycosylation was assessed
by western blot (Figure S2). Interestingly, we observed that in
addition to Mn>*, Fe>* was also capable of rescuing the abnor-

0.8

Total manganese concentration (uM)

0.5

0.3

0.03

1.08
0.61
0.56
. ; — N e

DMEM FBS 1 FBS 2 FBS 3 FBS 4 Synthetic Synthetic
without FBS substitute 1 substitute 2

0.0

mal LAMP2 glycosylation profile. To assess the sensitivity of
glycosylation to Fe’*, a similar experiment was performed with

FIGURE 7 Inductively coupled plasma-mass spectrometry (ICP- 34 ) o o
a reduced Fe’™ concentration of 5 uM. In addition, Fe=™ was

MS) Mn levels differ according to different FBS sources. 500 pL of

DMEM and 500 pL of each FBS were prepared as described in
Material and Methods section for ICP-MS analysis and total
manganese concentration was measured
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also tested. As shown in Figure 8, while fully glycosylated
forms of LAMP2 appeared under Mn”" supplementation, this
was not the case under Fe*" and Fe’* supplementation where



only partially LAMP2 glycosylated forms were observed. Alto-
gether these results suggest that iron is also capable of rescuing
Golgi glycosylation in a TMEM165 KO background but not in
the same concentration range as manganese.

3.4 | Galactose supplementation enhances the
Mn?* effect in TMEM165 KO HEK cells
grown in FBS 4

Our previous work showed that galactose supplementation could
suppress some glycosylation defects of TMEM165-CDG.* We
then wondered whether this suppression could also depend on

FBS 4

TMEM165 KO HEK
Ctrl

HEK

kDa 130

| Fully glycosylated
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the source of FBS. To tackle this point, TMEM165 KO HEK
cells were cultured in two different FBS (FBS 2 or FBS 4) and
supplemented with 1 pM MnCl,, 1 mM galactose or 1 pM
MnCl, + 1 mM galactose. Intriguingly, all treatments resulted
in fully glycosylated forms of LAMP2 in TMEM165 KO HEK
cells cultured in FBS 2 (Figure 9A). The result was completely
different in cells grown in FBS 4 (Figure 9B). In the latter con-
dition, galactose or Mn”>" supplementation poorly rescued
LAMP?2 glycosylation (Figure 9B). However and very interest-
ingly, a combination of these two factors rescued fully glyco-
sylated forms of LAMP2 (Figure 9B). This result demonstrates
that depending on the source of the FBS, Mn>* can enhance the

MnCl, SuM, 16h FIGURE 8 Comparative efficacy of Mn>*,

Fe”* and Fe** addition on the suppression of
LAMP2 glycosylation defect. Control and
TMEM165 KO HEK cells were cultured in
DMEM supplemented with 10% FBS 4. Cells
were incubated with or without 5 pM MnCl,,

5 pM FeCl, and 5 pM FeCl; for 16 hours. Total

FeCl,, 5uM, 16h

FeCly, 5uM, 16h

100 LAMP2 cell lysates were prepared, subjected to sodium
‘ Underglycosylated dodecyl sulfaFe polyacrylamide gel
70 — electrophoresis (SDS-PAGE) and western blot
with the indicated antibody
(A) FBS 2 FIGURE 9 The suppression of
LAMP2 glycosylation defect by galactose
Ctrl HEK TMEM165 KO HEK supplementation depends on the FBS used
for cell culture. Control and TMEM165 KO
— + — + — + — MnCl,, 1uM, 24h .
HEK cells were cultured in DMEM
- - * + - - + Galactose, ImM, 240 gyypplemented with 10% FBS 2 (panel A) or
D2 130 —| 4 (panel B). Cells were incubated with or
| Fully glycosylated without 1 pM MnCl, and 1 mM galactose
100 | LAMP2 for 24 hours. Total cell lysates were
‘ Underglycosylated prepared, subjected to sodium dodecyl
70 sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot with the
indicated antibody
(B) FBS 4
Ctrl HEK TMEM165 KO HEK
_ + — + - + - MnCl,, 1M, 24h
_ _ + + _ _ + Galactose, 1ImM, 24h
kDa 130 —

L. -

70 - .b‘

| Fully glycosylated

LAMP2

‘ Underglycosylated
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galactose effect (or vice versa) on the suppression of LAMP2
glycosylation defect. These results reinforce the extreme impor-
tance of serum content on glycomics' results.

4 | DISCUSSION
Isogenic TMEM165 KO HEK cells are a powerful model
for studying the function of TMEM165 in Mn**-mediated
regulation of the Golgi glycosylation process. TMEM165
KO HEK cells present strong Golgi glycosylation defects
affecting different classes of Golgi glycosylation (N- and
O-glycosylation and glycolipid glycosylation).'®*° The
hypothesis that TMEM165 is crucial in regulating Golgi
manganese homeostasis, a major cofactor of many glycosyla-
tion enzymes,m’22 came from the observation that low Mn**
concentrations (100 nM-1 pM) in the culture medium were
sufficient to suppress the observed Golgi glycosylation
defects.'®!? In the present study, we examined the contribu-
tion of fetal bovine serum on these observed Golgi glycosyla-
tion defects. This came from the observation that Golgi
glycosylation defects could be suppressed depending on cul-
ture conditions. In this study, we demonstrate that the manga-
nese content in serum is a crucial factor to take into account
when analyzing Golgi glycosylation defects in TMEM165
KO cells. Although logical, this finding is quite unexpected
as manganese is found in serum at a very low concentration
between 0.56 pM and 1.21 pM. We calculate that the final
manganese concentration in the culture media is between
56 and 121 nM. Our results suggest that slight Mn** varia-
tions in FBS can have huge impacts on the mature N-glycan
structures. This result is also in accordance with the observa-
tion that only 100 nM Mn*" supplementation could rescue
the observed LAMP2 glycosylation defects in TMEM165 KO
HEK cells in our previous work.'® While our results clearly
support that serum Mn levels are an important factor to take
into consideration, we have demonstrated that galactose
and/or iron can also affect the observed glycosylation defects
in TMEM165 deficient cells. Since 5 pM MnCl, was able to
rescue a significant portion of LAMP2 glycosylation, we can
guess that serum that is under/over supplemented with other
ions could alter the efficiency of the glycosylation machinery.
At a fundamental level, and as isogenic cultured cells and
patients' cells are widely used to study the impact of gene
defects on proteins' glycosylation patterns, our results point
out that glycomics results, obtained with cultured cells, cru-
cially depend on the level of Mn®* and other factors in FBS.
This study emphasizes the importance of the use of validated
FBS in glycosylation analysis.

ACKNOWLEDGMENTS

We acknowledge Dr Dominique Legrand for the Research
Federation FRABio (Univ. Lille, CNRS, FR 3688,

Thése de Marine Houdou, Université de Lille, 2020

FRABio, Biochimie Structurale et Fonctionnelle des
Assemblages Biomoléculaires) and for providing the scien-
tific and technical environment conducive to achieving
this work.

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

AUTHOR CONTRIBUTIONS

D.V. and M.H. performed the cell biology experiments.
A.G. contributed to ICP-MS analysis. L.C. and V.L. generated
the KO cell lines and took part in the writing. W.M. performed
and analyzed the mass spectrometry data. F.F. designed the
study and wrote the paper.

ORCID

Francois Foulquier
4015

https://orcid.org/0000-0001-5084-

REFERENCES

1. Freeze H. Congenital disorders of glycosylation: CDG-I, CDG-II,
and beyond. Curr Mol Med. 2007;7:389-396. https://doi.org/10.
2174/156652407780831548.

2. Jaeken J. Congenital disorders of glycosylation. Handb Clin Neu-
rol. 2013;113:1737-1743.

3. Jaeken J, Matthijs G. Congenital disorders of glycosylation: a rap-
idly expanding disease family. Annu Rev Genomics Hum Genet.
2007;8:261-278. https://doi.org/10.1146/annurev.genom.8.080706.
092327.

4. Schachter H, Freeze HH. Glycosylation diseases: quo vadis? Bio-
chim Biophys Acta. 2009;1792:925-930. https://doi.org/10.1016/.
bbadis.2008.11.002.

5. Scott K, Gadomski T, Kozicz T, Morava E. Congenital disorders of
glycosylation: new defects and still counting. J Inherit Metab Dis.
2014;37:609-617. https://doi.org/10.1007/s10545-014-9720-9.

6. Jaeken J, Péanne R. What is new in CDG? J Inherit Metab Dis.
2017;40:569-586. https://doi.org/10.1007/s10545-017-0050-6.

7. Péanne R, de Lonlay P, Foulquier F, et al. Congenital disorders of
glycosylation (CDG): quo vadis? Eur J Med Genet. 2017;61:643-
663. https://doi.org/10.1016/j.ejmg.2017.10.012.

8. Foulquier F. COG defects, birth and rise! Biochim Biophys Acta.
2009;1792:896-902. https://doi.org/10.1016/j.bbadis.2008.10.020.

9. Foulquier F, Ungar D, Reynders E, et al. A new inborn error of
glycosylation due to a Cog8 deficiency reveals a critical role for
the Cogl—Cog8 interaction in COG complex formation. Hum
Mol Genet. 2007;16:717-730. https://doi.org/10.1093/hmg/dd1476.

10. Foulquier F, Vasile E, Schollen E, et al. Conserved oligomeric
a previously
uncharacterized congenital disorder of glycosylation type II. Proc
Natl Acad Sci. 2006;103:3764-3769. https://doi.org/10.1073/pnas.
0507685103.

Golgi complex subunit 1 deficiency reveals

196



11.

14.

15.

18.

Kranz C, Ng BG, Sun L, et al. COG8 deficiency causes new con-
genital disorder of glycosylation type ITh. Hum Mol Genet. 2007,
16:731-741. https://doi.org/10.1093/hmg/ddm028.

Paesold-Burda P, Maag C, Troxler H, et al. Deficiency in COG5
causes a moderate form of congenital disorders of glycosylation.
Hum Mol Genet. 2009;18:4350-4356. https://doi.org/10.1093/
hmg/ddp389.

. Reynders E, Foulquier F, Ledo Teles E, et al. Golgi function and dys-

function in the first COG4-deficient CDG type II patient. Hum Mol
Genet. 2009;18:3244-3256. https://doi.org/10.1093/hmg/ddp262.

Wu X, Steet RA, Bohorov O, et al. Mutation of the COG complex
subunit gene COG7 causes a lethal congenital disorder. Nat Med.
2004;10:518-523. https://doi.org/10.1038/nm1041.

Kornak U, Reynders E, et al. Impaired glycosylation and cutis laxa
caused by mutations in the vesicular H+-ATPase subunit ATP6VOA2.
Nat Genet. 2008;40:32-34. https://doi.org/10.1038/ng.2007.45.
Foulquier F, Amyere M, Jaeken J, et al. TMEM165 deficiency
causes a congenital disorder of glycosylation. Am J Hum Genet.
2012;91:15-26. https://doi.org/10.1016/j.ajhg.2012.05.002.

. Zeevaert R, de Zegher F, Sturiale L, et al. Bone dysplasia as a key

feature in three patients with a novel congenital disorder of glyco-
sylation (CDG) type II due to a deep Intronic splice mutation in
TMEMI165. In: Zschocke J, Gibson KM, Brown G, et al., eds.
JIMD Reports—Case and Research Reports, 2012/5. Berlin,
Heidelberg: Springer; 2012:145-152.

Potelle S, Morelle W, Dulary E, et al. Glycosylation abnormalities
in Gdtlp/TMEM165 deficient cells result from a defect in Golgi
manganese homeostasis. Hum Mol Genet. 2016;25:1489-1500.
https://doi.org/10.1093/hmg/ddw026.

Houdou M, Lebredonchel E, Garat A, et al. Involvement of
thapsigargin- and cyclopiazonic acid-sensitive pumps in the rescue

197

20.

21.

22.

23.

24.

Thése de Marine Houdou, Université de Lille, 2020

of TMEM165-associated glycosylation defects by Mn>*. FASEB
J. 2019;33:2669-2679. https://doi.org/10.1096/fj.201800387R.
Morelle W, Potelle S, Witters P, et al. Galactose supplementation
in patients with TMEM165-CDG rescues the glycosylation
defects. J Clin Endocrinol Metab. 2017;102:1375-1386. https://
doi.org/10.1210/jc.2016-3443.

Powell JT, Brew K. Metal ion activation of galactosyltransferase.
J Biol Chem. 1976;251:3645-3652.

Ramakrishnan B, Ramasamy V, Qasba PK. Structural snapshots
of B-1,4-Galactosyltransferase-I along the kinetic pathway. J Mol
Biol. 2006;357:1619-1633. https://doi.org/10.1016/j.jmb.2006.
01.088.

Potelle S, Dulary E, Duvet S, et al. Manganese-induced trafficking
and turnover of TMEMI165. Biochem J. 2017;474:1481-1493.
https://doi.org/10.1042/BCJ20160910.

Morelle W, Michalski J-C. Analysis of protein glycosylation by
mass spectrometry. Nat Protoc. 2007;2:1585-1602.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of this article.

How to cite this article: Vicogne D, Houdou M,
Garat A, et al. Fetal bovine serum impacts the
observed N-glycosylation defects in TMEM 165 KO
HEK cells. J Inherit Metab Dis. 2019;1-10. https://
doi.org/10.1002/jimd.12161




Thése de Marine Houdou, Université de Lille, 2020

2.3. Supplementary data associated with the publication

2.3.1. Supplementary Figure 1
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Supplementary Figure 1: The appearance of LAMP2 glycosylation defects in CRISPR-TMEM165
KO HeLa-GalT cells depends also on the FBS used for cell culture. Control and CRISPR-TMEM165
KO HeLa-GalT cells were cultured in DMEM supplemented with 10% FBS 2 or 4. Total cell lysates were
prepared, subjected to SDS-PAGE and western blot with the indicated antibody.

2.3.2. Supplementarv Figure 2

FBS 4

TMEM165 KO HEK
Ctrl
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Supplementary Figure 2: Impact of different ions supplementation on the suppression of LAMP2
glycosylation defects. Control and TMEM165 KO HEK cells were cultured in DMEM supplemented with
10% FBS 4. Cells were then incubated with 100 uM of different ions for 24h. Total cell lysates were prepared,
subjected to SDS-PAGE and western blot with the indicated antibody.
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2.4. Conclusion
All in all, this study conducted in TMEM165 KO HEK cells revealed the crucial importance to be
consistent with cell culture conditions when doing glycomics. We clearly demonstrated the versatility of
our results while changing cell culture conditions. However, based on our strong expertise in the field
and the overall understanding of TMEM165 deficient system, we faced this issue. Indeed, based on
previous work from the team, we already knew that exogenous MnCl, or D-galactose supplementations
could enhance Golgi glycosylation in TMEM165 KO cells, culminating in the complete suppression of

N-linked glycosylation defects depending on MnCl,/D-galactose concentration and/or incubation time.
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We therefore hypothesized that Mn content in the FBS might be different from one FBS to the other and
could be behind the spontaneous observed Golgi glycosylation rescue in TMEM165 KO HEK cells.
Through the quantification of total Mn levels in four FBS from animal origin, we indeed correlated
variations in FBS Mn levels to the severity of the observed glycosylation defects in TMEM165 KO cells.
Although this study particularly focused on Mn levels in FBS, one can imagine that under/over
supplemented sera with other components might positively or negatively affect the glycosylation
machinery of other isogenic cell lines knockout for specific gene-CDG. A good alternative to cope up
with variations in the composition of FBS from animal origin could be the use of synthetic substitutes
with a controlled chemical composition. Unfortunately, in our case, TMEM165 KO HEK cell did not
survive in culture medium complemented with such synthetic substitutes. Other components from
animal origin were probably missing in these chemically controlled sera and might be detrimental to cell
survival and proliferation. All in all, although each laboratory has its own cell culture guidelines, we
unambiguously demonstrated that the nature of the FBS used for cell culture has to be validated and
consistent over the time to enable proper identification of glycosylation abnormalities in isogenic cell
lines mimicking specific CDG glycosylation phenotypes. The lack of uniformed protocols to (i) culture
isogenic cell lines, (ii) collect and (iii) prepare samples for further glycomics analyses appears as a plague

that we all need to be aware of and stands for the take home message of this study.
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General discussion and perspectives on Part I
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Altogether, Paper 1 and Paper 2 unveiled some mechanistic aspects of the Mn”"-induced Golgi
glycosylation rescue in TMEM165 KO HEK cells as well as its sensitivity to specific cell culture
conditions. These two studies corroborated each other and are complementary to previous publications
from the team. Besides Mn’", we also reported that D-Galactose (Gal) supplementation results in Golgi
N-linked glycosylation recovery [506]. Hereafter, I will discussed some additional and unpublished
results I obtained during my PhD, highlighting commonalities and differences between Mn’" and Gal-

induced glycosylation rescues in a TMEM165-deficient background.

1. Unraveling Gal-induced Golgi N-linked glycosylation rescue in TMEM165 KO cells

As the main achievement of Paper 1, we have demonstrated that thapsigargin or cyclopiazonic acid
treatment prevented the Mn’"-induced glycosylation rescue in TMEM165 KO HEK cells. However, we
did not evaluate the effect of such treatments on the Gal-induced N-linked glycosylation rescue in
TMEM165 KO HEK cells. Since Gal, Mn”" and Ca’" are required for the optimal activity of specific GTs
such as the B-1,4-galactosyltransferase 1 (B4GALT1), we then hypothesized that Ca”" homeostasis in the
ER/Golgi may be crucial to contribute to the Gal supplementation effect, culminating in the suppression
of the main galactosylation defects observed in TMEMI165 deficient cells. To tackle this point,
TMEMI165 KO HEK cells were pre-treated with either thapsigargin (50nM) or cyclopiazonic acid
(100uM) for 2h and then incubated together with TmM Gal and/or 2,5uM MnCl, for 16h. To
summarize Figure 53, what we did observe is that either MnCl, or Gal supplementation alone is not
sufficient to induce any glycosylation rescue in TMEM165 KO HEK cells pre-treated with thapsigargin
or cyclopiazonic acid. Surprisingly, the combination of MnCl, and Gal overcomes SERCA inhibition and
sustains correct Golgi glycosylation reactions. Based on these observations, several hypotheses can be
raised: (i) to the “Mn’"™” point of view, SERCA inhibition using thapsigargin or cyclopiazonic acid likely
restricts cytosolic Ca’" and Mn™" pumping in the ER for further redistribution in the Golgi apparatus,
preventing Mn’" beneficial effect on Golgi glycosylation and/or proper Ca’" gradient between ER and
Golgi. (ii) To the “Gal” point of view, assuming that there is no direct link between SERCA activity and
Gal uptake at the Golgi level, one can suggest that, due to the disrupted Golgi Mn’" homeostasis in
TMEM165 KO HEK cells, Gal supplementation may require a proper ER/Golgi Ca’" homeostasis to
ensure optimal activity for galactosyltransferases. In case of SERCA inhibition, this Ca’™" gradient may be
disrupted leading to improper/slower galactosylation reactions. However, the synergic effect observed
in presence of MnCl, and Gal in TMEM165 KO HEK cells pre-treated or not with SERCA inhibitors is
still not understood. How such combined incubation of MnCl, and Gal overcomes the effect of

thapsigargin and cyclopiazonid acid is an opened question.

203

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

One can supposed that either Gal treatment in combination with MnCl, may facilitate Mn’" entry and
subsequent redistribution to reach together the Golgi lumen (bypassing SERCA requirement) where
they favor galactosyltransferases catalytic activity or, MnCl, treatment in combination with Gal boosts
UDP-sugar biosynthesis (UDP-Glc, UDP-GlcNAc and UDP-Gal) yielding to increase the pool of donor

substrates for subsequent higher glycosyltransferase activities.
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MnCl (2,5uM) - - - 16h - 16h - 16h - 16h
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80+ .
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651 | Underglyc.
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Figure 53: Involvement of thapsigargin- and cylopiazonic acid-sensitive pumps in Gal-induced
rescue of LAMP2 glycosylation. Control (ctrl) and TMEM165 KO HEK293 cells were incubated with cither
thapisgargin (A.) or cyclopiazonic acid (B.) in combination or not with MnCl, and/or D-Galactose for 16h to
18h. Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.

To test whether Gal treatment may increase Mn’" uptake, we evaluated Mn’" entry at the plasma
membrane in TMEM165 KO HEK cells pre-treated with ImM Gal for 48h using an indirect method
called “Mn”—quenching”. Basically, Fura-2 is a ratiometric dye with a strong Ca’" binding affinity
allowing the measure of cellular Ca”" concentrations. However, at its isobastic point (365nm) and in

presence of 100uM MnCl,, Fura-2 can rather bind Mn”" instead of Ca’", resulting in a decreased emitted
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fluorescence. This is what we called Fura-2 Mn’" quenching. The more Mn’" enters the cells, the
steeper the quenching slope is. Here, as shown in Figure 54, we first observed that Mn”" quenching is
higher in control cells than in TMEM165 KO HEK cells suggesting a functional role of TMEM165 in
Mn’" entry at the plasma membrane. Nonetheless, we also highlighted that Gal treatment in both

control and TMEM165 KO HEK cells resulted in steeper Mn”* quenching compared to untreated cells.

100 4
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Figure 54: Gal pre-treatment influences Mn** quenching observed in both control and TMEM165
KO HEK cells. Control (Ctrl) and TMEM165 KO HEK cells were loaded with Fura2/AM probe and subjected
to calcium imaging experiment. Data are presented as representative of three independent experiments.

Albeit the experimental conditions are different between Mn’" quenching and Mn*'-/Gal-induced
glycosylation rescue experiments, this result suggests that independently of TMEM165
presence/absence, Gal enhances Mn’" uptake at the plasma membrane. Another way to evaluate the
higher Mn’" entry in presence of Gal would be to quantify by ICP-MS the total Mn level in cells treated
with either MnCl,, Gal or both MnCl,and Gal.

We have also evaluated the effect of either MnCl, or Gal supplementations on UDP-sugar biosynthesis in
control and TMEM165 KO HEK cells. This has been done in collaboration with Dr Christian Thiel. As
shown in Figure 55, no significant difference can be observed for UDP-Gal and UDP-Glc pools between
control and KO TMEMI165 HEK cells. Moreover, both MnCl, and Gal supplementations have
comparable impacts on UDP-Glc and UDP-Gal pools on both cell lines. MnCl, supplementation
similarly slightly increases the pool of UDP-Gal in both cell types (x1.15 in control cells and x1.16 in
TMEM165 KO cells) and slightly reduces the accumulation of UDP-Glc (x0.84 in control cells and

x0.90 in TMEM165 KO cells).
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Figure 55: Impact of Gal and MnCl, supplementations on UDP-sugar pools in control versus
TMEM165 KO HEK cells. Level of cytosolic UDP-Glc, UDP-Gal and UDP-GlcNAc were quantified in control
and TMEM165 KO HEK cells treated or not with 1Mm Gal or 10uM MnCl, for 48h. On the right bottom
corner, a simplified overview of UDP-sugar biosynthesis pathway is depicted. Red arrow symbolizes Gal
supplementation.

With regards to the pool of UDP-GlcNAc, half less is found in TMEM165 deficient cells compared to
control cells. Furthermore, while Gal supplementation only induces a slight increase in the total amount
of UDP-GlcNAc found in control cells (x1.07), this effect is stronger in TMEM165 KO cells (x1.78).
At last, MnCl, supplementation drastically reduces the pool of UDP-GlcNAc in TMEM165 KO cells
(x0.47) whereas no significant impact of MnCl, was observed in control cells (x0.98). All in all, Gal
supplementation leads to the accumulation of UDP-Gal in both control and TMEM165 KO cells that
might be beneficial to sustain the incorporation of Gal residues in N-linked glycans by increasing the
bioavailability of galactosyltransferases donor substrates. Moreover, MnCl, supplementation also
promotes the accumulation of cytosolic UDP-Gal in TMEM165 KO cells which seems to be detrimental
for the level of UDP-Glc and might be explained by a higher interconversion rate from UDP-Glc to
UDP-Gal catalyzed by GALE (Figure 55). More intriguingly, the lack of TMEM165 (in)directly but
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drastically affects the pool of UDP-GlcNAc suggesting that somehow, TMEM165 function is required to
ensure proper UDP-GIcNAc biosynthesis. In addition, MnCl, supplementation lowers by half the pool
of UDP-GIcNAc in TMEM165 KO cells suggesting that potential cytosolic accumulation of Mn’" (or any
other ions/factors) may inhibit specific enzymes involved in the biosynthetic pathway of UDP-GIcNAc
(Figure 55). One explanation could be that excess of Mn”*" may replace Mg’" in the catalytic domain of
UPAT, the enzyme catalyzing the formation of UDP-GIcNAc from UTP and GleNAc-1-phosphate, and
inhibit its function. In yeast Saccharomyces cerevisiae, UPA1 ortholog reaches 100% activity in presence of
Mg2+ while Mn*" reduces this activity to 49% [510]. In addition, excess of Mg2+ inhibits UPA1.
Therefore, a similar inhibition could be set up in case of cytosolic Mn’" accumulation that would be
detrimental to preserve sufficient UDP-GIcNAc levels. If this hypothesis is true, a higher Mn”"
accumulation in the cytosol of TMEM165 KO HEK cells is then expected and could also be quantify by
ICP-MS.

Although pieces of the puzzle are missing to establish the mechanism by which Gal supplementation
correct the N-linked glycosylation defects in TMEM165 KO cells, I formulated hypotheses that need to
be deeper investigated. To add an extra layer of complexity, by analyzing additional glycosylation
pathways than N-linked glycosylation, we found that exogenous MnCl, could suppress glycosylation
defects associated to TMEMI165 deficiency in multiple glycosylation pathways including
glycosphingolipids, O-linked mucin types and GAGs biosynthesis whereas Gal supplementation
appeared to be more restrictive to the N-linked glycosylation process (Table 22). This is the main focus

on the next section.

2. Impact of MnCl, and/or Gal supplementations on other glycosylation
pathways in a TMEMI165 defective background

As introduced in Chapter 3, glycosphingolipids and GAG biosynthesis have also been reported affected
by TMEM165 deficiency in patients suffering from TMEM165-CDG [64,487,65,506,511], in
TMEM165 morpholino zebrafish [508] and TMEM165 KO model cell lines [64,65,506]. In addition and
very recently, I obtained preliminary results standing for O-linked mucin type defects in TMEM165 KO
HEK cells using an indirect fluorescently labeled lectin staining strategy. In this study, Vicia villosa lectin
(VVL) coupled to the green fluorescein isothiocyanate (FITC) was used. VVL preferentially recognizes
a-terminal GalNAc residue linked with O-glycosidic bond to serine or threonine in a polypeptide
(Figure 56A). This first GalNAc residue (also called Tn antigen) initiates the mucin type O-linked
glycans and is supposed to be further substituted by Gal and additional monosaccharides, in the Golgi

apparatus (Figure 56A). As a positive control, VVL-FITC staining was first performed in HEK cells
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lacking COSMC, the C1GALT1-specific chaperone 1 required for the proper activity of core 1 synthase
galactosyltransferase 1 (C1GALTT) that catalyzes the transfer of Gal from UDP-Gal onto the first
GalNAc residue (Figure 56A). As shown in Figure 56B, a significant green signal associated to VVL-
FITC is detectable in COSMC KO HEK cells, reflecting higher VVL binding to free terminal O-GalNAc
residues expressed at the plasma membrane comparing to control cells. Nonetheless, basal green
fluorescence intensity is also observed in control HEK cells. Therefore, we cannot exclude that either
control cells expressed a small proportion of unsubstituted terminal O-GalNAc at the plasma membrane

or, this fluorescence reflects unspecific VVL binding, defining an aspecific background.

Control cells

A.
W ) ¢ ¢
| % | | |
C1GALT1 | - - |
|
+ COSMC S/T — S/T S/T S/T
|
S/T e S/T
PPGALNT VVL
C1GALT1
| COSMC KO cells
+ COMYIC S/T -
Gal GalNAc ¢ Sia
B.
Control HEK COSMC KO HEK TMEM165 KO HEK

Figure 56: Indirect evidence for O-linked mucin type defects in TMEM165 KO HEK cells. A.
Schematic representation of core 1 mucin type initiating steps. A first GalNAc residue is linked to the hydroxyl
group of a serine (S) or threonine (T) within a polypeptide via the activity of several peptidyl GalNAc transferases
(ppGALNT). Then, the galactosyltransferase C1GALT1 catalyzes the addition of a Gal onto GalNAc for further
elongation by Sia. CIGALT1 requires the chaperone COSMC to be fully functional and both proteins are Mn”*
and Ca“—depdendent. VVL only recognizes free terminal GalNAc residues. In case of COSMC deficiency,
GalNAc are no longer substituted allowing VVL recognition. In our study, this binding between VVL-FITC and
GalNAc is reflected by a green fluorescence signal. B. VVL-FITC staining in control, TMEM165 KO and
COSMC KO HEK cells. Cells were fixed and labeled with VVL-FITC before confocal microscopy visualization.
DAPI staining (blue) was performed, showing nuclei.
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Interestingly, in TMEM165 KO HEK cells a significant green staining is also detected (Figure 56B)
suggesting the presence of truncated O-linked mucin type in TMEM165 KO HEK cells. This VVL-FITC
recognition in TMEM165 deficient cells may link for the first time TMEM165 function in O-linked
glycosylation. However the mechanism beyond this O-linked glycosylation defect is not known. Since
both COSMC and C1GALT]1 require Mn”" and Ca’" to be fully active, we reasoned that the disrupted
Golgi Mn’" homeostasis in TMEM 165 KO HEK cells may alter the function of both proteins resulting in

improper transfer of Gal from UDP-Gal onto the GalNAc residue.

A.
MnCl2 D—galactose MnCl2 +

(2.5uM, 24h) (ImM, 24h) D-galactose

No treatment

Control HEK

TMEM165 KO HEK

&

1,0 B Control OOTMEM165 KO
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0,6
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0,2 I
0,0

- - D-Gal 1mM 24h D-Gal 1mM 24h

Mean VVL Fluorescence Intensity
normalized with DAPI number

MnCIl2 2,5uM 24h - MnCl2 2,5uM 24h
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Figure 57: Influence of MnCl2 and/or Gal supplementations on VVL-FITC staining in TMEM165
KO HEK cells. A. Cells were fixed and labeled with VVL-FITC before confocal microscopy visualization. DAPI
staining (blue) was performed, showing nuclei. B. Quantification of VVL-FITC signal has been normalized to the
number of DAPI. Arbitrary mean fluorescence intensity (MFI) of 1 has been assigned to TMEM165 KO cells.
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To test whether MnCl, and/or Gal supplementations would correct this defect, control and TMEM165
KO HEK cells were treated with 2.5uM MnCl, and/or 1mM Gal for 24h. As depicted in Figure 57,
differences between the three treatments are observed in both control and TMEM165 KO cells with a
higher impact on VVL-FITC mean fluorescence intensity (MFI) in TMEM165 KO HEK cells. In both
cell lines, all treatments resulted in a decreased MFI associated to VVL-FITC suggesting that O-GalNAc
residues were more likely substituted following MnCl, or Gal treatment. However, it is to note that Gal
supplementation is less efficient (MFI: 0.65) than MnCl, addition alone (MFI: 0.45) or even MnCl, in
combination with Gal (MFI: 0.42). Therefore, the hypothesis according to which an impaired Golgi
Mn’" homeostasis in TMEM165 deficient cell would affect the activity of key enzymes in the early
initiation of O-linked mucin type glycans is still valid and relevant. Nevertheless, these results need to
be repeated to be strengthened as this experiment has only been done once. All in all, we indirectly shed
light on the presence of truncated mucin type likely harboring unsubstituted terminal O-GalNAc in
TMEM165 KO HEK cells that seems to be further substituted and processed upon MnCl, and/or Gal

supplementations.

Lastly, additional unpublished data also revealed a Mn’"-induced glycosylation rescue on proteoglycans
synthesis in TMEM165 KO ATDCS cells, a chondrogenic mouse-derived cell lines. In contrast, Gal
supplementation still failed to suppress both GAGs defects found onto decorin and syndecan. These
results will no longer be discussed since they have been obtained by a collaborator and will soon be

incorporated into a publication.

All in all, Table 22 gathers the current state-of-the-art regarding glycosylation pathways altered due to
TMEM165 deficiency and the beneficial effects of MnCl, and/or Gal supplementations to recover
proper glycan structures. From these observations, we and collaborators have clearly demonstrated that
MnCl, supplementation completely suppress all glycosylation defects due to TMEM165 deficiency.
Actually, as well described for N-linked glycosylation, all glycosylation reactions are catalyzed by
enzymes that mainly require divalent metal ion as cofactors to be fully active. In both yeast and human
Gdt1p/TMEM165 deficient cells, we have demonstrated that Golgi glycosylation defects originate from
a disrupted Golgi Mn’" homeostasis [65]. Conceptually, providing defective cells with the missing/
required ions made sense and all the results we obtained prove the efficiency of such treatment.
Mechanistically, we reasoned that MnCl, addition boosts glycosylation reactions by enhancing proper
glycosyltransferases activities, especially UDP-sugar GTs that are all divalent-metal-ion-dependent but
not only (see Table 23). Thanks to the above publication (Paper 1), we have provided new insights in

the mechanism of such Mn’"-induced glycosylation rescue with regards to N-linked glycosylation.

210

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Table 22: Current state-of-the-art about glycosylation defects associated with TMEM165
deficiency and effects of MnCl, and/or Gal supplementation as glycosylation suppressors. CS:
chondroitin  sulfate, GAGs: glycosaminoglycans, GM2/3: monosialotri/dihexosyl ganglioside, GlcNH,:
glucosamine, GSLs: glycosphingolipids , HS: heparan sulfate, m/z: masse per charge ratio, LAMP2: lysosomal
associated-membrane protein 2, N/A: not applicable because not performed, TGN46: trans-Golgi network
glycoprotein 46 and VVL: Vicia villosa lectin.

Glyco- Supplementation and effective suppression of glycosylation defects
pathway No treatment Mn(Cl, Gal MnCl, + Gal
Nolinked Accumulation of

B 1 lated and

[64,65,231,50 aga. actosylated an Complete recovery Complete recovery Complete recovery

6,508 asialytated glycan

’ structures
LAMP? and TGN46 Specific and complete  Specific butLRz;lt}i)azl Sple(;ific and
N- and O- glycosylation defects re.covery (same effect  recovery on complete recovery
. with MnSO,, no effect  (no effect of GIcNAc (no effect of
linked reflect by altered )
65.231.506 lectronhoretic vel of other ions: CaCl,, nor GlcNH,) GlcNAc nor
[65,231,506] e ropb.;).ze ege CuSO,, NiSO,, MgClL, No effect on GleNH, combined
mobiihes FeCl,, ZnCl,, LiCl ) TGN46 with MnCl,)
Few GSLs expressed at Partial recovery of
(;%Iés rather low levels: GM3 g;/ln;ple‘;e élc;/clcz)vler? 1Of GM3 but no effect N/A
[506] and GM?2 an evess on GM2 levels
GAGs Defect in proteoglycans
. synthesis: decorin (CS Complete recove No effect N/A
[ blished] Y- (CS) p Ty
UNpUbAshe and syndecan (HS)
Mucin type ,H,lgh VVL le.ctln Signal diminution by Signal diminution Signal diminution
blished staining reﬂectlng free 550, by 35% by 58%
[unpublished] O-GalNAc ends ° y 270 Y287

However, we need to keep in mind that Mn*" can be as beneficial as toxic for cells and organisms since
Mn’" deficiency leads to CDGs (TMEM165-CDG and SLC39A8-CDG) whereas Mn’" overload or
chronic exposure results in the development of Parkinson-like syndromes (HMDYT1, HMDTY?2) (sce
Chapter 2, section 1.4.2.). In that way and because TMEM165-CDG patients had normal Mn blood
levels, a clinical trial based on MnCl, therapy enrolling TMEM165-CDG patients was much more
difficult to set up than the one with Gal administration that was safer [506]. Nonetheless, manganese
supplementation (MnSO,-H,0) has been successfully reported for two patients suffering from
SLC39A8-CDG with very low to undetectable Mn blood. In a clinical trial lead by Park et al.,
therapeutic MnSO,-H,O doses of 200mg (20mg/kg) and 600mg (15mg/kg) were established to be
beneficial to both patients despite they were considerably higher than the recommended daily Mn intake
of 1 to 2mg. At these doses, MnSO,-H,O supplementation has been carefully monitored with cranial
MRI examinations that did not reveal any symptom of Mn-induced toxicity [68]. In contrast, beneficial
effects of such Mn administration led to major clinical improvements and correct all biochemical

abnormalities. It is to note that in a previous study from Park et al., Gal supplementation was also
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shown to normalize glycosylation defects observed on serum transferrin from SLC39A8-CDG patients
[67] and we demonstrated couples of year later a similar Gal effect for TMEM165-CDG [506].
However, in both studies Gal supplementation was only partial compared to Mn [68,506]. In fact, in
both disorders, glycosylation abnormalities originate from a primary disorder of Mn metabolism which
can be alleviated by restoring physiological Mn levels in body fluids and intracellular compartments
thanks to MnCl,/MnSO,-H,O supplementations. Here, Gal only seems to boost the activity of specific

GTs by increasing cytosolic and Golgi concentrations of UDP-Gal, its donor substrate.

Nonetheless, oral administrations of monosaccharide are increasingly used in CDG and are seen as
simplest and safer treatments. For instance, Gal therapies have been prove to be successful in the
treatment of PGM1-CDG and SLC35A2-CDG; L-fucose has been used for SLC35C1-CDG and D-
mannose for MPI-CDG [82,512,513]. All of these examples suggest that increasing the Golgi-
cytoplasmic gradient of UDP-sugars can improve its import and further incorporation into
glycoconjugates. However, this increased transport remains to be demonstrated in vitro. From what we
observed, although Gal supplementation increases the pools of UDP-Gal, UDP-Glc and UDP-GlcNAc
(Figure 55), it does not seem to be sufficient to lead to a better Gal incorporation into other
glycoconjugates than N-linked glycans. As already mentioned earlier, we cannot exclude that Gal
supplementation may induce Mn’" uptake from the extracellular medium that would in fact
enhance/potentiate the proper “Gal effect”. In this case, one can easily imagine that Gal-induced
glycosylation rescue may correlate variations of cellular Mn’" levels. This is what we observed in
TMEM165 KO cells cultured with FBS containing different levels of Mn (Paper 2, repeated in Figure
58A, B) [509]. When cells were cultured with a FBS containing low Mn levels (FBS4), Gal effect was
drastically reduced compared to TMEM165-deficient cells cultured with FBS containing higher amounts
of Mn (FBS2). In addition, contrary to MnCl, supplementation which is time- and concentration-
dependent [231,509], no such effect have been observed for Gal-induced glycosylation rescue on
LAMP2 in TMEM165 KO HEK cells cultured with FBS4 (Figure 58C). Together, these results strongly
suggest that Gal-induced LAMP?2 glycosylation rescue in TMEM165 (i) highly depends on external Mn

availability in the culture medium and (ii) is potentiated by MnCl, co-incubation.

3. Deciphering LAMP2 and TGN46 major post-translational modifications

To add an extra layer of complexity, Gal-induced glycosylation rescue was only seen for LAMP2 and not
for TGN46, another glycoprotein carrying both N- and O-linked glycans. As shown in Figure 59A,
while MnCl, supplementation completely suppresses the electrophoretic gel mobility of TGN46 in
TMEMI165 KO HEK cells, Gal has no effect unless it is combined to MnCl,.
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A. Control HEK TMEM165 KO HEK
MnCl (1uM, 24h) + + .+
D-Galactose (1mM, 24h) - + + - + +
kDa 115 +
80 -
LAMP2
Underglyc.
65
e — — P-actin
B. Control HEK TMEM165 KO HEK
MnCl (1uM, 24h) -+ -+ -+ +
D-Galactose (1mM, 24h) - - + + - - + +
kDa 115 4
—— L -
80 -
l' | Partially glyc. LAMP2
65 - — | Underglyc.
——— St (E— —— .
—— — —— —— B_actln
Ctrl TMEM165 KO HEK
C.
ImM 2.5mM 5mM
D-Galactose - - 24h 48h 72h - 24h 48h 72h 24h
kDa 115 ]
' | Fully glyc.
80 | | Partially LAMP2
65 A | Underglyc.

R S w— v w————w. | B-actin

Figure 58: Gal supplementation efficiency depends on external Mn availability. A. and B.
correspond to Figure 9, Paper 2. The suppression of LAMP2 glycosylation defect by Gal
supplementation depends on the FBS used for cell culture. Control and TMEM165 KO HEK cells were
cultured in DMEM supplemented with 10% FBS2 (A.) or 4 (B.). Cells were incubated with or without 1uM
MnCl, and ImM Gal for 24h. Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the
indicated antibodies. C. The suppression of LAMP2 glycosylation defect by Gal supplementation is
not time-/concentration-dependent. Control (Ctrl) and TMEM165 KO HEK cells were cultured in
DMEM supplemented with 10% FBS4 and incubated with or without 1mM to 5mM galactose for 24 to 72 hours.
Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.
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In addition, increasing either Gal concentration (from 1mM to 5mM) or the incubation time (from 24h

to 72h) has no impact on TGN46 migration profile (Figure 59B). This intriguing result pushed us to

further assess the nature of the main glycan structures carried by LAMP2 and TGN46. According to

Table 22, we suggested that the main difference between LAMP2 and TGN46 could rely on the number

and/or nature of glycan structures they carry or additional post-translational modification (PTM) such as

phosphorylation or ubiquitination.

A.
Ctrl TMEM165 KO HEK
D-Galactose (24h, ImM) - - - + +
MnCl2 (24h, 2.5uM) - - + - +
kDa 115
80 |
Fully glyc.
Balal = -
Underglyc.
65 _ gly
e — -.d B-actin
B. Ctrl TMEM165 KO HEK
1mM 2.5mM 5mM
D-Galactose - - 24h 48h 72h - 24h 48h 72h 24h
kDa 115 4
80 A
Fully glyc.
65 | nt erg yC.
D — B-actin

Figure 59: Gal supplementation fails to rescue TGN46 electrophoretic gel mobility in TMEM165
KO HEK cells. A. Control (Ctrl) and TMEM165 KO HEK cells were cultured in DMEM supplemented with
10% FBS4 and incubated with or without 2.5uM MnCl, and/or 1mM galactose for 24h. Total cell lysates were
prepared, subjected to SDS-PAGE and western blot with the indicated antibodies. B. Control (Ctrl) and
TMEM165 KO HEK cells were cultured in DMEM supplemented with 10% FBS4 and incubated with or without
ImM to 5mM galactose for 24 to 72h. Total cell lysates were prepared, subjected to SDS-PAGE and western blot

with the indicated antibodies.

From literature, it is well established that LAMP2 and TGN46 are heavily glycosylated proteins with

high number of N- and O-linked glycosylation sites. In the early 90’s, Carlsson et al. identified 16 N-

linked and 10 O-linked glycosylation sites on LAMP2 [514,515]. After protein purification and
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proteolysis, both N- and O-linked glycans were characterized by lectin affinity and gel filtration, and
further peptide sequencing allows the identification of precise N- and O-linked glycosylation sites. In
terms of glycan structures, poly-N-acetyllactosamine N-glycans were assigned to three asparagine (N)
and more recently, Tan et al. identified complex N-glycan structures thanks to a mass spectrometry
approach on total N-glycans released from purified LAMP2 proteins [516]. With regards to O-linked
glycans, after a sialidase treatment to favor lectin binding, two main structures were found: disaccharide
O-GalNAc-Gal and poly-N-acetyllactosamine tetrasaccharide O-GalNAc-Gal-GlcNAc-Gal, in smaller
proportion. Altogether and depending on the glycosylation sites, LAMP2 either possesses
polylactosaminoglycans (N- and O-linked) or complex N-glycans. However, according to the cell type,
variations in polylactosamine chains length can be observed resulting in subtle differences for LAMP2
electrophoretic migration profile at a steady state level. A simplified representation of the protein with

its glycans is provided in Figure 60.

Hinge -like

domain

Lysosomal lumen

Cytosol

Key
¥ Complex N-glycan Mucin type O-glycan

::?.; Poly-N-acetyllactosamine N-glycans : Poly-N-acetyllactosamine O-glycans

Disulfide bond ' Transmembrane domain

Figure 60: Schematic representation of LAMP2 highlighting its different glycosylation sites.
LAMP2 is a single transmembrane protein with a very short cytosolic carboxy-terminus tail (C). N-linked
glycosylation sites are represented by antennae (distinction between complex and polylactosaminoglycans is
explained in the key). O-linked glycosylation sites are gathered in the hinge-like domain (distinction between
mucin type and polylactosaminoglycans is explained in the key). Inspired from [517].

On the other hand, little is known about TGN46 post-translational modifications, including N- and O-
linked glycans. In the UniprotKB Database, TGN46 is predicted to have 9 N-linked glycosylation and 5

phosphorylation sites while PhosphoSitePlus@ software assigned more than 20 phosphorylation sites and
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around 25 O-GalNAcylation sites to TGN46. Since phosphorylation and O-GalNAcylation both occur
through the hydroxyl group from serine, threonine nay tyrosine amino acid residues, it is more difficult
to discriminate one from the other. Then, we decided to perform a deglycosylation experiment to
better understand the electrophoretic migration profile of TGN46 that we observed in TMEM165 KO

HEK cells.

A. 1 2 3 4 5

1: No enzymes, only buffers

2: N-glycanase (PNGase F)

3: Sialidase A + O-glycanase (endo-0.-N-acetylgalactosaminidase)

4: Sialidase A + O-glycanase + B(1-4) galactosidase + B-N-acetylglucosaminidase

5: N-glycanase +Sialidase A + O-glycanase + B(1-4) galactosidase +B-N-acetylglucosaminidase

B Control TMEMI165 KO
1 2 3 4 5 1 2 3 4 5
kDa 115 4
85 -+ _,—80.4
B .
e et g R
65 A .9 . 68.4
- -
50 A

Figure 61: Insights into the nature of TGN46 glycosylation sites. A. Schematic representation of N-
linked and O-linked glycan structures following enzymatic deglycosylation associated to each experimental
condition (1 to 5). Specific cutting sites are indicated with dashed lines. B. Control and TMEM165 KO HEK cell
lysates were prepared for the different enzymatic digestions following guidelines and protocol provided by the
manufacturer. Then, samples were loaded onto SDS-PAGE and western blot with TGN46 antibody. Black, pink,
white and red arrows indicate different shifts in the electrophoretic migration of TGN46 and associated molecular

weights are reported on the right.
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Using  different  glycosidases amongst N-glycanase (PNGase F), O-glycanase (endo-a-N-
acetylgalactosaminidase), B(1,4)galactosidase, B-N-acetylglucosaminidase and sialidase A, we analyzed
TGN46 migration profile by western blot in both control and TMEM165 KO cells. Results are
presented in Figure 61B. In control cells, comparing lanes 1 and 2, the shift in TGN46 electrophoretic
migration profile from 80.4 to 75.4 kDa revealed that N-glycans have been removed by PNGase F
assuming that TGN46 is an N-linked glycoprotein. Then, an identical migration profile is observed
between lane 3 and 4 (75.4 kDa), both shifting compared to lane 1, suggesting the removal of O-linked
glycans. Hence, in addition to be N-glycosylated, TGN46 is also O-glycosylated. This is corroborated in
lane 5, where the shift in TGN46 electrophoretic migration is the highest comparing to lane 1 (71.6
kDa). Actually, the trickiest part to analyze in these first five lanes is the very similar molecular weight
of TGN46 in lanes 2, 3 and 4 around 75.4 kDa. It appears that all N-linked glycan(s) and all O-linked
glycan(s) carried by TGN46 have a similar molecular weight. In other words, removing either all N-
glycans or all O-glycans results in a similar molecular weight loss. On the other hand, in TMEM165 KO
HEK' cells, identical electrophoretic migrations of TGN46 are observed in lanes 1, 3 and 4,
corresponding to lane 5 of control cells (75.4 kDa). This observation implies that TGN46 is likely under
N- and O-glycosylated in case of TMEM165 deficiency. However, although no differences between
condition without treatment (lane 1) and conditions with O-glycanase (lanes 3 and 4) are observed,
treatment with PNGase F (lanes 2 and 5) induces an additional and similar shift (68.4 kDa) compared to
lanes 1, 3, and 4. This suggests that TGN46 is likely N-glycosylated in TMEM165 KO HEK cells and
probably possesses truncated N-glycans that would explain the smaller shift between lanes 1 and 2 in
control cells and lanes 1 and 2 in TMEM165 KO cells. The fact that TGN46 migrates faster in
TMEM165 deficient cells in lanes 2 and 5 (68.4 kDa) compared to all other lanes may be explained by
additional PTM on the protein such as phosphorylation that might also be affected due to TMEM165
deficiency. What could be interesting to perform in the future would be to (i) repeat these
deglycosylation reactions after MnCl, and/or Gal supplementation, (ii) further analyze LAMP2 and
TGN46 glycan structures via a mass spectrometry approach following protein purification and glycan
release and (iii) explore TGN46 potential phosphorylation sites through western blot and mass

spectrometry based proteomics.

217

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

4. Conclusion and introduction of Results, Part 11

All in all, in case of TMEM165 deficiency, Mn*" supplementation broadly acts on all glycosylation
pathways since Mn’" will enhance/rescue/stimulate the activity of all enzymes requiring Mn’" as
cofactor and will not only trigger the activity of one specific galactosyltransferase that requires both Gal
and Mn”" to be fully active. In my opinion, there is no proper Gal-induced glycosylation rescue. From
all our results, I strongly believe that Gal effect is intimately dependent on (intra)cellular Mn*" levels

that might vary when Gal is uptaken from the extracellular medium.

Actually, this Mn”"-induced Golgi glycosylation rescue was also observed in yeast Saccharomyces cerevisiae
lacking TMEM165 yeast ortholog named Gdtlp. However, differing from human cells, yeasts lacking
GDTI only exhibit strong Golgi glycosylation defect in presence of high external CaCl, concentrations
(> 500mM), suggesting that Gdtlp and TMEM165 function may have evolved during evolution. As
mentioned in Chapter 2, Figure 27 and Figure 28, many different proteins are involved in the regulation
of Golgi Ca’" homeostasis in yeast and mammals. Amongst them one is particularly conserved between
the two organisms: the Ca”"/Mn™" Golgi P-type ATPase SPCA1 in mammals and Pmrlp, the yeast
ortholog. Interestingly, yeast lacking PRM1 display severe Golgi glycosylation defects associated with
altered protein trafficking whereas no link has been established between ATP2CI deficiency and
glycosylation reactions in humans. Assuming that TMEM165/Gdt1p and SPCA1/Pmrlp are key players
in the regulation of Golgi Ca”"/Mn”" homeostasis, the second aspect of my PhD was to further
investigate the potential functional link between these two Golgi proteins, in yeast Saccharomyces cerevisiae

and mammalian cell lines (HeLa and Hap1 cells).

218

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

2.-PartII -

Investigating the functional links between

TMEM165/Gdtlp and SPCA1/Pmrlp

Paper 3: Investigating the function of Gdtlp in yeast glycosylation

Paper 4: Investigating the functional link between TMEM165 and
SPCA1
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3. Paper 3: Investigating the function of Gdtlp in yeast
glycosylation

3.1.Introduction

At the early beginning of my PhD, I was trained to handle yeast Saccharomyces cerevisiae, particularly to
end up the reviewing of this Paper 3. My major contribution to this work relies on the generation of
supplementary Figures, required to satisfy reviewers and ensuring the publication of the study. At the
time, right after the discovery that Golgi glycosylation defects observed in TMEM165/Gdt1p deficient
cells were due to an altered Golgi Mn*" homeostasis [65], we further investigated (i) mechanism of
Mn’"-induced glycosylation rescue in mammalian TMEM165 KO cells (Paper 1) and (ii) Gdt1p function
in yeast Golgi glycosylation (Paper 3) in two separate studies. As already summarized in Chapter 3,
almost thirty years ago Antebi and Fink [236] followed by Diirr et al. [238] first established a link
between glycosylation and Golgi Ca’*/Mn’" homeostasis in yeast lacking Pmrlp (pmrid), the Golgi
Ca”"/Mn”" ATPase. At the time, both Ca’* and Mn’" requirements were assigned to sustain
glycosylation reactions since both CaCl, and MnCl, supplementations partially rescued those defects.
More recently, in 2016, these findings were updated by our team [65] and collaborators [239] with the
identification of severe N-linked Golgi glycosylation defects in yeast lacking Gdtlp (gdt14) exposed to
high extracellular CaCl, concentrations (>500 mM). Following the characterization of gdt14t, we found
that addition of 50uM MnCl, to the Ca-enriched medium suppressed the observed glycosylation defects
[65,239].

Table 23: Summary about Gdtlp/TMEMI165 and Pmrlp/SPCA1l involvement in Golgi

glycosylation.
Golgi N-linked glycosylation defects? Suppressed by...
Saccharomyces cerevisiae
Wild-type No
gdt14 Yes, in excess of [CaCl,]., aceliular MnCl,
pmrlA Yes CaCl,, MnCl,
gde1A/pmr1 A Yes MnCl,
Mammalian cells
Control No
TMEM165 KO Yes D-Galactose, MnCl,
SPCA1 KO No
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Then, the first link between Gdtlp function in Golgi glycosylation and Mn’" was established. Table 23
draws up the start-of-the-art of the indirect contribution of Gdtlp/TMEM165 and Pmrl1p/SPCA1 in
Golgi glycosylation and Mn’"/Ca”" homeostasis. As mentioned in Table 23, while Golgi glycosylation
defects due to PMRI deletion can be suppressed by either CaCl, or MnCl, supplementation, only MnCl,
addition can rescue the glycosylation defects observed in the double mutant gdt14/pmriA. Surprisingly,
CaCl, supplementation failed to rescue Golgi glycosylation in gdtl4/pmriA assuming that Gdtlp
functionality might be required during the Ca’"-induced glycosylation rescue in yeast lacking Pmrlp.
This unexpected finding highly suggests a functional link between Pmrlp and Gdtlp in Golgi
glycosylation that was therefore further investigated in the following study (Paper 3). Hence, we took
advantage of three mutated forms of Pmr1p, specifically defective for transport of either Ca™" (Pmrlp-

D53A), Mn™" (Pmr1p-Q783A) or both Ca’" and Mn’" (Pmr1p-D778A) (Figure 62).

Pmrlp-WT Pmrip-D53A Pmri1p-Q783A Pmr1p-D778A
2+ 2+ 2+ 2+
Mn /Ca Mn Ca
Cytosol ATP | ADP +Pi ATP ADP + Pi ATP ADP + Pi
Golgi lumen :
° oV,
o o PY .. .. PY
° °

Figure 62: Pmr1p defective mutants and associated ion pumping capacity used in the study.

The idea was to better discriminate the role of Pmrlp and Gdtlp in Golgi glycosylation by evaluating

the contribution of Gdt1p in pmrl4 strains expressing different forms of Pmrlp.

3.2.Publication
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Investigating the function of Gdtlp in yeast Golgi glycosylation
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ARTICLE INFO ABSTRACT

Keywords: The Golgi ion homeostasis is tightly regulated to ensure essential cellular processes such as glycosylation, yet our

Gdtlp understanding of this regulation remains incomplete. Gdtlp is a member of the conserved Uncharacterized

Pmrlp Protein Family (UPF0016). Our previous work suggested that Gdtlp may function in the Golgi by regulating

G°1§i+g]ymsylam?“ Golgi Ca®*/Mn®* homeostasis. NMR structural analysis of the polymannan chains isolated from yeasts showed

z[anz N hlg;rlzzst;assif that the gdt1A mutant cultured in presence of high Ca®* concentration, as well as the pmr1A and gdt1A/pmr1A
strains presented strong late Golgi glycosylation defects with a lack of a-1,2 mannoses substitution and a-1,3
mannoses termination. The addition of Mn?* confirmed the rescue of these defects. Interestingly, our structural
data confirmed that the glycosylation defect in pmriA could also completely be suppressed by the addition of
Ca%*. The use of Pmrlp mutants either defective for Ca>* or Mn?* transport or both revealed that the sup-
pression of the observed glycosylation defect in pmriA strains by the intraluminal Golgi Ca®* requires the
activity of Gdtlp. These data support the hypothesis that Gdtlp, in order to sustain the Golgi glycosylation
process, imports Mn? " inside the Golgi lumen when Pmrlp exclusively transports Ca® *. Our results also re-
inforce the functional link between Gdt1p and Pmr1p as we highlighted that Gdt1p was a Mn®* sensitive protein
whose abundance was directly dependent on the nature of the ion transported by Pmrlp. Finally, this study
demonstrated that the aspartic residues of the two conserved motifs E-x-G-D-[KR], likely constituting the cation
binding sites of Gdtlp, play a crucial role in Golgi glycosylation and hence in Mn?*/Ca? * transport.

1. Introduction

In 2012, we highlighted TMEM165 as the first member of the
Uncharacterized Protein Family 0016 (UPF0016) related to human
diseases. Defects in TMEM165 lead to a rare inherited disorder named
CDG for Congenital Disorders of Glycosylation in which Golgi glyco-
sylation process is affected. Found in bacteria, archaea, yeast, plants
and animals, members of the UPF0016 family share two highly con-
served regions as signature motifs: E-x-G-D-[KR] [1]. Many evidences
show that these two motifs form the pore of the protein and thus reg-
ulate the functionality of the UPFO016 members. Currently, the precise
cellular functions of these proteins remain to be fully characterized and
are under debate. In yeasts, it was previously reported that Gdtlp was
involved in Ca®>* transport then playing an important role in Ca**

signaling and Golgi protein glycosylation thereby supporting the hy-
pothesis that Gdtlp would act as Ca®*/H™ antiporter in the Golgi
apparatus [2,3]. The role of TMEM165 as a Golgi Cca?t/H* antiporter
can however be questioned. We recently highlighted that the observed
glycosylation defect due to TMEM165 deficiencies resulted from a de-
fect in Golgi Mn?* homeostasis [4]. Moreover, we demonstrated that
TMEM165 was a novel Golgi protein sensitive to Mn? * as exposition to
high Mn?* concentrations lead to lysosomal degradation of TMEM165
[5]. These data reinforced the hypothesis of TMEM165 as being in-
volved in Mn?* transport. This is also currently emphasized by several
other studies. In Arabidopsis thaliana, the homologous protein photo-
synthesis affected mutant 71 PHOTOSYNTHESIS AFFECTED MUTANT
71 (PAM71) has been shown to be required for efficient Mn? " uptake at
the thylakoid membrane [6]. Moreover, the Mnx protein of the

* Corresponding author at: Univ. Lille, CNRS, UMR 8576 — UGSF - Unité de Glycobiologie Structurale et Fonctionnelle, F-59000 Lille, France.

E-mail address: francois.foulquier@univ-lille1.fr (F. Foulquier).
1 These authors have equally contributed.

https://doi.org/10.1016/j.bbagen.2017.11.006

Received 5 May 2017; Received in revised form 6 October 2017; Accepted 1 November 2017

Available online 03 November 2017

223



cyanobacterial model strain Synechocystis sp. PCC 6803, also belonging
to the UPF0016 family, was recently demonstrated as a Mn exporter
[7]. Altogether these data cast doubt about the substrate specificity of
the UPF0016 members. From a general point of view, the mechanisms
by which yeast cells regulate Golgi Ca>* and Mn? * homeostasis, both
critical for many cellular processes and in particular Golgi glycosyla-
tion, are not completely deciphered yet.

In this report we have investigated into details the contribution of
Gdtlp, Pmrlp and both in Golgi glycosylation processes. We have de-
monstrated that inactivation of Pmrlp led to strong Golgi glycosylation
defects fully reversed by the addition of both Ca?* and Mn?*.
Interestingly, in the gdt1A/pmrlA double knock-out strain, only the
addition of Mn®* was capable to suppress the observed Golgi glyco-
sylation defect thus pointing the critical role of Gdtlp in suppressing
the Golgi glycosylation defect in pmrlA strains supplemented with
Ca®*. We have also shown that the abundance and function of Gdt1p in
Golgi glycosylation was dependent on the function of Pmrlp. By using
mutants of Pmrlp specifically defective for transport of either Ca®™*
ions (Pmr1pD53A), Mn?* ions (Pmr1pQ783A) or both (Pmr1pD778A),
our results evidenced that in the case where Pmr1p only transport Ca® *
from the cytosol to the Golgi lumen, Gdtlp was necessary to import
Mn? " inside the Golgi lumen to suppress the observed Golgi glycosy-
lation defect. Finally, this report demonstrates that the acidic residues
of the two conserved motifs E-x-G-D-[KR] of Gdtlp are involved in
Golgi glycosylation.

2. Material and methods
2.1. Yeast strains and media

Yeast strains used for the experiments are all derivatives of BY4741
and BY4742 and are listed below:

Wild-type (WT) - Mata his3A1 leu2A0 ura3A0

pmrlA - Mata his3A1 leu2A0 ura3A0 pmrlA::KanMX4

gdtlA - Mata his3A1 leu2A0 ura3A0 gdtl1A::KanMX4
gdtlA/pmrlA - Mata his3A1 leu2A0 ura3A0 gdtlA::KanMX4
pmrlA::KanMX4

All strains were obtained by backcrossing pmrlA (Y04534) and
gdt1A(Y13327) strains provided by Euroscarf.

Yeast was cultured at 30 °C. Cultures in liquid media are done under
a light shaking. Rich media, named YEP media, contains yeast extract
(10 gL~ !, Difco), Bacto-peptone (20 gL~ %, Difco). YPD media is a YEP
media supplemented with 2% p-glucose (Sigma-Aldrich). YPR is YEP
supplemented with 2% raffinose (Euromedex). Selection antibiotics
were added at 100 pg'mL ™ * for nourseothricine, 200 ug'mL~ ! for G418
and 300 pg'mL~ ' for hygromycin.

2.2. Constructs, vector engineering and mutagenesis

All the constructs allowing GDT1 (wt (wt-HA) or mutant (mutant-
HA)) expression are pRS41H derivatives. First a 1473 bp fragment
starting 417pb before the Start of GDT1 was amplified from genomic
DNA by PCR and cloned between Kpnl and Xmal sites of pRS41H.
Mutant and/or HA-tagged versions of GDT1 (E53G, D56G, E204G,
L205W and D207G) were created from this vector using PCR directed
mutagenesis by Ezyvec (Lille, France). The HA tag was inserted in the
cytoplasmic loop in between the aa 171-172. All the constructs al-
lowing PMR1 (wt (wt-Myc) or mutant (mutant-Myc)) expression are
PRS41N derivatives. First a 4004 bp fragment starting 999 pb before
the Start of PMR1 was amplified from genomic DNA by PCR and cloned
between Eagl and Sacl sites of pRS41N. Mutant and/or N-Myc-tagged
versions of PMR1 (D53A, D778A and Q783A) were created from this
vector using PCR directed mutagenesis by Ezyvec (Lille, France). All
constructs were checked by Sanger sequencing of the full insert.

224

Thése de Marine Houdou, Université de Lille, 2020

2.3. Extraction and isolation of mannan from yeast

The equivalent of 50 g yeast was suspended in 300 mL of 0.02 M
citrate buffer (pH 7), autoclaved at 125 °C, 90 min. The solid pellet was
then removed by centrifugation and the supernatant collected. An
equivalent volume of Fehling solution was added to the supernatant
and stirred at room temperature until precipitates form. The pre-
cipitates are collected and dissolved with 100 mL of 3 N HCIL. 300 mL of
ethanol are then added to precipitated mannan. The mannan are then
dissolved in 50 mL water and dialyzed (MWCO 3500) against water
overnight at 4 °C. The dialyzed mannans are then dried and lyophilized.

2.4. Invertase glycosylation analysis

Before any analysis, a preculture in YPD media is done and a volume
equivalent to 15 OD600nm units is centrifuged for 3 min at 3500g. The
supernatant is discarded and the pellet is suspended in YPR media to
induce invertase expression. Calcium, manganese and other ions were
added at this step at the indicated concentration. After a 20 h culture in
YPR, yeasts were centrifuged for 5 min at 3500g. Supernatant was
discarded and the pellet was kept frozen at — 20 °C. The cells were then
resuspensed and lysed by glass-bead agitation in cold TBP buffer (5.52 g
of diethylbarbituric acid and 1 g of Tris base per liter of water, pH 7.0;
to 100 mL, add 1 mL of stock PMSF (0.174 g of phenylmethanesulfonyl
fluoride in 10 mL of absolute ethanol) just before use]. 3 pL of the su-
pernatant are loaded on native gel. For the revelation of the invertase
activity, the gel is then soaked into a 4 °C sucrose solution (0.1 M pure
sucrose in 0.1 M sodium acetate, pH5.1) for 10 min and then im-
mediately transferred into a 37 °C sucrose solution for 10 min to hy-
drolyze the substrate. The gel is then quickly rinsed twice with water
and transferred to a Pyrex dish containing 50 mL of TTC (50 mg of
2,3,5-triphenyltetrazolium chloride (TTC) in 50 mL of 0.5 M NaOH).
The dish is boiled until the color appears. To stop the coloration and
neutralize the NaOH, the gel is washed with water and stored in 10%
acetic acid until imaging.

2.5. Western blotting

Yeasts were centrifuged for 5 min at 3500g. Supernatant was dis-
carded and cells were then resuspended in TBP buffer supplemented
with a protease cocktail inhibitor (Roche Diagnostics, Penzberg,
Germany). Cell lysis was induced by vortexing the cells with beads 1 h
at 4 °C. Cells were centrifuged for 5 min at 3500g. The protein con-
centration of supernatant was estimated with the micro BCA Protein
Assay Kit (Thermo Scientific). 20 ug of total protein lysates were dis-
solved in NuPAGE LDS sample buffer (Invitrogen) pH 8.4 supplemented
with 4% p-mercaptoethanol (Fluka). Samples were heated 10 min at
95 °C and then separated on 4%-12% Bis-Tris gels (Invitrogen) and
transferred to nitrocellulose membrane Hybond ECL (GE Healthcare,
Little Chalfont, UK). The membranes were incubated in blocking buffer
(5% milk powder in TBS-T [1X TBS with 0.05% Tween20]) for 1 h at
room temperature, then incubated overnight with the anti-HA (Santa
Cruz; clone Y-11 used at a dilution of 1:200) or anti-c-myc(Santa Cruz,
clone 9E10 used at a dilution of 1:200) or anti-CPY (Abcam; clone
10A5B5 used at a dilution of 1:2000) in blocking buffer, and washed
three times for 5 min in TBS-T. The membranes were then incubated
with the peroxidase-conjugated secondary goat anti-rabbit (Dako; used
at a dilution of 1:10,000) in blocking buffer for 1 h at room temperature
and later washed three times for 5 min in TBS-T. Signal was detected
with chemiluminescence reagent (ECL 2 Western Blotting Susbtrate,
Thermo Scientific) on imaging film (GE Healthcare, Little Chalfont,
UK).

2.6. Whole cell Mn measurement by ICP-MS

Yeasts were grown in YPD medium and a volume equivalent to 15
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Fig. 1. The suppression of the glycosylation defect in pmr1A strains supplemented with Ca® * is dependent of the activity of Gdt1p. Wild-type (WT), gdt1A, pmri1A and gdt1A/pmr1A yeasts
mutants were grown to an OD600 of 0.8 in a YPD medium. Afterwards, yeasts were transferred in YPR medium with an increase of the indicated CaCl2 concentrations to induce invertase
secretion. N-glycosylated invertase secreted was analyzed in a native gel as indicated by Ballou et al. [15].

OD600nm units was centrifuged for 3 min at 3500g. The supernatant
was discarded and the pellet was suspended in YPD media containing or
not 50 pM MnCl2. After 20 h, a volume equivalent to 25 OD600nm
units is centrifuged for 3 min at 3500g. Yeasts are washed twice with
EDTA 1 uM and 3 times with water. Yeasts were suspended in 500 pL of
HNO; 30% and heat at 65 °C in a light shaking during 20 h. 500 pL of
water were added to the mixture. 300 uL. were analyzed by ICP-MS
(Inductively Coupled Plasma - Mass Spectrometer). Mn analyses were
done in the Toxicology Laboratory of the Lille University Hospital.
Samples were diluted 50 times with 1.5% (v/v) nitric acid (ultrapure
quality 69.5%, Carlo Erba Reagents, Val de Reuil, France) solution in
ultrapure water (Purelab Option-Q, Veolia Water, Antony, France)
containing 0.1% triton®X-100 (Euromedex, Souffelweyersheim, france),
0.2% butan-1-ol (VWR Chemicals, Fontenay-sous-Bois, France), and
0.5 pg/L rhodium (Merk, Darmstadt, Germany). Assays were performed
on an ICP-MS THERMO ICAPTM Q (Thermo Scientific, Courtaboeuf
Cedex, France). The limit of quantification was 0.2 ug/L).

2.7. NMR analyses

All NMR experiments were acquired on Avance II Bruker spectro-
meter equipped with BBO 5 mm probe resonating at 400 MHz for 'H,
100.6 MHz for 'C. Mannans were dissolved in 500 pL H,O (99.96%
2y, Eurisotop®), and then transferred into 5 mm Shigemi tubes (Allision
Park, USA). NMR experiments were performed at 293 K. The Y che-
mical shifts were expressed in ppm. Related to the methyl signal of
acetone (8§ 'H 2.225 and § '3C 31.55 ppm) as internal standards. The
COSY90-'H/*3C-HSQC experiments were performed by using Bruker
standard sequences and optimized for each experiment.

2.8. Monosaccharide analyses

10 pg of inositol (taken as internal standard) and 10 ug of target
mannan were mixed. The monosaccharide composition was established
by GC and GC/MS as alditol-acetate derivatives. Briefly, samples were
hydrolyzed in 4 M trifluoroacetic acid (TFA) for 4 h at 100 °C and then
reduced with sodium borohydride (10 mg/mL) in 0.05 M NaOH for 4 h.
Reduction was stopped by dropwise addition of acetic acid until pH 6
was reached and borate salts were co-distilled by repetitive evaporation
in dry methanol. Peracetylation was performed in acetic anhydride at
100 °C for 2 h. The derivatized monosaccharides were dissolved in 1 mL
of chloroform, and 1 pL of sample was injected into GC-MS (TRACE GC
Ultra, Thermo Fisher Scientific). The capillary column is SOLGEL-1MS
(Part No. 054795, 30m X 0.25mm X 0.25pum). The initial oven
temperature was held at 120 °C, increased to 230 °C at 3 °C/min, and
then, 270 °C for 10 min. The derivatized monosaccharides were sepa-
rated into individual peaks, and identified by MS. However, the signal
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of GlcNAc was very low due to low percentage of GlcNAc in mannan.
Therefore, selected ion monitor (SIM) was applied to increase sensi-
tivity and quantify Man and GlcNAc. Ions at m/z 168, 187, and 144
were used as indicative fragment ions for inositol, Man, and GlcNAc,
respectively. The size of isolation window was set 0.2 Da, and the scan
time of selected ion was 0.2 s. The response factor of inositol was set to
1. In this system, response factors of Man and GlcNAc were established
to 0.48 and 0.28, respectively. The amount (ug) of mannose in different
Mannan samples was calculated by the formula [(Peak area of selected
ion at m/z 187 for Man/0.48)/Peak area of selected ion at m/z 168 for
inositol * 10]. Similar calculation was applied to GlcNAc, which is
[(Peak area of selected ion at m/z 144 for GlcNAc/0.28)/Peak area of
selected ion at m/z 168 for inositol * 10]. We assumed that most of
mannan is located on N-glycans. Therefore, the number of Man per N-
glycan was established as [molar of Man/(molar of GlcNAc x* 2)].

3. Results

3.1. The suppression of the glycosylation defect in pmrlA strains
supplemented with Ca® ™" is dependent on the activity of Gdtlp

We have previously reported that the increased mobility of secreted
invertase activity by zymography (in native polyacrylamide gel) was a
good reporter of Golgi N-glycosylation deficiency in yeast [4]. Using
this technique, we have demonstrated that the Golgi N-glycosylation
defect in gdtlA strains observed on invertase cultured in presence of
high Ca®* concentration could efficiently be suppressed by the addi-
tion of Mn?*. This was also observed for pmrlA and gdt1A/pmriA
double knock-out strains [4]. Although we demonstrated that high
environmental Ca®* concentration in gdt1A led to strong glycosylation
defects, we established here that the addition of Ca®?™* rescues the
glycosylation defect in pmrlA. Indeed, 10 mM Ca®* treatment is suf-
ficient to greatly reduce the invertase mobility to a normal value
(Fig. 1). Since Gdt1lp and Pmrlp are two Golgi proteins involved in the
regulation of the Golgi Ca®*/Mn? " homeostasis, glycosylation defect
in gdt1A/pmri1A double knock-out strains was analyzed in the absence
and the presence of increasing Ca®>* concentrations (from 10 mM Ca®*
to 300 mM) (Fig. 1). Although the invertase mobility is strongly af-
fected in the gdt1A/pmrlA double knock-out strains, the Ca®™* treat-
ment does not restore it to a normal value (Fig. 1). By contrast and as
previously observed, the addition of 50 uM Mn?* is sufficient to fully
restore the Golgi N-glycosylation in the different yeast strains (Sup-
plementary Fig. 1).

These results points to the crucial requirement of Gdtlp activity in
the restoration of the glycosylation in pmrlA strains supplemented with
Ca®*. Altogether these results strongly suggest a functional link be-
tween Gdtlp and Pmrlp in maintaining Golgi glycosylation
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homeostasis.

3.2. General structural analysis of the mannans from wild type and different
mutants under different supplement of Ca® * /Mn®*

In order to further delineate the nature of the observed overall Golgi
N-glycosylation defects, total mannans were isolated from yeast strains
cultured under different Ca®*/Mn?* conditions, followed by detailed
structural analyses. So called mannans from most yeasts share similar
overall architectures. They are made of MangGlcNAc, N-linked glycans
extended by a a-linked polymannoside containing around 200 mannose
residues. In S. cerevisiae, the polymannoside is composed of a long
stretch of (a-1,6)-linked p-mannopyranose units substituted in C2 po-
sitions by short side chains of (a-1,2)-linked mannose units that may be
further capped by terminal Man(a-1,3) residues [8]. So called acid-la-
bile mannan domain is further attached to the (a-1,2)-oligomannosides
through phospho-di-ester bonds [9] In a first step, we established the
structural features of the mannan isolated from WT strain by 1D 'H
NMR experiment (Fig. 2A). Due to its polymeric nature, it is not pos-
sible to assign the signals corresponding to all individual mono-
saccharide residues of mannans. However, five broad signals annotated
as L, IL, I1I, IV, V could be detected in the 5.5-4.8 ppm anomeric region,
which natures were established by observing their spin systems by
'H-'H COSY, TOCSY and 'H-'3C HSQC experiments, based on litera-
ture ([10] (Fig. 2B). They were assigned to five major epitopes (I), in-
ternal — 2)Man(a-1,2) residues; (II), terminal Man(a-1,3) residues;
(110, — 2.6)Man(a-1,6) branched residues; (IV), terminal Man(a-1,2)
and — 3)Man(a-1,2) residues; (V), unbranched — 6)Man(a-1,6) re-
sidues. Furthermore, terminal Man(a-1,2) (IV.a, H2 at 4.06 ppm) and
— 3)Man(a-1,2) residues (IV.b, H2 at 4.22 ppm) could be differentiated
by COSY90 spectrum as shown in Fig. 2B. Relative quantification of
NMR signals I to V provides reliable snapshot of the overall mannan
structural features. As shown in Fig. 2C, mannan isolated from WT
strain is characterized by a high proportion of (al-2) substitution on
the (a 1-6)-mannoside stretch [2,6)Man/6)Man = 6,4], leaving few un-
substituted — 6)Man(a-1,6) residues.

In a second step, we compared the structures of mannans isolated
from all four strains grown in normal conditions by homo- and het-
eronuclear NMR. 1D 'H NMR spectra, of mannans isolated from wild
type and gdtlA established that these two strains exhibit very similar
mannosylation patterns (Fig. 2A). In contrast, distinctive features were
observed in the structures of mannans isolated from pmrlA and gdt1A/
pmrlA strains compared to WT, as shown by 1D 'H NMR spectra
(Fig. 2A) and relative quantification of 'H-'3C HSQC NMR signals
(Fig. 2C). The two most salient features of mannans from pmrlA and
gdt1A/pmrlA strains were (i) a sharp decrease in the proportion of in-
ternal (a-1,2) oligomannoside side chains and of (a-1,3) capping
mannose residues, which correlated with (ii) a large increase in the
proportion of unbranched (a-1,6) polymannoside backbone. Indeed,
the proportion of unbranched 6)Man(a-1,6) residues in pmrlA and
gdtlApmrlA strains increased by 17 and 28 times compared to WT
mannan. Additionally, COSY90 spectra showed an increased proportion
of terminal Man(a-1,2) residues on mannans from pmrlA and gdt1A/
pmrlA strains, which is correlated with a decreased proportion of
terminal Man(a-1,3) (data not shown). Altogether, these experiments
show that a lack of pmrlp and both gdtlp/pmrlp lead to a drastic
reduction of the branching pattern of (a-1,6) polymannoside domain of
the mannan.

In a third step, we screened by 1D 'H NMR experiments the struc-
tural variability of mannans isolated from all four strains following
supplementation with 0.5 M Ca®*, 0.05mM Mn?* and 0.5M Ca?*/
0.05mM Mn?* with a special focus on their branching patterns
(Supplementary Fig. 1) expressed as a % of unbranched — 6)Man(a-
1,6) residues compared with total residues by quantifying signal V
(Fig. 3A). In accordance with the above results, WT and gdtIA grown in
normal condition contained less than 2% of — 6)Man(a-1,6) residues,
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Fig. 3. Comparison of mannans isolated from yeasts grown in various conditions: N, non-
supplemented; CaCl,, supplemented with 0.5M CaCl,; MnCl,, supplemented with
0.05 mM MnCl,; CaCl, + MnCl,, supplemented with CaCl, 05.N and MnCl;, 0.05 mM. (A)
The branching pattern of the 1,6-linked mannan backbone is expressed as the proportion
of 6)Man(a-1,6) residues in mannans and calculated from the relative integration of
signal V from 'H NMR spectra (see Supplementary Fig. 1). Its increases is indicative a
defect in the synthesis of 2)Man(a-1,2) side chains. (B) The overall size of mannans was
established as a number of mannose residues per N-glycans. The reduction in the size of
mannans correlates with the defect in the synthesis of 2)Man(a-1,2) side chains.

whereas mannans from pmrlA and gdt1ApmrlA contained 21 and 27%
of — 6)Man(a-1,6) residues, respectively (Fig. 3A). This branching de-
fect was fully restored in pmrlA by the addition of any divalent cation,
Ca®* or Mn?™. Contrarily, the glycosylation defect of gdtlApmriA
strain which is almost entirely restored in presence of Mn?>* and both
Ca?*+ Mn2" (4% and 7%), is not restored in the sole presence of
Ca®™. Then, gdt1A cultured in presence of 0.5 M Ca®* showed an in-
creased proportion of unbranched — 6)Man(a-1,6) backbone, as well as
a decreased number of (a-1,3) mannose capping (data not shown).
However, these defects were also completely restored by the addition of
Mn?*,

NMR analysis established that a lack of Pmrlp leads to strong de-
fects in the mannan synthesis through the decrease of terminal Man(a-
1,3) capping, the decrease of side chains (a-1,2) mannosylation and the
increase of the proportion of unbranched 6)Man(a-1,6). These char-
acteristics should result in the change of mannan size. In order to de-
termine the average size of mannan domain of N-glycans, we quantified
Man and GlcNAc residues in all samples by GC/MS analysis, and de-
duced the average number of mannose per N-glycan based on the
presence of the chitobiose core. As shown in Fig. 3B, N-glycans isolated
from WT and gdtIA strains grown in normal conditions contained an
average of 220-250 Man residues. However, we observed that the size
of mannan domain of gdtIA strains under Ca®™*, as well as pmriA and
gdt1A/pmrlA strains in normal conditions and under Ca®* are drasti-
cally reduced (Fig. 3A) down to about 40 Man residues. Under Mn2™*
supplementation, the size of mannans from pmrlA and gdtl1A/pmrlA
was restored to average sizes. Altogether, structural analysis by NMR
and GC/MS showed that the glycosylation defects are due to a reduced
synthesis of — 2)Man(a-1,2) side chains that results in the synthesis of
polymannosylated N-glycans of smaller size compared to that of WT
strains.

This suggests that a lack of Pmrlp and/or Gdtlp would affect late
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Golgi glycosyltransferases such as MMN2/MNN5/MNN. 1Altogether,
these results demonstrate (i) the crucial requirement of Gdtlp in
maintaining Golgi glycosylation when cells are cultured in presence of
Ca®* and (ii) that the suppression of the glycosylation defect by the
Ca®* in pmriA strains is strictly dependent on the activity of Gdt1p.

3.3. The abundance and function of Gdt1p in glycosylation is dependent on
the Pmrlp function

To further investigate the contribution of Ca®* versus Mn*™*
transport activity of Pmrlp to the observed N-glycosylation defect, we

first transfected PMR1-deficient cells with three point mutants of Pmrlp
that were defective for transport of either Ca®>* ions (Pmrl1pD53A),
Mn? ™ ions (Pmr1pQ783A) or both (Pmr1pD778A) [11,12]. Although
both Pmr1pD53A and Q783A can restore the observed initial glycosy-
lation defect, differences can be observed (Fig. 4A). The restoration is
total with PmrlpWT and the PmrlpD53A and only partial with
Pmr1pQ783A (Fig. 4A, left panel). To assess the potential role of Gdtlp
in this glycosylation rescue, gdt1A/pmrlA strains were transfected with
the same Pmrlp mutants. While the expression of the D53A completely
restored the glycosylation, the Q783A clearly did not (Fig. 4A, right
panel). To confirm these results, the invertase mobility in the pmrlA
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and gdtlA/pmrlA double knock-out strains transfected with the
Pmr1pQ783A in the presence of increasing Ca?” concentrations was
evaluated. In the pmrlA yeast strains transfected with the pmr1Q783A,
the invertase mobility is strongly reduced both in absence of Ca** and
under increasing Ca®>* concentrations (Fig. 4B, left panel). We de-
monstrated that this effect was due to the activity of Gdt1p, as the Ca®*
treatment in the gdt1A/pmr1A double knock-out strains transfected with
the pmr1Q783A does not suppress the observed glycosylation defect
(Fig. 4B, right panel). These results have also been confirmed by gly-
cosylation analysis on carboxypeptidase Y (CPY) and fully support
those from the invertase assay experiments (Supplementary Fig. 2). We
then wondered whether the suppression of the glycosylation defect in
pmrlA strains supplemented with Ca®* could result from Gdtlp ex-
pression changes. The cellular abundance of Gdtlp was then evaluated
by Western blotting using specific antibodies directed against Gdt1lp in
pmrlA strains, transfected or not with the different Pmrlp mutants
defective for transport of either Ca?™* ions (Pmr1pD53A), Mn? " ions
(Pmr1pQ783A) or both (PmrlpD778A). This experiment showed that
the abundance of Gdt1lp was directly linked to the transport function of
Pmrlp. In pmrlA, the abundance of Gdtlp was greatly reduced (— 80%
compared to WT) (Fig. 4C). Remarkably, the expression of Pmr1WT in
pmrlA strains restored the Gdtlp abundance. Interestingly, while the
expression of the Pmr1pD53A also completely rescued the Gdtlp level,
the Pmr1pD778 mutant had no effects on Gdtlp abundance (Fig. 4C
and Supplementary Fig. 3). A slight rescue can be seen with the
Pmr1pQ783A mutant. The expression of Pmrlp mutant proteins was
confirmed by using myc-tagged versions. As seen in Supplementary
Fig. 3, all Pmrlp mutants are expressed. Altogether, these results prove
that the abundance of Gdtlp is dependent of the transport function of
Pmrlp.

To go further, we then evaluated the total cellular Mn>* con-
centration in the different yeast strains under different conditions by
ICP-MS. While under physiological conditions the total cellular Mn?*
concentration is similar in the different mutants, a huge increase is
observed following Mn? * supplementation in all investigated mutants
compared to WT (Fig. 4D). After Mn>* supplementation, a 10-fold
increase in Mn®* concentration is observed in the gdt1A/pmr1A double
knock-out mutant, a 5 fold increase in the pmrIA mutant and a 2 fold
increase in the gdt1A mutant. These results support the fact that both
Pmrlp and Gdtlp are involved in total cellular Mn?>* homeostasis
maintenance.

Our results demonstrate that (i) the Golgi glycosylation defect ob-
served in pmrlp deficient cells results from a lack of Golgi intraluminal
Mn? *, (ii) that the rescue of the glycosylation defect in pmrlA strains
by the intraluminal Golgi Ca®* requires the activity of Gdtlp.

3.4. Acidic residues of the conserved motifs of Gdtlp are involved in Golgi
glycosylation

As previously published [1,13,14], members of the UPF0016 family
contain two highly conserved consensus motifs E-¢-G-D-[KR]-[TS],
predicted to be involved in the transport function of UPF0016 mem-
bers. Recently these motifs have been shown to be part of the regulatory
Ca®* binding domains. In order to evaluate the importance of these
two motifs in the maintenance of Golgi glycosylation homeostasis,
mutated versions of Gdtlp have been generated (E53G, D56G, E204G,
L205 W and D207G) and used to complement the observed glycosyla-
tion defect in gdtl1A strains cultured in presence of high Ca®* con-
centrations. The expression level of Gdtl mutant proteins was first as-
sessed by western blot using the HA-tagged mutated version of Gdtlp
(Supplementary Fig. 4). Although the D56G, D207G and L205W were
found expressed, the E53G and E204G were surprisingly not. Interest-
ingly none of the mutated Gdtlp, except L205W mutation, comple-
ments the observed glycosylation defect on invertase and CPY (data not
shown) then demonstrating that the aspartic amino acids are essential
for the function of Gdtlp in Golgi glycosylation (Fig. 5 and
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Supplementary Fig. 4). We then wondered whether the activity of
Gdtlp was required in the case where Pmrlp would only transport
Mn?*. For that, the same mutated versions were expressed in gdt1A/
pmrlA strains transformed with Pmr1pD53A and the invertase mobility
was assessed. As shown in Fig. 5, the glycosylation was completely
restored for all the mutated versions of Gdtlp, demonstrating that,
Gdt1p is dispensable when Pmrlp exclusively transports Mn> *. Similar
experiment was then performed in gdtl1A/pmrlA strains transformed
with Pmr1pQ783A. Although the expression of Gdtlp wt partially
rescues the invertase glycosylation defect, none of the mutated version
suppresses the glycosylation defect (Fig. 5). This result clearly demon-
strates that the requirement of Gdtlp for Golgi glycosylation depends
on the nature of the ion transported by Pmrlp.

4. Discussion

The regulation of Ca®>* and Mn?* concentrations in the Golgi ap-
paratus is crucial for many cellular processes particularly the secretion
of proteins and the maintenance of Golgi glycosylation. One of the main
supplier/regulator of Ca®>*/Mn®* Golgi homeostasis is the Golgi lo-
calized P-type ATPase Pmrlp. Our previous work raised the possibility
that Gdtlp may also play a crucial role in Golgi ion homeostasis and
Golgi glycosylation. Although the precise cellular function of Gdtlp in
the Golgi remains unsolved, results cast doubt about its precise function
in the transport of substrates. In this work we show that Gdtlp is a
functionally important Golgi protein playing a unique role in Golgi
glycosylation. Compared to mammalian cells, yeasts further maturate
the N-linked glycans with the addition of outer chains that may contain
up to — 300 mannose residues [8]. These hypermannosylated structures
consist in backbones of a-1,6-linked mannose residues substituted with
a-1,2-linked mannose residues themselves branched with terminal a-
1,3-linked mannose residues (Fig. 2D). Many Golgi mannosyltransferase
complexes are involved in generating these specific structures. In this
paper we assessed and compared by using NMR the structural details of
polymannan chains of the different yeast strains (gdtIA, pmrlA and
gdt1A/pmrilA strains) under different conditions. The NMR experiments
showed strong alteration of the Golgi N-linked glycosylation in the
different yeast strains under various conditions. While the backbone of
a-1,6-linked mannose residues is not altered, strong defects in a-1,3-
and a-1,2- branching are mainly observed in gdtl1A strains cultured in
presence of high Ca®* concentration, pmrlA and gdt1A/pmrlA strains.
We also confirmed that the addition of Mn®* was sufficient to com-
pletely restore the observed branching defects. Interestingly, our data
clearly demonstrated that the suppression of the Golgi glycosylation
defects by the Ca®* in pmriA yeast strains was dependent on the ac-
tivity of Gdtlp. Based on the structural analysis of the polymannan
chains, we deduced that the defects mainly affected medial and late
Golgi glycosylation as only the a-1,2 substitution- and the a-1,3 ter-
mination are affected. This points toward an alteration of Mnn2p/
Mnn5p/Mnn6p and/or Mnn1p activities (Fig. 2D). The a-1,6 initiation/
elongation seems not to be altered in our analysis. Taken together, our
structural analysis data showed Gdtlp as well as Pmrlp to be critical
participants in medial and late Golgi glycosylation functions.

The identity of Gdtlp as a potential Golgi transporter controlling
both Golgi Ca®*/Mn? ™ homeostasis arose from our studies and others
[3,4,14]. In this work we further evaluated the potential role of Gdtlp
in importing Mn? * from the cytosol to the Golgi lumen. As first pointed
by us [1] and others [6,7,13] members of the UPF0016 family contain
two highly conserved consensus motifs E-¢@-G-D-[KR]-[TS], predicted to
be involved in the transport function of UPF0016 members. Our results
show that mutations of the aspartic amino acids of these two conserved
motifs (D56A, and D207A) completely abolish the rescue of the gly-
cosylation. Interestingly we did observe that the glutamic amino acids
mutated versions of Gdtlp were not expressed then raising the possi-
bility that these two mutated forms are highly sensitive to the avail-
ability of Mn®* in the Golgi lumen or in the cytosol. We did also
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Fig. 5. Acidic residues of the conserved motifs of Gdtlp are involved in Golgi glycosylation. gdt1A/pmrlA strains were transformed with pRS41N-pmr1pD53A (middle panel) and
PRS41N-pmrlp-Q783A (right panel) and with pRS41H-gdt1p mutants (Gdt1p-E53G, Gdt1p-D56G, Gdt1p-E204G, Gdtlp-L205 W and Gdt1p-D207G). Yeasts were grown in YPR medium.
gdt1A strains were transformed with pRS41H-gdt1p mutants (Gdt1p-E53G, Gdtlp-D56G, Gdtlp-E204G, Gdt1p-L205W and Gdt1p-D207G) (right panel) and yeasts were grown in a YPR
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Fig. 6. Proposed model for the function of Gdt1p in regulating Golgi Mn? * together with the Ca? */Mn? * ATPase Pmr1p. In this model, Gdt1p would be a Mn* */Ca® * antiporter whose

functions depend on Pmrlp. When Pmrlp would exclusively import Ca®* to the Golgi lumen, Gdt1p is crucial to import Mn

demonstrate that an active form of Gdtlp was exclusively required in
case where Pmrlp mainly transports Ca>*. When Pmrlp mainly im-
ports Mn?"* inside the Golgi lumen, our results show that Gdtlp is
completely dispensable for the Golgi glycosylation. We propose that the
aspartic amino acids are part of the cation binding sites of Gdtlp (one
for Ca®?* and one for Mn?*). We can assume that mutations in any of
these amino acids completely abolish the transport function of Gdtlp by
impairing cation affinity or conformation changes of the pocket.
Moreover, the use of different Pmrlp mutants defective for trans-
port of either Ca?* ions (Pmr1pD53A), Mn? " ions (Pmr1pQ783A) or
both (PmrlpD778A) [11,12] showed that the observed Golgi
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2* inside the Golgi lumen by exchanging Ca®™.

glycosylation defect in the gdt1A/pmrlA strains only resulted from a
lack of intraluminal Golgi Mn®* and not Ca2*. Our data suggest that
the activity of Gdtlp in Golgi glycosylation becomes essential only
when Pmrlp transports Ca®*. It should also be noted that the sup-
pression of the glycosylation defect is more efficient in pmriA strains
complemented with Pmr1pQ783A under Ca?* supplementation. Given
the fact that the observed Golgi glycosylation defect was due to a lack of
intraluminal Golgi Mn? *, our results strongly suggest that when Pmr1p
only transports Ca?™* from the cytosol to the Golgi lumen, Gdtlp is
necessary to import Mn? * inside the Golgi lumen by exchanging Ca®*
(Fig. 6). This model also explains why high environmental Ca®*



concentrations in gdtlA lead to strong N-glycosylation deficiencies.
When cytosolic Ca®* concentration increases, Pmrlp favors the trans-
port of Ca® ™ in place of Mn? ™. The Golgi luminal pool of Mn?* is then
rapidly depleted if Gdtlp is not there to efficiently import Mn? * inside
the Golgi lumen. Given the fact that a lack of Pmrlp leads to strong
Golgi glycosylation defects, our results suggest that in physiological
conditions, Pmrlp preferentially imports Mn?®* rather than Ca®* into
the Golgi lumen. In such conditions, the role of Gdtlp, at least in Golgi
glycosylation, is completely dispensable. Would that suggest that Gdtlp
use the Golgi Mn®* gradient generated by Pmrlp to import cytosolic
Ca®* inside the Golgi lumen? The question is completely open. As
many antiport transporters can work in reverse if the gradient con-
centration of the driving ion is reversed, we can reasonably postulate
that Gdtlp may also work in both directions. As our results show that
the requirement of Gdtlp in Golgi glycosylation depends on the nature
of the ion transported by Pmrlp, we propose that Gdtlp would be the
leak channel of Pmrlp.
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3.3.Supplementary data associated with the publication
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3.3.3. Supplementary Figure 3
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3.4.Conclusion

In this study, we have investigated the contribution of Gdtlp, Pmrlp and both in Golgi glycosylation.
We have demonstrated that either CaCl, or MnCl, could rescue the Golgi glycosylation defect associated
to Pmrlp deficiency, whereas only MnCl, supplementation could suppress these defects in the double
mutant gdt/A/pmrlA. From these observations, we pointed out the crucial role of Gdtlp in suppressing
the Golgi glycosylation defect in yeast lacking Pmrip and supplemented with CaCl,. Using a set of
different mutated forms of Pmr1p, we also revealed both crucial and dispensable roles of Gdt1p in Golgi
glycosylation depending on the presence/ion transport capacity of Pmrlp. As resumed in Figure “Big
Yeast”, in pmrl4 yeast, Gdtlp is found degraded as its protein expression is reduced by almost 80%.
Only a complementation with either Pmrlp-WT or Pmrlp-D53A rescues Gdtlp stability. The
hypothesis beyond these observations would be that both Pmrip-WT and D53A are able to transport
cytosolic Mn’" into the Golgi lumen, lowering cytosolic Mn’" levels responsible for constitutive
degradation of Gdtlp into the vacuole. This is also corroborated by the suppression of glycosylation
defects in the two complemented yeast strains, likely thanks to Mn’" entry in the Golgi apparatus via
Pmrip-WT and Pmrip-D53A. In contrast, complementations with Pmrip-Q783A or Pmrlp-D778A
neither rescue glycosylation defects associated to Pmrlp deficiency nor Gdtlp protein expression
suggesting that no cytosolic Mn’" ions are pumped into the Golgi lumen to either sustain glycosylation
reactions or rescue Gdtlp protein expression. Hence, we established that Gdt1p abundance depends on
Pmrlp capacity to import Mn’" into the Golgi apparatus and also proposed that Gdt1p would be the leak

channel of Pmr1p to ensure its function in Golgi glycosylation.

Physiological conditions Non physiological conditions
Gdtlp Pmrlp Gdtlp Pmr1p-Q783
2+ - o+
Mn /Ca Ca
ATP ADP + Pi ATP ADP+Pi  Cytosol
Golgi lumen
°
) ®oo
°
- 4
Not required for Golgi glycosylation Indispensable»fbr Golgi
Pmrlp leak channel glycosylation

Figure 63: Current model proposed for Gdtlp and Pmrlp function in Golgi glycosylation. In
physiological conditions Pmrlp is assumed to be the main Golgi Mn”* importer and Gdtlp its leak channel,
probably using the gradient established by Pmr1p to import Ca’" into the Golgi. In contrast, when Pmrlp only
transports Ca™", Gdt1p becomes crucial to import Mn”" into the Golgi lumen and sustain glycosylation reactions.
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All in all, in yeast Saccharomyces cerevisiae, Gdtlp would act as a main Golgi (i) Ca”" importer when
Pmrlp is expressed and able to transport Mn’" into the Golgi lumen and (ii) Mn®" importer when
Pmrlp is only able to import Ca’" into the Golgi apparatus (Figure 63). Gdtlp and Pmrlp are then
connected through a functional link to ensure proper Golgi glycosylation reactions and regulate Ca’" and
Mn’" intracellular homeostasis in yeast Saccharomyces cerevisiae. Because both Gtdlp and Pmrlp have
conserved human orthologs (respectively, TMEM165 and SPCAT1), the aim of the following publication

(Paper 4) was to investigate the potential functional link between TMEM165 and SPCA1.
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4. Paper 4: Investigating the functional link between TMEM165
and SPCA1

4.1.Introduction
Given the previous study in yeast Saccharomyces cerevisiae highlighting a functional link between Gdtip
and Pmrlp in Golgi glycosylation maintenance, we next wondered whether a similar link could have
been conserved/preserved between the human orthologs, TMEM165 and SPCA1. Although our
previous results rather identified SERCA-like proteins as key players in Golgi glycosylation maintenance
in human cells lacking TMEM165, we assumed that SPCA1 and TMEM165 could be linked by their
function in the regulation of Golgi Ca’"/Mn’" homeostasis. Since no obvious changes in SPCA1 protein
expression have been observed in TMEM165 KO HEK cells, we presumed that both physical and
functional lack of TMEM165 do not interfere with SPCA1 stability. However, in the other way around,

we did not know whether TMEM165 stability could depend on the physical/functional presence of

SPCAL.
A HelLa cells HAP1 cells
Ctrl SPCA1 KO Ctrl SPCA1 KO
B. HeLa cells HAP1 cells
SPCA1 SPCA1
Ctrl KO Ctrl KO
J —
R SPCAI1 801 SPCAL1
B P TMEMI6S | S TMEM165
25 - 254
W (-actin w———w——l B-actin

Figure 64: TMEMI165 protein expression in SPCA1 KO Hela and HAP1 cells. A. TMEM165
subcellular localization in SPCA1 KO HeLa (left) and HAPI (right) cells. Cells were fixed, permeabilized and
labeled with antibodies against TMEM165 and GM130. B. TMEM165 protein expression. Total cell lysates were
prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.
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Thanks to a collaboration with Pr Charles Rice, we took advantage of two mammalian cell lines
defective for SPCA1 (HeLa and Hap1 cells) and looked for TMEM165 protein expression. Surprisingly,
as shown in Figure 64, in two different cell lines, the lack of SPCAT1 led to a nearly complete loss of
TMEM165 protein expression, using both western blot and immunofluorescence approaches. This first
convincing preliminary result steered us to further explore whether TMEM165 degradation was due to a
lack of physical or functional interaction with SPCA1. Actually, like for Pmrlp in yeast, we
hypothesized that SPCA1 may influence the protein abundance and stability of TMEM165, according to
its ion pumping activity. Similarly to the study conducted in yeast Saccharomyces cerevisiae, we exploited
mutated forms of SPCA1 with defective transport function for either Ca®" (SPCA1-Q747A), Mn”"
(SPCA1-G309C) or both Ca*” and Mn”" (SPCA1-D742Y) (Figure 65) and looked for TMEM165 protein

expression recovery.

SPCA1-WT SPCA1-Q747A SPCA1-G309C SPCA1-D742Y
2+ 2+ 2+ 2+
Mn /Ca Mn Ca
CytOSOI ATP ADP + Pi ATP ADP + Pi ATP ADP + Pi
Golgi lumen
[ ] [ ] °
[ ] ° PY .. .. PY
[ ] [ ]

Figure 65: SPCA1 defective mutants and associated ion pumping capacity used in the study.

This last publication has been signed as co-author with Elodie Lebredonchel, a former PhD student in

the team at the time.

4.2.Publication
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Investigating the functional link between TMEM165
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TMEM165 was highlighted in 2012 as the first member of the Uncharacterized Protein
Family 0016 (UPF0016) related to human glycosylation diseases. Defects in TMEM165
are associated with strong Golgi glycosylation abnormalities. Our previous work has
shown that TMEM165 rapidly degrades with supraphysiological manganese supplemen-
tation. In this paper, we establish a functional link between TMEM165 and SPCA1, the
Golgi Ca®*/Mn®* P-type ATPase pump. A nearly complete loss of TMEM165 was
observed in SPCA1-deficient Hap1 cells. We demonstrate that TMEM165 was constitu-
tively degraded in lysosomes in the absence of SPCA1. Complementation studies
showed that TMEM165 abundance was directly dependent on SPCA1’s function and
more specifically its capacity to pump Mn®" from the cytosol into the Golgi lumen.
Among SPCA1 mutants that differentially impair Mn?* and Ca®* transport, only the
Q747A mutant that favors Mn?* pumping rescues the abundance and Golgi subcellular
localization of TMEM165. Interestingly, the overexpression of SERCA2b also rescues the
expression of TMEM165. Finally, this paper highlights that TMEM165 expression is linked
to the function of SPCA1.

Introduction

Organelle ionic homeostasis within the secretory pathway is regulated by Ca>* and Mn*" ion concen-
trations through the action of transporters and pumps. Cation homeostasis is known to be crucial for
many cellular processes including vesicular fusion events, the secretion of proteins as well as for the
activity of Golgi glycosyltransferases and glycosidases [1]. This cation homeostasis stems from a
balance between Ca®" influx and efflux but its molecular mechanisms have not been completely
defined nor have the different actors been identified [2,3]. A major regulator of Ca®*/Mn>* homeosta-
sis in the Golgi compartment is the P-type ATPase SPCA1 encoded by ATP2CI [4,5]. While the func-
tion of SPCA1 in regulating Golgi Ca®"homeostasis has been well documented, less is known about its
role in Mn** homeostasis. It has been hypothesized that SPCA1 might play a role in Mn*"detoxifica-

*These authors equally tion given that cytosolic Mn"" accumulation [6] is detrimental for many cellular processes, resulting in
contributed to this work. neurological disorders similar to Parkinson’s disease [7]. In 2012, we described TMEM165 as the first
Received: 26 June 2019 member of the Uncharacterized Protein Family 0016 (UPF0016) related to human diseases [8].
Revised: 7 October 2019 TMEM165 is believed to be a Ca**/H* transporter located in the Golgi and in lysosomes, where it
Accepted: 17 October 2019 participates in the homeostasis of pH and Ca*" ion concentration. This protein is highly conserved

Accepted Manuscript onling: through evolution and defects in TMEM165 lead to strong Golgi glycosylation abnormalities respon-
17 October 2019 sible for a congenital disorder of glycosylation (TMEM165-CDG or CDG-IIk) [9,10]. Interestingly,
Version of Record published: these defects are completely rescued by Mn** supplementation in the culture medium, suggesting the
11 November 2019 involvement of TMEM165 in Golgi Mn?" homeostasis [11,12]. Similar functions have been observed
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for TMEM165 orthologs of plants, bacteria and yeast. In Arabidopsis thaliana, PAM71 (photosynthesis affected
mutant 71) has been shown to be required for efficient Mn>" uptake at the thylakoid membrane [13]. In the
cyanobacterial model strain Synechocystis sp. PCC 6803, the Mnx protein was also determined to be a Mn*"
ion exporter [14]. When expressed in the bacterial model Lactococcus lactis, the yeast ortholog of TMEM165
(Gdtlp) was shown to be involved in Mn** transport [15]. Interestingly, we also found that TMEM165 is spe-
cifically degraded in lysosomes in response to high extracellular Mn** concentration, reinforcing the link
between this protein and cellular Mn**homeostasis [16]. The cellular function of other UPF0016 members is
certainly more complex as it has been previously reported that Gdtlp is also involved in Ca®* transport [16].
Gdt1p might act as Ca**/Mn** antiporter in the Golgi apparatus. However, this model has been challenged by
recent results showing that Gdtlp was necessary to retrieve H" and Pi products generated during glycosylation
in the Golgi lumen [2,17].

Our recent work in yeast suggested a link between Gdtlp and Pmrlp (ortholog of SPCA1 in yeast), the
P-type ATPase ortholog of SPCA1 and one of the main Ca**/Mn*" pump in the Golgi. We indeed demonstrated
that the activity of Gdtlp in Golgi glycosylation maintenance depends on the ion transported by Pmrlp [18].

In this paper, we investigated the functional link between TMEM165 and SPCA1. We show that TMEM165
expression depends on SPCALI as a lack of SPCA1 led to the complete loss of TMEM165. Complementation
studies showed that TMEMI165 abundance was directly dependent on the nature of the ion transported by
SPCAL.

Experimental

Antibodies

Anti-TMEMI165 and anti-B-actin antibodies were purchased from Millipore Sigma (Burlington, MA, U.S.A.),
anti-LAMP2 antibody from Santa Cruz Biotechnology (Dallas, TX, U.S.A.), anti-GM130 antibody from BD
Biosciences (Franklin Lakes, NJ, U.S.A.), anti-SPCA1 from Abnova (Taipei City, Taiwan), anti-TGN46 from
Bio-Rad (U.S.A.), anti-SERCA2 antibody was purchased from Millipore (Darmstadt, Germany) and
anti-GPP130 (GOLPH4) antibody from Abcam (Cambridge, U.K.). Polyclonal goat anti-rabbit IgG and goat
anti-mouse IgG horseradish peroxidase-conjugated were from Dako (Denmark) and donkey anti-sheep IgG
horseradish peroxidase-conjugated was purchased from R&D Systems (Minneapolis, U.S.A.). Alexa 488- or
Alexa 568-conjugated secondary antibodies were from Molecular Probes (Thermo Fisher Scientific, Waltham,
MA, US.A)).

Cell culture, transfection and other reagents

Hapl cells were kindly provided by Pr C.M. Rice (Laboratory of Virology and Infectious Disease, The
Rockefeller University, New York, NY, U.S.A.) [19] and maintained at 37°C in humidity-saturated 5% CO,
atmosphere in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine serum. For
the complementation studies, SPCA1 isoform 1D was chosen for all experiments, as it has no truncated N- or
C-terminus compared with the 1A-F isoforms. When used, MG132 (Sigma) was added for 8 h at the final con-
centration of 10 uM and chloroquine (ICN Biomedicals) for 8 /24 h at 100 pM. MG132 efficacy was assessed
by Western blot using an anti-ubiquitin mouse antibody. All other chemicals were from Sigma-Aldrich unless
otherwise specified.

HeLa cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% FBS,
at 37°C in humidity-saturated 5% CO, atmosphere. The HeLA SPCA1 KO cells were provided by Dr. Charles
Rice (The Rockefeller University) and generated as described in Hoffmann et al., (https:/www.ncbu.nlm.nih.
gov/pubmed/29024641). Transfections were performed using Lipofectamine 2000° (Thermo Scientific) accord-
ing to the manufacturer’s guidelines. Human SERCA2b plasmid (pcDNA3.1+) was purchased from Addgene.

Vector construction and generation of stable cell line

Q747A-SPCAL1 plasmid vector was generated by E-Zyvec® (Lille, France). Hapl SPCA1 KO cells were trans-
fected in a six-well plate at 70% confluence with SPCA1 (Q747A) plasmid using TurboFectin™ 8.0 (Origene)
at a ratio of 4:1 (pl TurboFectin:pg plasmid) in IMDM supplemented with 10% FBS A. Cells were incubated
with the lipid-DNA complexes for 24 h and then ten times diluted in culture medium containing 0.5 jLg/ml
puromycin (Gibco Life Technologies) as the selective agent. The medium was changed every 3 days for
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12 days, maintaining puromycin pressure at 0.5 pg/ml. Cells were then screened for Q747A-SPCA1 expression
via Western blot and immunofluorescence.

Western blotting

Cells were pelleted and lysed in RIPA Buffer (50 mM Tris-HCl pH 7.9, 120 mM NaCl, 1% NP-40, 1 mM
EDTA, 1 mM Na3;VO,, 5mM NaF) supplemented with a cocktail of protease inhibitors (Roche, Meylan,
France) and lysed by ultrasonic treatment for 2 min. The concentration of extracted proteins was determined
with the Micro BCA™ Protein Assay Reagent kit (Thermo Fisher Scientific, Waltham, MA U.S.A.). Ten or
twenty microgram of total proteins of each sample were dissolved in reducing NuPage® Sample buffer and
resolved by MOPS 4-12% Bis-Tris gel (Thermo Fisher Scientific, Waltham, MA, U.S.A.). After transfer with
iBlot 2 Dry Blotting System (Thermo Fisher Scientific, Waltham, MA, U.S.A.), nitrocellulose membranes were
blocked using TBS (tris buffer saline) containing 0.05% Tween 20 and either 5% (w/v) bovine serum albumin
(BSA) or 5% (w/v) non-fat dried milk for at least 1 h. Primary antibodies rabbit anti-TMEMI165, mouse
anti-SPCA1, mouse anti-LAMP2 and sheep anti-TGN46 were incubated at least 1 h at room temperature (RT)
or overnight at 4°C in TBS, 0.05% Tween 20 (TBS-T) and 5% (w/v) BSA or 5% (w/v) non-fat dried milk at
respectively, 1:3 000, 1:4 000 and 1:2 000 dilution. Anti-B-actin mouse antibody was used for quantification
at 1:20 000 in TBS-T and 5% (w/v) non-fat dried milk. All the membranes were washed three times 5 min in
TBS-T after the addition of the primary and the secondary antibodies. Either goat anti-rabbit IgG, goat anti-
mouse IgG (Dako, Agilent technologies, Santa Clara, U.S.A.) or donkey anti-sheep HRP-conjugated were used
as secondary antibodies at a dilution of 1:10 000 or 1:20 000. Signal was detected using chemiluminescence
reagent (Pierce™ Pico Plus Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, U.S.A.) on
imaging film (GE Healthcare, Buckinghamshire, U.K.) or Camera Fusion® (Vilber Lourmat) and its software.

Immunofluorescence imaging

Twenty-four hours after transfection, cells were seeded on coverslips, washed once with DPBS+/+ (Dulbecco’s
phosphate saline buffer with calcium and manganese) fixed with methanol for 10 min or 4% paraformaldehyde
(PFA) in 0.1 M sodium phosphate buffer (PBS, pH 7.2) for 30 min at RT, and then washed twice with PBS.
Cells fixed with PFA were permeabilized in 0.5% Triton X100 for 15 min. Fixed cells were saturated 1h in
blocking buffer (0.2% gelatin, 2% BSA and 2% fetal bovine serum (Lonza) in PBS) and then incubated with
primary antibody diluted at 1: 100 in blocking buffer for 1 h.

After three washes with PBS, cells were incubated with Alexa 488- or Alexa 568-conjugated secondary anti-
bodies diluted at 1:600 in blocking buffer for 1 h. Fifteen minutes of DAPI 1:200 in PBS were used to stain
cells nuclei. Coverslips were mounted on glass slides with 6 pl of Mowiol. Immunostaining and fluorescent pro-
teins were detected through an inverted Zeiss LSM700 confocal microscope. Data acquisition was done using
ZEN pro 2.3 SP1 software (Carl Zeiss GmbH, Jena, Germany) and quantifications were done using Image]
(Fiji) plugin (National Institutes of Health, Bethesda, MD, U.S.A.; http:/imagej.nih.gov/ij) developed by the
local TisBio (http:/tisbio.wixsite.com/tisbio) facility.

qRT-PCR analysis

Total RNA was extracted using NucleoSpin® RNA Plus Kit (Macherey-Nagel) following manufacturer protocol.
cDNA was synthesized by reverse transcription. Two microgram of total RNA was reverse transcribed into
cDNA at 42°C using random hexamer primers (PerkinElmer) and MuLV reverse transcriptase (PerkinElmer)
in a 20 pl final volume. qRT-PCR was performed in triplicate in 96-well plates in a real-time thermal cycler
Cfx C1000 (Bio-Rad) using EvaGreen Supermix (Bio-Rad). Primers used for hTMEM165 (forward GGGATT-
GGCAGTAATTGGAGGA; reverse AGCCGGCCCGGGTCGAGGACCCC); hGAPDH (forward TTCGTCATG-
GCTGTGAACCA, reverse CAGTGATGCGCATGGACTGT); hHPRT (forward GGCGTCGTGATTAGTGAT-
GAT, reverse CGAGCAAGACGTTCAGTCCT).

Proximity ligation assay (PLA) and microscopy analysis

Duolink® PLA Kit (Sigma-Aldrich) was used with red (DUO92008) detection reagents, anti-mouse MINUS
probe (DUO92004) and anti-rabbit PLUS probe (DU092002). Cells were fixed, blocked and incubated with
primary antibodies as for standard immunofluorescence except that the mouse anti-SPCA1 antibody was from
Abcam (Cambridge, U.K.) dilution 1:50. The protocol was followed according to the manufacturer recommen-
dations. Coverslips were mounted on glass slides with Mounting Medium including DAPI (DUO82040). The
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acquisition was made with Zeiss LSM700 confocal microscope. PLA was quantified as the total number of spots
was normalized on the number of cells. All the analyses were performed by TisGolgi.

Results

TMEM165 expression is altered in SPCA1 KO cells

Our previous work on yeast strongly indicated a potential link between Gdtlp and Pmrlp, the yeast orthologs
of the mammalian proteins TMEM165 and SPCA1 [18]. To test this hypothesis in mammalian cells, the
expression of TMEM165 was first evaluated in Hapl cells deficient for SPCA1 by Western blot and immuno-
fluorescence. As shown in Figure 1A, a nearly complete loss of TMEM165 is observed in SPCA1 KO cells com-
pared with control cells. Quantification indicated that the decrease of TMEM165 exceeded 90% (Figure 1B).
The lack of TMEM165 was also seen by immunofluorescence where a decrease in Golgi-associated TMEM165
was observed (Figure 1C). As defects in TMEMI165 lead to strong Golgi glycosylation abnormalities, we
assessed the glycosylation status of LAMP2 and TGN46 by Western blot in WT and SPCA1 KO cells.
Surprisingly, there was no change in LAMP2 or TGN46 gel mobility suggesting that the lack of SPCA1 and
subsequently TMEM165 did not lead to major glycosylation alterations (Figure 1D).

Interestingly, despite the decrease of TMEMI165 in the Golgi, weak peripheral punctate structures were
apparent, suggesting that TMEM165 was re-located and potentially targeted for lysosomal degradation in the
absence of SPCA1 (data not shown). To address whether TMEM165 is subjected to lysosomal degradation in
SPCA1 KO cells, we tested the impact of the lysosomotropic agent chloroquine (CQ) on its cellular abundance
by Western blot at different times. As shown in Figure 1E and Supplementary Figure S1A,B, the abundance of
TMEM165 was recovered in CQ treated SPCA1 KO cells. Quantification indicated an 80% rescue of TMEM165
levels in SPCA1 KO cells treated with CQ for 24 h (Figure 1F). The lysosomal degradation of TMEM165 was
also confirmed by immunofluorescence where co-localization of TMEM165 (63 + 1%) with LAMP2 is observed
in CQ treated SPCA1 KO cells (Figure 1G). The degradation of TMEM165 in SPCA1 KO cells occurs specific-
ally in lysosomes as we demonstrated the absence of proteasomal degradation by using MG132, a proteasomal
inhibitor (Supplementary Figure S1C,D). Altogether these results suggest that lack of SPCA1 leads to lysosomal
degradation of TMEM165.

TMEM165 stability depends on the function of SPCA1
To determine whether the observed instability of TMEM165 was dependent on specific functions of SPCA1, we
reconstituted SPCA1 KO Hapl cells with either SPCA1 WT (isoform 1D) or SPCA1 harboring point mutations
that impair its ion transport activities. While G309C blocks primarily Mn**pumping, D742Y impairs both
Ca®" and Mn** pumping [19]. First, to test the inability of the mutated SPCAIl to import Mn>" inside the
Golgi lumen, the stability of GPP130 was followed under Mn®" pressure by Western blot. In accordance with
the literature [20], we showed that the quantity of GPP130 was reduced when SPCA1 KO Hapl cells reconsti-
tuted with wild-type SPCAI isoform 1D were cultured in the presence of 500 uM Mn**. A 60% decrease is
observed after 2h Mn** treatment in control cells (Figure 2A, quantification not shown). Interestingly, in
SPCA1 KO cells and SPCA1 KO HAPI cells reconstituted with either G309C or D742Y, the Mn** induced deg-
radation of GPP130 is either blocked or strongly delayed (Figure 2A, quantification not shown). We can indeed
see a slight effect of the Mn** induced degradation of GPP130 in G309C-SPCA1 cells where a 40% decrease is
observed. Altogether these results demonstrate a severe impairment of the Mn>" import inside the Golgi lumen
when cells are subjected to high Mn** exposure. The stability of TMEM165 was then investigated in these cells.
While the abundance of TMEM165 was fully recovered in SPCA1 KO cells reconstituted with WT-SPCA1
isoform 1D (Figure 2A,C), the expression of the two mutant constructs (G309C and D742Y) had no effect on
TMEM165 abundance (Figure 2A,C). The real-time PCR analysis was also performed and no difference in
TMEM165 mRNA expression could be observed (Supplementary Figure S1E). We then analyzed the subcellular
localization of TMEM165 in SPCA1 KO cells complemented with the different SPCA1 constructs (Figure 2C).
Only the expression of WT-SPCA1 isoform 1D rescued the Golgi subcellular localization of TMEM165, while
expression of the mutated forms of SPCA1 had no effect (Figure 2C). The glycosylation status of LAMP2 and
TGN46 was assessed by Western blot in reconstituted SPCA1 KO cells and no defects were observed in their
gel mobility (Supplementary Figure S1F).

We then wondered whether CQ might rescue TMEM165 levels in SPCA1 KO cells. As shown in Figure 3,
levels of TMEM165 were restored in CQ treated cells. As in SPCA1 KO cells treated with CQ (Figure 1F),

242



Thése de Marine Houdou, Université de Lille, 2020

Hap1 cells
A Hap1 cells Hela cells E
Ctrl SPCA1 KO
cQ
SPCA1 SPCA1 100uM, 24h - + +
Ctrl Ctrl
kDa d KO d KO kDa
e — SPCA1
%0 b — SPCA1 80 -
— — - TMEM165
30- - ——— TMEM165 30 —
7 —
[0 - W W— —— B-actin 40 B-actin
mctrl @SPCA1KO
B e F OSPCAL B TMEM165
100
@
g g 5 150 -
28
° 3 0 g
25 < 100 A
&3 3 O
[9] Joa
o 2 %
o
0 T
HAP1 cells Hela cells kS
e
Cc Hap1 cells 0 - -
Ctrl Ctrl + CQ KO SPCA1 KO SPCA1
GM130 24h +CQ24h
E G SPCA1 KO Hap1 + CQ 100pM, 24h

SPCA1 KO

Ctrl
SPCA1 KO
Ctrl
SPCA1 KO

kDa kDa

115
80 A
80 65
B-actin B-actin
40

Figure 1. TMEM165 expression in SPCA1 KO cells.

LAMP2
Hap1 cells
D

(A) Expression of TMEM165 and SPCAT1 in Hap1 and HelLa control cells versus SPCA1 KO cells. Total cell lysates were
prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. (B) Quantification of TMEM165 protein
expression (N = 3) in Hap1 and HelLa control cells versus SPCA1 KO cells. (C) Subcellular localization and abundance of
TMEM165 in Hap1 control and SPCA1 KO cells. (D) Expression of LAMP2 and TGN46 in Hap1 control cells versus SPCA1
KO cells. (E) Expression of TMEM165 and SPCA1 in Hap1 control cells versus SPCA1 KO cells with or without chloroquine
(CQ) treatment (100 wM, 24 h). (F) Quantification of TMEM165 and SPCAT1 proteins expression (N = 3) in Hap1 control and
SPCA1 KO cells. (G) Subcellular localization and abundance of TMEM165 in Hap1 control and SPCA1 KO cells with CQ
treatment (100 wM, 24 h). LAMP2 is used as a lysosomal marker and nuclei are stained with DAPI staining (blue).

Scale bars, 10 pm.
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Figure 2. TMEM165 expression in complemented Hap1 SPCA1 KO cells.

(A) Expression of TMEM165, GPP130 and SPCA1 in Hap1 SPCA1 KO cells complemented with WT-SPCA1 and mutated SPCA1 constructs:
G309C-SPCA1 and D742Y-SPCAT1. Total cell lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. (B)
Expression of TMEM165 and SPCA1 in Hap1 SPCA1 KO cells complemented with WT-SPCA1 and mutated SPCA1 constructs: G309C-SPCA1 and
D742Y-SPCAT1. Total cell lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. (C) Quantification of
TMEM165 and SPCA1 proteins expression (N = 3). (D) Subcellular localization and abundance of TMEM165 in Hap1 SPCA1 KO cells complemented
with WT-SPCA1, G309C-SPCA1 and D742Y-SPCA1. GM130 is used as Golgi marker and nuclei are stained with DAPI staining (blue).
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Figure 3. Effect of chloroquine (CQ) on TMEM165 expression in complemented Hap1 SPCA1 KO cells.

(A) Expression of TMEM165 and SPCA1 in Hap1 control and SPCA1 KO cells and KO cells complemented with G309C-SPCA1
and D742Y-SPCA1, with or without chloroquine (CQ) treatment (100 wM, 24 h). (B) Quantification of TMEM165 protein
expression in Hap1 control and SPCA1 KO cells and KO cells complemented with G309C-SPCA1 and D742Y-SPCA1, with or
without chloroquine (CQ) treatment (100 uM, 24 h).

lysosomal subcellular localization of TMEM165 was observed after CQ treatment in all complemented SPCA1
KO Hapl cells (data not shown). These results demonstrate that the level and subcellular Golgi localization of
TMEM165 is not dependent on the Ca** transport function of SPCA1 or its presence.

TMEM165 stability depends on the Mn?* pumping function of SPCA1

Our previous results suggest that the stability of TMEM165 is dependent on SPCA1’s ion transport function. It
has been observed that TMEM165 and Gdtlp are degraded in response to high manganese concentration. We
reason that SPCA1 mutants unable to transport Mn>* cause a Mn>" build-up and therefore TMEM165 degrad-
ation. This result converges with the observation that TMEM165 and Gdtlp are degraded in response to high
Mn** concentrations [20,21]. When cells were cultured in the presence of high Mn®*, a Mn-induced lysosomal
degradation of TMEMI165 was observed. To confirm this point, we took advantage of the Q747A-SPCALl
mutant identified to favor Mn®" transport [22]. Transient expression experiments were first performed in Hapl
SPCA1 KO cells (Figure 4A). As shown in Figure 4A, the transient expression of Q747A-SPCAL fully rescues
the abundance and the Golgi subcellular localization of TMEM165. We also observed co-localization between
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Figure 4. Q747A-SPCA1 expression stabilizes TMEM165 expression. Part 1 of 2

(A) Hap1 control and SPCA1 KO cells were transiently transfected with Q747A-SPCA1 for 24 h in IMDM supplemented with 10% FBS B. Cells were
then fixed, permeabilized and labeled with antibodies against TMEM165 and SPCA1 before confocal microscopy visualization. DAPI staining (blue)
was performed, showing nuclei. Scale bars, 10 pm. (B) Hap1 SPCA1 KO cells were transfected with Q747A-SPCA1 for 24 h in IMDM supplemented
with 10% FBS B. Cells were diluted ten times in culture medium containing 0.5 ng/ml puromycine as the selective agent and cultured for several
days. Four polyclonal populations were then screened by Western blot. Total cell lysates were prepared, subjected to SDS-PAGE and Western blot

246



Thése de Marine Houdou, Université de Lille, 2020

Figure 4. Q747A-SPCA1 expression stabilizes TMEM165 expression. Part 2 of 2
with the indicated antibodies. (C) Immunofluorescence analysis of A3 clone. Cells were fixed, permeabilized and labeled with
antibodies against TMEM165 and GM130 before confocal microscopy visualization. DAPI staining (blue) was performed,
showing nuclei. Scale bars, 10 pm.

TMEM165 and SPCAI1 in both control and SPCA1 KO cells reconstituted with Q747A-SPCA1l. In non-
transfected cells, the Golgi subcellular localization of SPCA1 was not observed possibly due to low antibody
sensitivity. These results were then confirmed in Hapl cells stably expressing Q747A-SPCA1 mutant. Western
blot experiments showed rescued protein levels of TMEM165 in two different tested clones (A2, A3) compared
with SPCA1 KO cells (Figure 4B). Additionally, immunofluorescence experiments of the A3 clone confirmed
TMEM165’s subcellular Golgi localization (Figure 4C). These results link the stability of TMEM165 to SPCA1’s
function in pumping Mn>* from the cytosol into the Golgi lumen and highlight TMEM165’s sensitivity to high
cytosolic manganese concentrations.

We then exploited our recent results demonstrating the involvement of the sarco/endoplasmic reticulum
Ca®"-ATPase (SERCA) pumps in the rescue of the Golgi N-glycosylation defects in TMEM165 KO cells by
extracellular Mn** [23]. The hypothesis underlying this result strongly suggested that SERCA pumps were
capable to pump Mn** from the cytosol to the ER lumen. In line with this, we then wondered whether an over-
expression of SERCA in KO SPACLI cells could rescue the abundance and Golgi subcellular localization of
TMEM165 by decreasing the cytosolic Mn accumulation. To address this point, HeLa SPCA1 KO cells were
used to transiently overexpressed SERCA2b. As shown in Figure 5A, the transient expression of SERCA2b in
HeLa SPCA1 KO cells rescues the abundance of TMEM165. Immunofluorescence experiments were then per-
formed in order to confirm the Western blot results. We showed that TMEM165 Golgi subcellular localization
is specifically rescued in cells overexpressing SERCA2b (Figure 5B).

Proximity between TMEM165 and SPCA1

To evaluate a potential interaction between SPCA1 and TMEM165, proximity ligation assays (PLA) using
Hapl control cells and SPCA1 KO cells as negative controls were performed. Endogenous interactions of
TMEM165 with SPCA1 were clearly visible in control cells with an average of 35 dots per cell; however, the
interaction was strongly reduced in SPCA1 KO cells (Figure 6). This result suggests a potential interaction
between TMEM165 and SPCA1 or at least their close localization since both proteins reside in the Golgi
compartment.

Discussion

The regulation of Mn** homeostasis in the secretory pathway is fundamental as many ER/Golgi glycosyltrans-
ferases are Mn®* dependent [24]. The underlying molecular mechanisms involved in such regulation are not
completely understood. Our previous work uncovered a role for TMEM165, a member of the Uncharacterized
Protein Family 0016 (UPF0016), in Golgi Mn** homeostasis [12]. Defects in TMEM165 and its yeast ortholog
Gdtlp have been shown to be associated with strong Golgi glycosylation abnormalities [20]. Furthermore, the
stability of both proteins is dependent on Mn®" ion levels as high Mn>* concentration targets them for degrad-
ation in lysosomes (TMEM165) or vacuoles (Gdtlp) [21,25]. Another Golgi protein is known to be involved in
Ca®*/Mn** pumping named SPCA1 (Secretory pathway Ca®"-ATPase pump type 1). In this paper, we investi-
gated the functional link between TMEMI165 and SPCAl. We demonstrate that TMEMI165 expression was
dependent on SPCAL as a lack of SPCAL1 led to a nearly complete loss of TMEM165. TMEM165 was localized
to and specifically degraded in lysosomes of SPCA1-deficient cells, which could be stabilized by the lysosomo-
tropic agent CQ. Complementation studies showed that TMEM165 abundance was dependent on the ion
pumped by SPCAL, specifically Mn®*. Among SPCA1 mutants, only the Q747A mutant, which exhibits an
enhanced Mn®" pumping activity, fully rescued TMEM165 stability and Golgi subcellular localization. Two
other SPCA1 mutants, G309C which blocks Mn>" but not Ca** pump activity and D742Y that alters both Ca*"
and Mn** binding [19] did not rescue the stability of TMEM165. These results are in strong concordance with
the observed Mn®" sensitivity of TMEM165 and its lysosomal targeting at high Mn>" culture conditions [21]. Tt
is possible that the lack of SPCA1 results in cytosolic manganese accumulation, which then mimicks conditions
where cells are exposed to high extracellular manganese concentrations. These results suggest that the stability
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Figure 5. TMEM165 expression is rescued in the Golgi apparatus when overexpressing SERCA2b in HeLa SPCA1

(A) HeLa control and SPCA1 KO cells were transiently transfected with SERCA2b for 48 h. Total cell lysates were prepared,
subjected to SDS-PAGE and Western blot with the indicated antibodies. (B) Subcellular localization of TMEM165 in HelLa

SPCAT1 KO cells overexpressing SERCA2b. Cells were fixed, permeabilized and labeled with antibodies against TMEM165,
SERCA2 and GM130 before confocal microscopy visualization. DAPI staining (blue) was performed, showing nuclei. Scale
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Figure 6. A. Representative image of Proximity Ligation Assay of protein-protein proximity between TMEM165 and
SPCA1.

(A) Hap1 control and SPCA1 KO cells were stained with anti-TMEM165 rabbit polyclonal antibody 1:100 and anti-SPCA1
mouse polyclonal antibody 1:100. Each red dot represents a positive signal of protein—protein interaction and nuclei were
counterstained with DAPI (blue). (B) Quantification of the red dots per nucleus in Hap1 control versus SPCA1 KO cells (N =2,
100 cells analyzed).

of TMEM165 may depend on cytosolic Mn>" ion changes rather than luminal changes in the Golgi. The man-
ganese sensitive region(s) of TMEM165 have not been identified. TMEMI165 possesses two highly conserved
consensus motifs; an E-x-G-D-K-T motifs facing the cytosol and an E-x-G-D-R-S-Q motif exposed in the
Golgi lumen, both predicted to be implicated in the transport function of UPF0016 members [12,16]. While
the exact functions of these two motifs in Golgi glycosylation and Mn>" ion sensitivity are not yet clear, previ-
ous work indicated that the E1I08G TMEM165-CDG mutant [16,25] was resistant to manganese supplementa-
tion. As this acidic amino acid is present in the first conserved motif, it seems likely that the E-x-G-D-K-T
motif facing the cytosol plays a role in the Mn** ion sensitivity of TMEM165.

The importance of TMEM165 in Golgi glycosylation has been established in humans, yeast and mammalian
cells. Strong Golgi glycosylation defects are observed when TMEM165 is absent [8]. Interestingly, this is not
the case for SPCA1 KO cells. The molecular mechanisms by which SPCA1 KO cells maintain their apparent
glycosylation is not understood. This could be linked to recent observations that in absence of TMEM165, gly-
cosylation defects are rescued by exogenous Mn”* and involve SERCA pump activity [23]. In SPCA1-deficient
cells, it is likely that cytosolic Mn** accesses the Golgi via the activity of SERCA pumps. Given SERCA pumps
do not transport Mn>* as efficiently as SPCA1, we can’t exclude the fact that other mechanisms may compen-
sate for a lack of Mn®" transport via SPCA1.
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Additionally, it is well known that SPCAL1 is involved in manganese detoxification when cells are exposed to
high manganese concentrations [6]. This process is considered to be essential by decreasing cytosolic manga-
nese concentrations, which would otherwise impair many cytosolic processes by competing with other divalent
ions. Our results reinforce a model in which both SPCA1 and TMEM165 participate in manganese detoxifica-
tion. According to recent studies, the direction of Mn®" transport is the same for these two proteins [15]. As
such, TMEM165 could act in concert with SPCA1 to conduct detoxification. The question of why TMEM165
is degraded during cytosolic manganese accumulation remains open. It is likely that the transport function of
TMEM1665 is yet to be fully elucidated. Some results suggest that TMEM165 might function as an antiporter
using a Golgi luminal ion gradient (where the counter ion can be Ca®*, H" or Pi) to either import Mn>* and/
or Ca®" to the Golgi lumen [2,18]. The degradation of TMEM165 could be required to prevent the collapse of
a Golgi luminal gradient essential for maintaining other critical Golgi functions. As secondary transporters
exhibit a high capacity for transport with low ion affinity, it is likely that TMEM165 could also work in reverse.
In this scenario, the degradation of TMEM165 would prevent the accumulation of Mn*" in the Golgi lumen
due to the activity of SPCA1. The observed proximity of TMEM165 and SPCA1 might be important for regu-
lating their activities. This unambiguously demonstrates the role of these two proteins in the regulation of Ca
and Mn cellular homeostasis.

In conclusion, our results reveal a functional link between TMEM165 and SPCA1 thereby opening new con-
cepts in Ca**/Mn** Golgi homeostasis regulation, crucial for many fundamental cellular processes such as
protein secretion as well as glycosylation. There are indeed growing evidences pointing to dysfunctions of Ca*"
ATPase in colon, lung and breast cancers [26] and future directions in tumor progression and/or metabolic
disease mechanisms must take into account the existence of this close link between TMEM165 and SPCAL1.
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4.3.Complementary results
In this study we strongly emphasized that the lack of SPCA1 leads to cytosolic Mn’" build-up responsible
for the constitutive lysosomal degradation of TMEM165. To strengthen this hypothesis, we took
advantage of the results obtained in TMEM165 KO HEK cells linking the severity of the glycosylation
defects to Mn levels in the FBS used in cell culture (Paper 2, [509]) and then wondered whether an
extremely low Mn FBS level was sufficient to spontancously rescue the abundance of TMEM165 in
absence of SPCA1. To tackle this point, control and SPCA1 KO cells were cultured for several weeks
using two different FBS with either high (FBS2, 1.08uM Mn) or low (FBS4, 0.61uM Mn) Mn levels, as
quantified in Paper 2 [509]. Every week, cells were harvested and immunofluorescence was performed

at different passages (P2, P5 and P8) (Figure 66).

Ctrl Hapl SPCA1 KO Hapl

P2 P2 P5 P8
FBS2

Figure 66: In SPCA1 KO cells, TMEM165 expression depends on the FBS used for cell culture.
Control (Ctrl) and SPCA1 KO Hap1 cells were cultured in IMDM supplemented with either 10% FBS2 or 10%
FBS4 for several passages. Cells were then fixed, permeabilized and labeled with antibodies against TMEM165
and GM130 before confocal microscopy visualization. DAPI staining (blue) was performed, showing nuclei. Scale
bars, 10um.

While no expression of TMEM165 was detected with FBS2, a clear recovery of TMEM165 in the Golgi
apparatus was observed with FBS4. This result demonstrates that Mn level in the FBS stabilizes
TMEMI165 in SPCAT1 deficient cells and reinforce the functional link between SPCA1, TMEM165 and
Mn pressure. Culturing cells with a low Mn content FBS implies that cytosolic Mn’" may be more
diluted through cell divisions and passages whereas a higher extracellular Mn level would rather

promote Mn** entry and accumulation which is detrimental for the stability of TMEM165.
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4.4.Conclusion

This study shed light on very interesting concepts linking the functions of three proteins involved in
Ca’"/Mn’" intracellular homeostasis: TMEM 165, SPCA1 and SERCA2.

4.5.1. Link between TMEM 165, SPCA1, SERCA2 and cytosolic Mn>" pressure

In this paper, we highlighted that TMEM165 protein expression level and Golgi subcellular localization
were dependent on SPCAT1 ability to import cytosolic Mn’" into the Golgi lumen. In the model
presented in Figure 67, we assumed that the lack of SPCAT results in a rather high cytosolic [Mn™"]

accumulation responsible for the constitutive Mn”*-induced lysosomal degradation of TMEM165.

Lysosome
e °
° . °
°
o ¢ ° o« * ° y °
® 2 [ J o o [ J
3 ° o 2 ® 2+ 2+ °
Mn” -induced TMEM165 ® ® ® -.° o CytosolicMn o Ca /Mn o
n -mduce ; ", M o accumulation  ,1p ADP 4+ Pi
lysosomal degradation ° o o . Cytosol

Golgi lumen

L ©) ©)

TMEM165 SPCA1 KO
1.

Figure 67: Model of Mn*"-induced TMEM165 lysosomal degradation due to a lack of SPCA1. We
reasoned that SPCA1 KO (1.) leads to higher cytosolic Mn*" accumulation (2.) which is detrimental to TMEM165
by promoting its lysosomal degradation induced by elevated cytosolic [Mn*"] (3.).

As already described in Chapter 3, previous works of the team have characterized TMEM165 as a new
Golgi Mn’" sensor being rapidly degraded via a still unclear lysosomal degradation pathway [307]. Here,
we demonstrated that TMEM165 is specifically addressed into the lysosomes in case of SPCAI
deficiency which could be stabilized by the lysosomotropic agent chloroquine. In addition, several lines
of evidence strengthen this statement. First, TMEM165 abundance and subcellular localization are only
recovered in SPCA1 deficient cells complemented with a form of SPCA1 able to import Mn”" into the
Golgi lumen (i.e. SPCA1-WT and SPCA1-Q747A). Hence, cytosolic Mn’" transport into the Golgi
would lower cytosolic [Mn”] until a “TMEMI165 sensitive threshold” preventing its lysosomal
degradation. Second, by overexpressing SERCA2b in SPCA1 KO cells, we demonstrated that
TMEMI165 abundance was also recovered. In this case, we assumed that SERCA2 would decrease the
overall cytosolic [Mn”"] accumulation by pumping Mn’" into the ER and further redistribution within
the detoxification pathway. This finding is directly related to our first publication (Paper 1, [231]) in

which we highlighted that likely SERCA2 pumps could transport Cytosolic Mn”" ions into the ER to
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sustain Golgi glycosylation reactions. Third, as mentioned in Complementary results (4.3), Mn levels in
the FBS stabilize TMEM165 in SPCA1 KO Hapl1 cells suggesting that a higher Mn pressure applied to
the cells would induce TMEM165 degradation. All in all, these three pathways leading to TMEM165

recovery in SPCA1 KO cells are sumarized in Figure 68.
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Figure 68: How to rescue TMEM165 abundance and Golgi subcellular localization in SPCA1 KO
cells? This scheme represents three pathways (1., 2. and 3.) identified in our study enabling TMEM165
stabilization/recovery. 1. Complementation of SPCA1 deficient cells with a form of SPCA1 able to transport
Mn’" (-WT or - Q747A), 2. Overexpression of SERCA2b in SPCA1 deficient cells and 3. Culturing SPCA1

deficient cells with a low Mn content FBS.
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4.5.2. TMEM165 as a new Golgi localized cytosolic Mn”" sensor

The hypothesis according to which TMEM165 would be a Golgi localized cytosolic Mn’" sensor
originates from the antagonist results we obtained on TMEM165 and GPP130 stabilities upon MnCl,
treatment (500uM, up to 8h) in SPCA1 KO and complemented Hap1 cells. As a reminder, GPP130 is a
cis-Golgi protein well characterized by Linstedt’s group over the past twenty years [257,499,500,518] as
an intralumenal Golgi Mn sensor. Upon extracellular Mn exposure, GPP130 exits the Golgi apparatus
through the TGN and traffics to multivesicular bodies (MVBs) where the protein is internalized into
intraluminal vesicles for subsequent degradation by lysosomal hydrolases [499]. It has been shown that
Mn’" responsiveness of GPP130 occurs through its lumenal stem domain that needs to be specifically
targeted to the cis-Golgi [257,499]. Here, we corroborated GPP130 lumenal sensitivity to Mn’" and
further highlighted cytosolic Mn”" sensitivity for TMEM165. Indeed, while TMEM165 is constitutively
degraded in SPCA1 KO Hapl cells and undergoes similar Mn’"-induced degradation kinetics upon
MnCl, exposure in control and SPCA1 KO Hap1 cells complemented with SPCA1-WT, the lack of
SPCA1 or the reconstitution of SPCA1 deficient cells with either SPCA1-G309C or -D742Y prevents
GPP130 degradation which protein levels remain quite stable. Mn’" effect on GPP130 stability was only
observed in control and SPCA1 KO Hap! cells complemented with SPCA1-WT.
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Figure 69: TMEM165 and GPP130 stabilities towards cytosolic or intraluminal Mn”" excess. Pink
shapes on TMEM165 and GPP130 symbolize the Mn’" sensitive domains of each protein.

In other words, when SPCA1 can pump cytosolic Mn’", degradation of GPP130 is induced whereas
TMEM165 protein expression is recovered. The other way around, when SPCA1 is lacking or unable to
import Mn’" into the Golgi lumen, GPP130 is protected from Mn’"-induced degradation whereas
TMEM165 is subjected to constitutive lysosomal degradation. All in all, TMEM165 and GPP130 are

two Golgi localized Mn”" responsive proteins with TMEM165 being sensitive to cytosolic accumulation
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of Mn”" while GPP130 senses intraluminal Mn”" accumulation. This concept is summarized in Figure
69. Given the specificity of each protein to sense cytosolic or lumenal accumulation of Mn’" and the
previous identification of GPP130 lumenal stem region as its Mn sensitive domain, we then wondered
whether Mn’" sensitive domain(s) of TMEM165 would face the cytosol. To answer this question, a
whole study has been conducted in the team in which I contributed leading to a publication [477]

(Appendix II) that will not be further described here.

4.5.3. No glvcosvlation defects associated to SPCA1 and subsequent TMEM165

deficiencies

The main achievement from this study conducted in SPCA1 KO cells was to reveal the constitutive
lysosomal degradation of TMEM165 in absence of SPCA1. We then wondered whether a glycosylation
defect could be observed in those cells since TMEM165 deficiency leads to strong Golgi glycosylation
abnormalities ([64,65,506,509] and Paper 1, [231]). Remarkably and as presented in Figure 1D and
supplementary Figure 1F of Paper 4, no change in the electrophoretic migrations of LAMP2 and TGN46
were observed in SPCA1 KO cells complemented or not, reflecting no glycosylation defects for these
two proteins. Thus, the lack of SPCA1 and subsequently those of TMEM165 did not lead to major
glycosylation alterations suggesting that Golgi Mn’" levels are sufficient to sustain glycosylation reactions
in case of both SPCA1 and TMEMI165 deficiencies. Nonetheless, how can we explain that severe
glycosylation defects are observed in TMEM165 KO cells whereas it is not the case in SPCA1 KO cells
lacking TMEM 165 expression? This question will be further addressed in the following section in which

unpublished data will be provided to strengthen our suggested hypothesis.
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General discussion and perspectives on Part 11
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Given the two studies in either yeast Saccharomyces cerevisiae or mammalian cells, our work shed light on
a conserved functional link between Gdtlp/TMEMI165 and Pmrlp/SPCATl in Golgi glycosylation
and/or in the regulation of Golgi Ca’" and Mn’" homeostasis. In case of TMEM165/ Gdtlp deficiency,
we demonstrated that Golgi Mn’" homeostasis was likely controlled by the activity of SERCA pumps in
mammals and those of Pmrlp in yeasts. These fundamental differences in the regulation of Golgi ion
homeostasis pinpoint intrinsic differences between yeast and humans, especially because yeasts do not
express any SERCA orthologs. Therefore, it is conceivable that during evolution, Pmrlp acquired a
specialized function in Mn’" import into the Golgi lumen to prevent Golgi glycosylation abnormalities.
Conversely, in mammals, SPCA1 may have evolved as the main Golgi Ca’" importer and TMEM165, as
the main Golgi Mn”" importer. Hence, in case of TMEM165 deficiency, SPCALI fails to rescue Golgi
glycosylation defects caused by a disrupted Golgi Mn’" homeostasis but SERCA2 pumps become
essential in the uptake and further redistribution of cytoplasmic Mn”" to the Golgi apparatus. If this
SERCA2-dependent mechanism occurs in TMEM165 KO cells, it should also happen in SPCA1 KO cells

since the absence of SPCA1 causes TMEM165 deficiency.

1. Involvement of likely SERCA pumps in Golgi glycosylation maintenance

in SPCA1 deficient cells lacking TMEM165 expression

To test whether SERCA pumps play a role in Golgi glycosylation maintenance in SPCA1 deficient cells,
control and SPCA1 KO Hela and Hapl cells were treated with 50nM thapsigargin for 24h.
Interestingly, as shown in Figure 70, thapsigargin treatment induces a huge glycosylation defect on
LAMP? in both SPCA1 KO cell lines. This result highly suggests the involvement of SERCA2-like
proteins in Golgi glycosylation maintenance in SPCA1 KO Hapl cells lacking TMEM165 protein
expression. Assuming that thapsigargin does not impact LAMP2 electrophoretic migration profile in
control cells, we then wondered whether SPCA1 or TMEM165 could overcome SERCA2 inhibition.
Previous thapsigargin treatment was re-performed in all Hap1 cells including control, SPCA1 KO and
complemented cells with -WT, -G309C and -D742Y. This time, both LAMP2 and TGN46 migration
profiles were assessed (Figure 71). In Figure 71, very similar results are obtained between control,
SPCA1 KO and SPCA1 KO Hapl1 cells complemented with the inactive form of SPCA1 (-D742Y) or its
predominantly Ca’" pumping form (-G309C). However, in SPCA1 KO cells complemented with
SPCA1-WT, thapsigargin treatment does not induce any glycosylation defect on both LAMP2 and
TGN46. It is to note that the only difference between the functionality of SPCA1-WT and -G309C lies

in the ability for the WT form to import Mn’" into the Golgi lumen.
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Figure 70: Involvement of thapsigargin sensitive pumps in regulating Golgi glycosylation in
SPCA1 KO HeLa and Hapl cells. Control (Ctrl) and SPCA1 KO HapP1 cells were treated with 50nM
thapsigargin for 24h. Total cell lysates were prepared, subjected to SDS-PAGE and western blot with the

indicated antibodies. Red information results from a mistake during sample loading.

This Mn’" pumping activity of SPCA1-WT is also required for TMEM165 recovery and thapsigargin has

no effect in cell lines expressing TMEM165 (control and SPCA1 KO Hapl cells complemented with

SPCA1-WT). Hence, this result emphasizes that the Mn’" pumping activity of SPCA1 seems to be

required to protect the cells from the thapsigargin—induced glycosylation defect in SPCA1 deficient cells

by rescuing TMEM165 expression and function in glycosylation. In the coming weeks, this hypothesis

will be Challenged by the analysis of such thapsigargin treatment in SPCA1 KO Hapl cells

complemented with SPCA1-Q747A i.e. the hyperactive SPCA1 Mn’" transporter. If our reasoning is

correct, since Mn”" pumping by SPCA1-Q747A stabilizes TMEM165 (Figure 4, Paper 4), we should not

get any Golgi glycosylation defect after thapsigargin treatment in those cells thanks to TMEM165

recovery. In addition, such inhibition of SERCA2 will be double checked by the use of cyclopiazonic

acid, exactly what we have done in Paper 1. At last, mass spectrometry of total N-glycans will also be

analyzed in all control, SPCA1 KO and complemented cell lines including Q747A to extend our

observations on LAMP?2 and TGN46 at the structural level on all N-linked glycoproteins.
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Figure 71: Thapsigargin induces Golgi glycosylation defect only in SPCA1 deficient Hapl1 cells
lacking functional SPCA1 and TMEM165. Control (Ctrl), SPCA1 KO and complemented Hap1 cells were
treated with 50nM thapsigargin for 24h. Total cell lysates were prepared, subjected to SDS-PAGE and western
blot with the indicated antibodies.

2. SPCA1l-mediated Mn>* import is not required to sustain Golgi
glycosylation in TMEM165 deficient cells

Here, we strongly believe that the lack of glycosylation defect in thapsigargin-treated SPCA1 KO cells
complemented with SPCA1-WT could be explained by TMEM165 rescue. However, another possibility
would be that only the Mn’" pumping activity of WT-SPCA1 could be sufficient to feed the Golgi
apparatus and sustain the glycosylation process. To address this point, TMEM165 KO HEK cells were
transfected with the hyperactive Mn’" transporter SPCA1-Q747A for 24h and LAMP2 glycosylation
profile was assessed by western blot. As shown in Figure 72, while correctly overexpressed, there is no
effect of SPCA1-Q747A on LAMP2 gel mobility. This result suggests that the presumed higher SPCA1-
mediated Mn’" import into the Golgi lumen is not sufficient to suppress Golgi glycosylation defects
associated to TMEM165 deficiency. From this experiment, we were unfortunately unable to confirm

the functionality of SPCA1-Q747A that is to say, a higher Mn”" entry into the Golgi lumen.
y Y g y g
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Figure 72: SPCA1 Mn”* pumping activity is not required to sustain glycosylation in TMEM165 KO
HEK cells. TMEM165 KO HEK cells were transiently transfected with Q747A-SPCA1 for 24h. Total cell
lysates were prepared, subjected to SDS-PAGE and western blot with the indicated antibodies.

65

Assuming its functionality, this result raised intriguing questions: How to explain that Mn’" imported by
SPCA1-WT/-Q747A in Hapl cells could decrease cytosolic Mn’" levels resulting in TMEM165
recovery while not allowing Golgi glycosylation rescue in TMEM165 deficient cells? Why do not
SPCA1-meditaed Mn’" entry into the Golgi lumen overcome Golgi glycosylation defect while providing
the missing ions? Would Mn*" pumped by SPCA1 not be available for Golgi GTs in the right
compartment, preventing glycosylation reactions to occur? Would SPCA1-mediated Mn’" entry in the
Golgi be exclusively redirected into the detoxifying pathway without biological relevance for Golgi
glycosylation? Why do TMEM165 deficient cells need SERCA pumps instead of SPCA1 to sustain Golgi
glycosylation reactions? Why does TMEM165/SERCA-mediated Mn”" import into the Golgi lumen
seem to be more biologically relevant than those of SPCA1? Another three years of PhD would be
necessary to properly answer all of these questions. However, from what I understood of the system
linking TMEM165, SPCA1 and SERCA2, one explanation could be acceptable. According to the
subcellular localization of TMEM165, SERCA and SPCA1, one can imagine that intracellular Mn*" may
be sequestrated according to different pools along the secretory pathway. Indeed, (i) SERCA pumps are
predominantly localized in the ER and more rarely in the cis-Golgi, (ii) the Golgi localized proportion of
TMEM165 is mainly expressed in the medial/trans-Golgi and (iii) SPCA1 is found exclusively localized
in the late Golgi (trans-/ TGN) nay secretory vesicles. Hence, while importing cytosolic Mn’", SERCA
will mainly fulfills the early cistern of the Golgi apparatus, TMEM165 the medial one and SPCA1 the
very late ones. Therefore, depending on the ion requirements of each GT in each Golgi compartment, a
deficiency in Mn’" transport in either cis-Golgi, medial-Golgi or TGN may have none to critical impact

on Golgi glycosylation reactions. With regards to the N-linked glycosylation, Mn”—dependent GTs are
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found in either cis-, medial- and trans-Golgi explaining why in TMEM165 deficient cells (i) the solely
Mn’" pumping activity of SPCA1 is not sufficient to suppress N-linked glycosylation defect (SPCAT is
expressed to far from the cis- and medial-Golgi Mn’"-dependent GTs) and also why (ii) SERCA2
overexpression induces a N-linked glycosylation rescue (SERCA2 can provide Mn’" in the cis-Golgi
during initiating steps of N-glycans maturation). The other way around, in SPCA1 deficient cells,
cytosolic Mn”" accumulation promotes SERCA2-mediated Mn’" entry into the ER and supplies the cis-
Golgi to initiated N-glycan maturation. Then, either residual TMEM165 supplies medial/trans-Golgi
with Mn’" or Mn”" reaches these compartments by vesicular trafficking which may be facilitated by the

higher cytosolic Mn levels in SPCA1 deficient cells.

265

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

266

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

General conclusion
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1. Role of TMEM165/ Gdtlp in Golgi glycosylation

1.1. TMEM165 in Golgi glycosy]ation

1.1.1. TMEM165 deficiency leads to strong and multiple glycosylation defects due to

disrupted Golgi Mn’" homeostasis

In 2012, pathogenic mutations in TMEMI165 have been identified to cause a type Il CDG especially
characterized by severe skeletal abnormalities as the main clinical feature [64,505]. TMEM165 encodes
TMEM165, a transmembrane protein belonging to the UPFO016 family with unclear physiological
functions related to Mn*" and Ca’" homeostasis [304,497]. At the beginning of my PhD, TMEM165
deficiency was associated to severe N-linked and glycosphingolipid glycosylation defects [64,65,506]. In
particular, mass spectrometry analyses of the total N-glycans from TMEM165 KO HEK cells revealed a
strong galactosylation defect, a moderate GlcNAcylation defect and a very slight sialylation defect, all

assumed to be due to a disrupted Golgi Mn’" homeostasis [65].

With regards to glycosphingolipids, the gangliosides series were also analyzed via mass spectrometry in
control and TMEM165 KO HEK cells. Remarkably, only traces level of two specific gangliosides (GM3
and GM2) were found in TMEM165 deficient cells while control cells expressed a broader range of
species (GM3, GM2, GM1, GD2 and GD1). Gangliosides biosynthesis occurs in the Golgi apparatus and
is initiated by several MnH—dependent GTs amongst the galactosyltransferases, B4GALT5/6 and the
GalNActransferase, BSGALTN1. Given that TMEM165 deficiency alters Golgi Mn’" homeostasis; a
defect in these specific steps was not surprising, leading to abort ganglioside structures reflecting
galactosylation and/or GalNAcylation defects. Following this idea, additional Golgi glycosylation

pathways involving Mn2+—dependent GTs were analyzed during my PhD.

At first, resulting from a collaboration with Dr. Mohamed Ouzzine, a GAG defect on both heparan
sulfate (HS) and chondroitin sulfate (CS) chains was observed in TMEM165-CDG patients’ fibroblasts
and TMEM165 KO ATDCS5 cells, a chondrogenic mouse-derived cell lines. Here again, Mn”*-
dependent GTs such as the xylosyltransferases XYLT1/2 and the galactosyltransferases B4GALT7/6 are
involved in the biosynthesis of the common tetasaccharide core GAG linker GlcA-Gal-Gal-Xyl-Ser/Thr.
In addition, other GTs yielding HS and CS chains such as EXTL3 and CHSY1 are also Mn2+—dependent
and their improper activity could result in the synthesis of shorter HS and CS chains. Thus, the GAG
glycosylation defect in TMEMI165 KO cells could result either from undergalactosylation,
underGlcNAcylation and/or underGalNAcylation. In a recent collaborative study with Dr. Arnaud
Bruneel, another GAG defect was observed on circulating proteoglycans bikunin from TMEM165

patients” sera [511]. Briefly, three major serum bikunin isoforms can be found each bearing different
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PTMs amongst a unique CS chain (urinary trypsin inhibitor, UTI) or a unique CS chain esterified by one
glycoprotein (pro-a-trypsin inhibitor, Pol) or two glycoproteins (inter-a-trypsin inhibitor, ITI) names
“heavy chains”. TMEM165 deficiency results in a huge glycosylation defect on UTI bikunin associated
with lower levels of ITI and Pal, both suggesting altered CS initiation and/or elongation. Given that CS chains
are initiated downstream the synthesis of the core tetrasaccharide GlcA-Gal-Gal-Xyl-Ser/Thr, we highly
suspect that TMEM165 deficiency does not affect it although it synthesis also requires MnH—dependent
GTs. The underlying hypothesis would be that TMEM165 deficiency would mainly impact the Golgi
Mn’" homeostasis of the Golgi cisternae it belongs to. Therefore, according to the subcellular
localization of the Golgi GTs and their proper Mn’" requirements, a lack of TMEM165 will only affect

specific Mn2+—dependent reaction of the medial-/trans-Golgi.

Finally, we provided some insights into the potential O-GalNAcylation defect associated to TMEM165
deficiency. This was first reported by Xia et al. in 2013 suggesting an undersialylation of O-linked mucin
type in TMEM165-CDG patients fibroblasts expressing higher T antigens (Gal-GalNAc-Ser/Thr) than
sialylT ones (Sia-Gal-GalNAc-Ser/Thr) [507]. Using an indirect lectin approach, we observed a higher
abundance of Tn antigens (GalNAc-Ser/Thr) with unsubstituted GalNAc residues in TMEM165 KO
HEK cells, confirming an O-GalNAc glycosylation defects in these cells (see Figure 56). In addition, we
also observed a shift in the electrophoretic migration of TGN46 that we assigned to a major O-linked

glycosylation defect, as explained in the General discussion and perspectives on Part I.

Altogether, TMEM165 deficiency leads to severe N-linked, O-linked, GAGs and ganglioside defects, all
related to Golgi Mn”" deficiency. As summarized in Table 24, many GTs belonging to multiple
glycosylation pathways are Mn”"-dependent. In the future, it could be of interest to deeper characterized
TMEM165 glycosylation defects in all the glycosylation pathways by looking specifically to any
accumulation of truncated glycan structures before each Mn”"-dependent reaction, especially for Golgi

glycosylation reactions occurring in the medial-/trans-Golgi.
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Table 204: List of putative and known Mn“—dependent GTs. Genes/enzymes written in purple share a
Mn“—dependency by similarity or can act with others cation than Mn’". GalT: galactosyltransferase, GalNACT:
N-acetyl-galactosaminyltransferase, GIcT: glucosyltransferase, GIcNACT: N-acetyl-glucosaminyltransferase, SiaT:
sialyltransferase and XylT: xylosyltransferase.

Genes and corresponding Mn“-dependent enzymes

Glycosylation
pathway Genes Enzymes
N-linked
B4GALTI B-1,4-GalT 1
UGGTI1/2 UDP-glucose glycoprotein GlcT 1 and 2
B4GALT2-5 B-1,4-GalT 2,3, 4and 5
MGATI Mannosyl (a-1,3-)-glycoprotein -1,2-GlcNAcT 1
MGAT4A/ 4B Mannosyl (a-1,3-)-glycoprotein B-1,4-GlcNAcT 4a and 4b
MGAT5B Mannosyl (a-1,3-)-glycoprotein B-1,6-GleNAcT 5¢
O-linked
O-GalNAcylation B4GALNT2 B-1,4-GalNACT 2
GALNTI-3 /10 Polypeptide GalNAcT 1, 2, 3 and 10
FUT3/5/7 FucT 3, 5and 7
GALNTX Polypeptide GalNAcT X
O-mannosylation B4GATI B-1,4-glucuronyltransferase 1
LARGEI1 /2 LARGE xyloxyl- and glucuronyltransferase 1 and 2
POMGNTI Protein O-linked mannose GlcNAcT 1
O-fucosylation LFNG B-1,3-GlcNACT lunatic fringe
MNFG B-1,3-GlecNACT manic fringe
RFNG B-1,3-GlcNACT radical fringe
O-glucosylation XXYLTI Xyloside XylT1
GAGs B3GAT1/3 B-1,3-glucuronyltransferase 1 and 3
B4GALT7 B-1,4-GalT 7
CHPF Chondroitin polymerizing factor
CHSY1/3 Chondroitin sulfate synthase 1 and 3
XYLTI XylT 1
EXT1/2 Exostosin-1 and -2
EXTLI-3 Exostosin-like GTs 1, 2 and 3
XYLT2 XylT 2
Glycolipids
B3GALNTI B-1,3-GalNACT 1
B4GALNTI B-1,4-GalNACT 1
B4AGALTI1/3/5/6 B-1,4-GalT 1,3,5and 6
ST3GALS a-1,3-SiaT 5
UGTS UDP-Gal ceramide GalT 8
A3GALT?2 a-1,3-GalT 2
B3GALT4/5 B-1,3-GalT 4 and 5
B3GNT5 LacCer B-1,3-GIcNACT 5
GBGTI Globoside a-1,3-GalNACT 1
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1.1.2. Exogenous Mn’" and Gal to suppress glvcosvlation defects in TMEM165

deficient cells

We remarkably found that all glycosylation defects associated to TMEM165 deficiency could be
suppressed by a MnCl, addition. Conversely, Gal supplementation only fully restored N-linked
glycosylation since partial recovery of glycosphingolipids and mucin types were observed in TMEM165
KO HEK cells and no effect of Gal addition was observed on GAG HS and CS chain defects (Table 22).
Altogether, MnCl, has a broader and more efficient effect on Golgi glycosylation reactions than Gal.
One explanation could be that more glycosylation reactions are MnH—dependent than Gal-dependent.
Therefore, according to the glycosylation pathway as well as the nature of each glycosylation reaction in
a given subcompartment of the secretory pathway, Mn’" and Gal requirements may differ. In TMEM165
KO cells, Golgi Mn"" deficiency is assumed to be restricted to the medial/trans-Golgi, where the
protein is predominantly found. Consequently, only Mn’" dependent GTs of the medial/trans-Golgi
should be altered in case of TMEM165 deficiency. As already mentioned, this hypothesis has recently
been strengthened by the interesting result of a GAG defect on bikunin suggesting an alteration during
CS chain elongation without any impairment in the biosynthesis of the core tetrasaccharide GAG linker:
GlcA-Gal-Gal-Xyl-Ser/Thr [511]. Given that (i) the core structure is synthesized in the cis-Golgi and (ii)
CS chains elongation likely occurs in the medial-Golgi, this result emphasizes that the lack of efficient
Mn’" transport in a specific compartment only affect the Mn*"-dependent limiting reactions of this
particular compartment. Therefore, all the reactions upstream from the defective Golgi cisternae will

not be affected by the local Mn”* deficiency whereas all the reactions downstream will be.

1.1.3. SERCA2 to sustain Golgi glvcosvlation in TMEM165 and SPCA1-deficient cells

As one of the main achievement of my PhD, we demonstrated that Mn”"-induced N-glycosylation rescue
in TMEM165 KO HEK cells was achieved via the ER and likely thanks to the Mn”" pumping activity of
SERCA2 pumps. In addition, we also provided evidence that SERCA2 overexpression initiated the
suppression of LAMP2 glycosylation defect in TMEM165 deficient cells. This brandy new concept
(Figure 49) would link for the first time the function of reticular P-type ATPases in Golgi glycosylation
maintenance. Moreover, using SPCA1 KO Hap1/Hela cells subsequently deficient for TMEM165, we
assumed that the lack of Golgi glycosylation defects in those cells result from SERCA?2 activity in Mn”"

pumping since SERCA?2 inhibition by pharmacological agents disrupted Golgi glycosylation reactions.

Taking as a whole, our work unveils unexpected function of reticular P-type ATPases in the
maintenance of Golgi ion homeostasis via their Mn”" pumping activity allowing proper Golgi functions in

glycosylation in case of TMEM165 deficiency.
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1.2. Gdtlp in Golgi glycosylation

1.2.1. Gdtlp deficiency ledas to Golgi glvcosvlation defects upon high external CaCl,

pressure

Differing from TMEM165, in yeast, Gdtlp deficiency does not induce any Golgi glycosylation defects
until gdt/4 mutants are grown under high external [CaCl,] ranging between 400 to 700 mM. In this
case, we and others have identified both N- and O-linked glycosylation abnormalities thanks to western
blot analyses of different glycosylation markers (secreted invertase, carboxypeptidase Y and Gaslp) and
NMR experiments on total mannans. We finally demonstrated that Gdtlp was required to sustain both
N- and O-linked glycosylation reactions only under high external CaCl, concentrations whereas in
normal cell culture conditions, Gdt1p function in glycosylation is dispensable [65,239,240]. Since it has
been well established in literature that Pmrlp deficiency led to strong Golgi glycosylation abnormalities
[236,238], we further investigated the link between Gdtlp and Pmrlp towards their function in Golgi
glycosylation (Paper 3, [240]). Our results highlighted a functional link between these two proteins
pinpointing a crucial role for Gdt1p in Golgi glycosylation only when Pmr1p is unable to transport Mn*"

into the Golgi apparatus.

1.2.2. Exogenous Mn’" to suppress Golgi glvcosvlation defects in gdr1A yeasts cultured

in Ca’"-enriched medium, pmrl A and double mutant gdt1A/pmrlA

Exactly as for TMEM165 deficient cells, we found that MnCl, supplementation to the Ca”"-enriched
medium of gdt14 suppressed the glycosylation defects associated to both Gdtlp deficiency and high
CaCl, pressure. However, since (i) no SERCA orthologs are found expressed in yeast and (ii) Pmrlp
deficiency led to severe Golgi glycosylation defects, we further investigated the proper functions of
Pmrlp and Gdtlp in Golgi glycosylation. We suggested that MnCl, supplementation to the Ca’'-
enriched medium of gdt14 yeasts could enhance the Mn*" pumping activity of Pmrlp resulting in the
suppression of the glycosylation abnormalities. Then, it is likely that Mn*"-induced glycosylation rescue
in gdt14 grown in a high CaCl, environment results from the Mn*" pumping activity of Pmrl1p into the
Golgi lumen. However, while looking to the double mutant gdtlA/pmrid, Golgi glycosylation
abnormalities were also suppressed by MnCl, supplementation (Table 23). Thus, how to explain that in
absence of Gdtlp and Pmrlp, extracellular MnCl, enters the cells and the Golgi lumen to suppress the
glycosylation defect? One can imagine a similar mechanism that the one explained in human TMEM165
deficient cells (Paper 1, [231]). However, given that no SERCA orthologs are found expressed in yeast,
we presumed that cytosolic Mn®" could reach the Golgi lumen via the activity of an unknown ER- or

Golgi-localized transporter. As mentioned in Chapter 2, section 2.4, one candidate could be the P-type
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ATPase Cod1p/Spfip since its role in ER Mn’" homeostasis [220] was first suggested before its function
in cellular sterol homeostasis [219]. To test whether Spflp is involved, it could worth to study Golgi

glycosylation capacities in the triple mutant spf14/gdt14/pmri4 grown with MnCl, supplementation.

1.3. Differences between TMEM165 and Gdtlp in Golgi glycosylation

Different functions for Gdtlp and TMEM165 in Golgi glycosylation are observed. First, TMEM165
deficiency alters Golgi Mn”" homeostasis whereas Gdtlp did not, suggesting distinct function for both
protein in the regulation of Golgi Mn’" homeostasis. Second, strong glycosylation abnormalities
characterize the yeast null mutant pmr/4 while in human, no direct link between glycosylation and
SPCAT1 deficiency has been established yet. Moreover, our results emphasized that Gdtlp function in
glycosylation was Pmr1p-dependent. In physiological conditions, we suggested that Pmr1p had a critical
role in Golgi glycosylation via its Mn’" transport activity whereas Gdt1p function was dispensable. On
the other hand, when Pmr1p was only able to pump Ca’" into the Golgi lumen, we found that Gdt1p
became essential to feed the Golgi apparatus with Mn”" and ensure proper Golgi glycosylation reactions.
In mammalian cells, although a functional link between TMEM165 and SPCAT1 has been established, the
ion pumping activity of SPCA1 did not influence Golgi glycosylation capacities that we assumed to be
sustained thanks to the activity of SERCA pumps. Therefore, our comparative studies between yeasts
and humans revealed a crucial role for TMEM165 and Pmrlp in Golgi glycosylation while Gdtlp and
SPCA1 are secondary players in this process. We then strongly believe that in human cells, (i)
TMEM165 mainly imports cytosolic Mn*" to feed the Golgi apparatus and sustain the glycosylation
process while (ii) in yeast, Gdtlp Mn"" activity is only required when the one sustained via Pmrlp is
lacking, defining Gdt1p as the leak channel of Pmr1p and Pmrlp the main Mn’" importer of the Golgi
apparatus. Nonetheless, why TMEM165/Gdtlp and SPCA1/Pmrip have evolved differently during

evolution is still an opened question.
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2. TMEM165/ Gdtlp as Golgi Mn’" sensitive proteins

At the very beginning of my PhD, our lab had demonstrated that both TMEM165 and Gdtlp were two
Golgi-localized proteins sensitive to Mn’" and specifically degraded following high extracellular MnCl,
exposure [307]. While we provided evidence that TMEM165 was a cytosolic Mn’" sensor (Paper 4,
[461]), we did not further investigated whether cytosolic or intraluminal Mn’" accumulation was
responsible for Gdtlp degradation. Moreover, the molecular mechanisms of such Mn”"-induced
degradation of TMEM165 and Gdtlp are still not elucidate and might involve degradation partners that
we need to identify in the future. Beyond these mechanistic aspects, we found that Mn”"-induced
degradation was conserved between yeasts and humans. Then, we wondered: what would be the
selective advantage conferred by such mechanism during evolution? In other words, what would be the
biological relevance to get rid of TMEM165 and Gdtlp in case of Mn’" overload? One spontaneous
answer would be: to prevent cells from Mn”" toxicity. Indeed, upon MnCl, exposure, cells need to
prevent the cytosol from Mn”" accumulation to toxic levels. In human cells, one way to cope with
cytosolic Mn’" excess implies SPCA1 in a so-called detoxification pathway. Actually, SPCA1 switches
from Ca’" to Mn’" and massively imports Mn’" into the Golgi lumen, which is further removed from the
cell via secretory vesicles. In this case, as a secondary active transporter, TMEM165 would transport
Mn’" back to the cytosol, annihilating the function of SPCA1. Since TMEM165 is degraded by high
cytosolic Mn”" accumulation, we believe that TMEM165 Mn” -induced degradation is necessary to
protect the cell from Mn’" cytotoxicity by allowing SPCA1 to ensure its detoxifying function (Figure
73). The other possibility would be that TMEM165 physically interacts with SPCA1 and that interaction
would govern SPCAT ion specificity. In presence of TMEM165, SPCA1 would mainly pump Ca”" even
in case of cytosolic Mn”" accumulation. Therefore, one can imagine that the degradation of TMEM165
would be essential to turn on SPCA1 in a Mn”" detoxification mode. Finally, a third possibility would be
a direct function of TMEM165 in Mn’" import at the plasma membrane, given that a small fraction of
the protein is localized at the cell surface [307,488]. We indeed recently demonstrated by using the
MnH—quenching technique that Mn”" influx at the plasma membrane was dependent on TMEM165
expression levels. As such, the observed Mn”"-induced degradation would prevent a massive
TMEM165-dependent entry of Mn’" inside the cell. This mechanism has already been observed in yeast
Saccharomyces cerevisiae with the constitutive degradation of Smflp and Smf2p in case of Mn”" excess (see

Chapter 2, section 3.3.).
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Figure 73: Putative models for the Mn’*-induced degradation of TMEMI165. In physiological
conditions, this scheme is similar to the one presented in Figure 46. In case of Mn’" excess, the tree models
described in the text are represented. 1. Mn’"-induced TMEM165 degradation to avoid the annihilation of
SPCA1’s function. 2. TMEM165 degradation is necessary to turn on SPCA1 in a Mn’" detoxification pathway. 3
TMEM165 degradation at the plasma membrane to prevent higher Mn’* entry and accumulation into the cytosol.

With regards to the yeast Saccharomyces cerevisiae, in case of Mn’" excess, the detoxification pathway not

only implies Pmr1p but two additional vacuolar Mn’" importers: Ccclp and Ypk9p (Chapter 2, section

3.3.). In this case, Pmrlp, Ccclp and Ypk9p would act in concert to lower cytosolic Mn’" levels by
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sequestering Mn’" into secretory vesicles and the vacuole. Therefore, the Mn’" gradient established in

the Golgi lumen would remain similar to that in physiological conditions. Given that Gdtlp is thought to

be the leak channel of Pmrlp, Gdtlp would continuously transport Mn’" back into the cytosol,

annihilating the functions of Pmrlp, Ccclp and Ypk9p. Hence, Gdtlp would be degraded to prevent

too much Mn”" leakage that becomes toxic for the cell in case of Mn’" overload (Figure 74).
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Figure 74: Putative model for the Mn**-induced degradation of Gdtlp in yeast Saccharomyces

cerevisiae. In physiological conditions, this scheme is similar to the one presented in Figure 46. However, in case

of Mn”" excess, Pmrlp, Ccclp and Ypk9p will engage themselves in a detoxification pathway, aiming at

sequestring Mn’" into the Golgi lumen and the vacuole. Given that Gdtlp is thought to be the leak channel of

Pmrlp, in case of Mn’" excess, this Mn”* sent back to the cytosol is deleterious for cell survival leading to the

degradation of Gdtl1p.

Nonetheless, these hypothetical models are based on current knowledge and might be challenged in the

next few years according to additional work in the field.

3. TMEM165 and Golgi ion homeostasis: Mn”*, Ca’" and... H"

The ultimate achievement of this PhD yields to an interplay between TMEM165, SERCA2 and SPCAT,

three key players in the regulation of cellular and intracellular Ca’"/Mn’" homeostasis. Using isogenic

cell lines either deficient for TMEM165 or SPCA1; we clearly established a functional link between

these two proteins that seems to be conserved throughout evolution from lower to higher eukaryotes. In

addition, our work also shed light on the potential involvement of SERCA pumps in Golgi glycosylation

in both TMEM165 and SPCA1 deficient cells. A strong argument supporting this model is the huge

glycosylation defect observed on LAMP2 and TGN46 in SPCA1 KO cells treated with thapsigargin. In

this case, all three key players are functionally missing and the subsequent Golgi glycosylation defect can

result from either Ca’" or Mn’" deficiency given that thapsigargin inhibit both SERCA?2 Ca’" and Mn’"

pumping activities. Intriguingly, the induction of such Golgi glycosylation defect in SPCA1 deficient
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cells treated with thapsigargin was completely suppressed only when SPCA1 transports Mn’" allowing
the recovery of TMEMI165. Since a similar result was obtained using cyclopiazonic acid, we highly
suggested that TMEM165 could protect the cells from SERCA inhibition by counteracted its effect on
Golgi glycosylation. Nonetheless, what is not clear is whether Ca”" or Mn™" deficiency induced by
thapsigargin has a higher impact on the glycosylation process. Indeed, the use of thapsigargin and
cyclopiazonic acid to inhibit SERCA pumps activity results in drastically low [Ca’'] in the ER. This
disrupted Ca’" homeostasis in itself may alter some crucial CaH—dependent processes occurring in the
ER such as quality control for N-glycoproteins, transport of N-glycoproteins from the ER to the ERGIC
and targeting of misfolded N-glycoproteins to the ERAD pathway, all requiring the activity of Ca™'-
dependent lectins. Moreover, Ca’" homeostasis along the secretory pathway also contributes to
proteolytic cleaveages, secretory cargo concentration and secretion, protein trafficking and sorting.
Therefore, in our cell models defective for TMEM165, we need to keep in mind that beside Golgi Mn™",
Golgi Ca’" homeostasis might also be impaired. Hence, as an on-going project in the team, we intend to
look closely to potential variations in Ca”" homeostasis in both TMEM165 and SPCA1 KO. Finally, as
TMEM165 deficiency led to lysosomal overacidification, pH within the secretory pathway of TMEM165
deficient cells might also be impaired. Given that pH as well as Ca’™" regulates the intravesicular
trafficking of secretory cargoes, one can imagine that in addition to a disrupted Mn”" homeostasis in the
medial-/trans-Golgi, TMEM165 deficiency also impacts protein trafficking within the Golgi apparatus.
Since glycosylation reactions require a close proximity of all the glycosylation machinery members
(glycosylation enzyme, donor substrate (i.e. nucleotide sugars) and acceptor substrate (i.e. the protein to
be glycosylated)), a de-synchronization between (i) speed of trafficking, (ii) time of residence of the
glycosylation machinery in each cisterna and (iii) efficiency of the glycosylation reaction may lead in
improper Golgi glycosylation functions. Overall, Golgi Mn”", Ca’" and H" homeostasis are intimately
related and disturbance in one of them may reverberate to the other(s). As depicted in Figure 75, in case

of TMEM165 deficiency, Golgi glycosylation defects may result from alterations in one or all of them.
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Figure 75: Importance of Golgi ion homeostasis to sustain glycosylation reactions. The scheme
depicts the key players in the regulation of pH and Mn’"/Ca™* Golgi homeostasis. In case of TMEMI165
deficiency, Mn”" homeostasis is altered, mainly in the medial-/trans-Golgi impairing the activities of specific GTs.
One can imagine that Ca” homeostasis is also affected by a lack of TMEMI165 since it is supposed to act as a
Mn’"/Ca’" antiport. An accumulation of Ca’" in the Golgi would favor faster trafficking events resulting in
shorter retention time of the glycoprotein in each Golgi compartment.
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4. TMEMI165 and SPCA1 in human related diseases
4.1. TMEM165 and SPCA1 deficiencies

Based on our work and literature, TMEM165 and SPCAIl are two proteins highly involved in
intracellular Ca’" and Mn”" homeostasis. While pathogenic mutations in TMEM165 cause a type Il CDG
[64], ATP2CI happloinsufficiency results in a skin disorder named Hailey-Hailey Disease (HHD)
[249,250]. TMEM165-CDG, together with SLC39A8-CDG [67], are the two first CDGs in which Golgi
glycosylation defects result from a primary disorder in cellular Mn”" metabolism. With regards to HHD,
this skin disorder characterized by the loss of cell-to-cell adhesion between keratinocytes apparently
results from insufficient Ca’" levels within the epidermis. In particular, cultured HHD keratinocytes
have elevated [CaH]Cywm] and are less responsive to increasing extracellular [Ca®"] than healthy cells
suggesting that mutations in ATP2CI alter intracellular Ca’" regulation in both resting and stimulated
conditions. From our fundamental study on isogenic SPCA1 KO Hapl cells, we demonstrated a
functional link between TMEM165 and SPCAL. In this pathophysiological context of HHD, one can
imagine that mutations in ATP2CI may alter the functional interaction between SPCA1 and TMEM165.
Indeed, since keratinocytes differentiation is a Ca2+—dependent process, increasing cytosolic Ca’" levels
might promote the Ca’" import into the Golgi lumen through TMEM165 instead of Mn”" due to both
competition effect and altered SPCA1 function in Ca’™" pumping. As a consequence, Ca’" entry in the
Golgi apparatus may dilute intralumenal concentration of Mn’" and subsequently alter Golgi
glycosylation functions. So far, no glycosylation abnormalities have been observed in patients suffering
from HHD. However, since cell-to-cell adhesion between keratinocytes involved glycoproteins such as
desmosomal cadherines, it could be worth to further explore this idea. As a first step, we wanted to
confirm and extend our fundamental findings of a functional link between TMEM165 and SPCAT1 in the
pathophysiological condition of HHD. Therefore, we conducted a study in HHD patients’ keratinocytes
and fibroblasts to investigate whether the partial loss of SPCA1 had on impact on TMEM165 expression,
subcellular localization and Mn”"-induced degradation [462]. Actually, no change in TMEM165 stability
was observed between patients and healthy individuals” fibroblasts. However, while applying a MnCl,
pressure, TMEM165 became highly sensitive to lower MnCl, concentrations in both patients’ fibroblasts
and keratinocytes compared to healthy individuals. This undoubtedly links the functionality of SPCA1 to
the stability of TMEM165 in both HHD fibroblasts and keratinocytes upon MnCl, exposure. This result
suggests the use of the Mn”"-induced degradation of TMEM165 to monitor the functionality of SPCA1
in HHD patients’ cells.
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So far, both TMEM165 and SPCAT1 deficiencies resulted in altered Mn’" and/or Ca’" homeostasis at the
cellular levels, culminating in very different clinical phenotypes between a multi-systemic disorder
(TMEM165-CDG) and a much localized skin disorder (HHD) at the body level. Conversely, TMEM165
and SPCA1 have also been identified in other pathophysiological contexts such as cancers, where both

proteins are found overexpressed.

4.2. TMEM165 and SPCA1 overexpression in cancers

Apart from being involved in a CDG, TMEM165 was recently reported overexpressed in several human
cancers including breast and hepatocellular carcinomas [519,520]. With regards to different breast
cancer subtypes, TMEM165 becomes highly expressed according to the invasiveness of the cancer and
this higher expression is correlated with poor prognosis in breast cancer patients. In healthy conditions,
it is known from literature that TMEM165 is up-regulated by 25 times in lactating mammary glands
where it acts in Golgi Ca’" and Mn”" homeostasis maintenance to sustain and support proper lactose
synthase functions during milk production [260,504]. However, in case of breast cancer, TMEM165 up-
regulation was shown to promote cell migration, invasiveness and tumor growth presumably by
inducing an overall N-glycosylation change in breast cancer cells. These changes in glycosylation are
thought to promote the expression of key glycoproteins involved in the regulation of epithelial-
mesenchymal transition, a cellular process critical to initiate cancer metastasis [519]. Apart from
TMEM165, SPCAT is also implicated in breast cancers being highly expressed in basal-like breast cancers
compared to its rather low expression in luminal subtypes [521—523]. In two separate studies led in the
breast cancer cell line MDA-MB-231, authors highlighted that SPCA1 overexpression led to higher
Ca’'levels within the secretory pathway. This Ca’" increases was assumed to (i) contributed to the
proteolytic processing of the pro-insulin-like growth factor 1 receptor (IGF1R) protein whose higher
expression in breast cancers has been associated to cancer initiation, evasion of apoptosis and cell
proliferation [521] and (ii) might initiate a mineralization process in the secretory pathway, culminating
in the formation of microcalcifications, which are a typical radiographic signature of breast cancers
[523]. Given that TMEM165 knockout in the breast cancer cell line MDA-MB-231 results in significant
reduction of cell migration and tumor growth, TMEM165 up-regulation is thought to be a good marker
of breast cancer invasiveness, placing it at a potential therapeutic target [519]. Similarly, ATP2CI
silencing in MDA-MB-231 cell line (i) reduces the levels of functional IGFIR concomitantly to the
higher accumulation of its inactive form in the TGN and also (ii) significantly reduces the formation of
microcalcifications [523]. Altogether, SPCA1 up-regulation is assumed to be a potential marker for

basal-like breast cancers also making it a potential target in the treatment of this specific breast cancer.
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Appendix

Appendix I: Anomalies congenitales de la glycosylation (CDG) : 1980-
2020, 40 ans pour comprendre.

Appendix II : Dissection of TMEM165 function in Golgi glycosylation and

its Mn”" sensitivity

309

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

310

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Thése de Marine Houdou, Université de Lille, 2020

Appendix I :
Anomalies congenitales de la glycosylation (CDG) :

1980-2020, 40 ans pour comprendre.
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> La glycosylation est un processus cellulaire com-
plexe conduisant a des transferts successifs de
monosaccharides sur une molécule acceptrice, le
plus souvent une protéine ou un lipide. Ce proces-
sus est universel chez tous les organismes vivants
et est tres conservé au cours de I’évolution. Chez
’lhomme, des perturbations survenant au cours
d’une ou plusieurs réactions de glycosylation sont
a l'origine de glycopathologies génétiques rares,
appelées anomalies congénitales de la glycosyla-
tion ou congenital disorders of glycosylation (CDG).
Cette revue propose de revisiter ces CDG, de 1980 a
aujourd’hui, en présentant leurs découvertes, leurs
diagnostics, leurs causes biochimiques et les trai-
tements actuellement disponibles. <

Le processus de glycosylation :
entre acteurs et régulateurs

Les acteurs au ceeur de la réaction de glycosylation
La glycosylation est une modification post-traductionnelle a
laquelle différents acteurs participent : (1) des enzymes de
glycosylation (glycosyltransférases [GT] et glycosylhydro-
lases [GH1), (2) différents nucléotides sucres mono/diphos-
phate (NM/DP-sucres), (3) des transporteurs de nucléotides
sucres (TNS), et (4) des molécules acceptrices, le plus
souvent une protéine, un lipide ou un monosaccharide. Ces
réactions se déroulent principalement dans le réticulum
endoplasmique granuleux (REG) et/ou I'appareil de Golgi,
possédant un environnement ionique spécifique, en termes
de pH et d’ions divalents, nécessaire a I'activité des diffé-
rentes GT pour la formation d’une liaison covalente entre un
monosaccharide et la molécule acceptrice (Figure 1).

Réle des glycosyltransférases golgiennes dans

le transfert des nucléotides sucres mono/diphosphate
Les glycosyltransférases (GT) sont les enzymes au coeur
de la glycosylation. Selon leur structure, elles peuvent

Vignette (Marquage de la lectine VVL dans les cellules HEK déficientes pour TMEM 165,
© Marine Houdou).
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étre classées en deux grandes familles : les GT de type A (GT-A) et
les GT de type B (GT-B). Les GT-A ont une conformation telle que les
acides aminés constituant leur site catalytique forment un motif
structural de type « pli Rossmann »! qui se retrouve communément
dans la structure des protéines liant les nucléotides. Outre ce pli, les
GT-A possédent également dans leur structure un motif DXD (D étant
un acide aspartique et X n’importe quel acide aminé) permettant la
liaison d’un ion divalent impliqué dans la stabilisation du nucléo-
tide sucre diphosphate (NDP-sucre) au niveau du site catalytique de
enzyme. La plupart de ces enzymes requiérent comme cofacteur le
manganese (sous forme ionique Mn%") qui est essentiel pour leurs acti-
vités [1]. Les GT-B ne possédent, quant a elles, pas de motif DXD et
sont donc considérées comme des enzymes métal/ion-indépendantes.
Les GT sont toutes des protéines transmembranaires de type II,
dont le domaine catalytique, porté par la partie en C-terminal de
la protéine, est exposé dans la lumiere de I'appareil de Golgi. Ces
enzymes possedent différents degrés de spécificité selon que I’on
considére le substrat « donneur », la molécule « acceptrice » et
I’anomérie (-ot ou —f3) de la liaison glycosidique qu’elles catalysent.
Chez ’homme, les GT ont pour substrats donneurs les principaux
NM/DP-sucres que sont : I'uridine diphosphate-glucose (UDP-Glc),
I’UDP-galactose (UDP-Gal), "UDP-N-acétylglucosamine (UDP-Glc-
NAc), I’"UDP-N-acétylgalactosamine (UDP-GalNAc), I"UDP-acide
glucuronique (UDP-GIcA), I’UDP-xylose (UDP-Xyl), le guanosine
diphosphate-mannose (GDP-Man), le GDP-fucose (GDP-Fuc) et le

! Structure composée d’un feuillet B fait de 6 brins en paralléle, liés & deux paires d’hélice o..
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Perturbation de ’environnement ionique
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Figure 1. Acteurs principaux requis au cours d’une réaction de glycosylation dans la lumiére de ’appareil de Golgi. La réaction de glycosylation met

en jeu des acteurs primaires : une glycosyltransférase (GT), ici une fucosyltransférase ; un substrat donneur, le GDP-fucose et une molécule accep-

trice, une N-glycoprotéine (cadre en pointillé rouge). Cette figure illustre également les acteurs secondaires nécessaires & cette réaction, en par-

ticulier des éctonucléotidases, différents transporteurs de cations (Mn?*, Mg?, Ca®*), de protons (H*) et de phosphate inorganique (Pi). Les enca-

drés en pointillé gris indiquent les causes principales de dérégulation du processus de glycosylation, pouvant aboutir a des Congenital Disorders

of Glycosylation (CDG). Le point d’interrogation représente un ion dont la nature reste a spécifier. SPCAL : secretory pathway Ca®/Mn* ATPase ;

SLC35C1 : solute carrier transporter 35C1 ; TMEM165 : transmembrane protein 165 ; TNS : transporteur de nucléotides sucres mono/diphosphate.

cytosine monophosphate-acide sialique (CMP-Sia). Tous ces mono-
saccharides dits « activés » sont préalablement synthétisés dans le
cytoplasme a I’exception du CMP-Sia dont la derniere étape de syn-
thése se déroule dans le noyau. Une fois générés, ces NM/DP-sucres
sont transportés par des transporteurs de nucléotides sucres qui
leurs sont spécifiques.

Import des nucléotides sucres

par les transporteurs golgiens de NM/DP-sucres

Les transporteurs de NM/DP-sucres (TNS) sont des protéines trans-
membranaires appartenant a la famille tres conservée des SLC35
(solute carrier transporter 35) [2]. Les TNS golgiens importent du
cytoplasme dans la lumiere de I'appareil de Golgi un NM/DP-sucre
(NDP) et, simultanément, exportent la forme monophosphate du
nucléotide (NMP) correspondant vers le cytoplasme. Ceci est permis
grdce a I'action d’ectonucléotidases qui hydrolysent les NDP générés
par la réaction de glycosylation en produisant le NMP et du phosphate
inorganique (Pi) (Figure 1). La localisation subcellulaire de chaque
transporteur est encore mal connue, mais elle est supposée calquer
celle des GT afin que "apport en nucléotides-sucres soit suffisant pour
leurs activités.

m/s n® 8-9, vol. 36, aolit-septembre 2020

Réle des glycosylhydrolases dans la maturation

et la dégradation des structures glycanniques

A coté des glycosyltransférases, les glycosylhydrolases
(GH), ou glycosidases, sont également des enzymes
clefs du processus de glycosylation, étant responsables
de ’hydrolyse des liaisons glycanniques libérant un ou
plusieurs monosaccharides. Leurs actions sont essen-
tielles dans la maturation des structures glycanniques
générées au cours de la N-glycosylation. Ces enzymes
ont également un rdle trés important dans le recyclage
de certains monosaccharides via la dégradation des
structures glycanniques.

La régulation de la glycosylation

La glycosylation est un processus tres conservé au
cours de I"évolution. Il est universel chez tous les
organismes vivants, procaryotes et eucaryotes, uni-
cellulaires et pluricellulaires. Néanmoins, au sein
d’un méme organisme, différentes voies de glyco-
sylation coexistent, générant une grande diversité
et complexité de structures glycanniques (Figure 2).
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Figure 2. Représentation schématique du lieu d’initiation (noyaux invariants) et de maturation des structures glycanniques associées aux dif-

férentes voies de glycosylation. Le réticulum endoplasmique granuleux (REG) et I’appareil de Golgi sont schématiquement représentés par les

encadrés en pointillé violet et rose, respectivement. A droite dans le cadre en pointillé gris, la voie de glycosylation cytoplasmique est également

illustrée. La nature des différentes liaisons a été omise dans la schématisation des structures glycanniques matures par souci de lisibilité. o et 3

représentent I"anomérie de la liaison, Asn : asparagine, GAGs: glycosaminoglycannes, GPI : glycosylphosphatidyl inositol, n : nombre de répétitions

du motif, P: phosphate, Pl : phosphate inositol, Ser : sérine, Thr : thréonine.

Ce processus se doit donc d’étre finement régulé afin d’assurer la
fidélité des structures glycanniques qui seront retrouvées sur les
protéines et/ou les lipides. Cette régulation est fondamentale et
son altération est dramatiquement illustrée par I’existence des
maladies génétiques rares et multi-systémiques, que I’on appelle
anomalies congénitales de glycosylation (congenital disorders of
glycosylation, CDG).

De nombreux travaux ont été entrepris afin de comprendre les
mécanismes de régulation de la glycosylation, dont un dysfonc-
tionnement a également été associé a de nombreuses autres
maladies acquises, telles que certains cancers, le diabéte et la
mucoviscidose [3,4]. Plusieurs facteurs impliqués dans cette déré-
gulation ont d’ores et déja été identifiés. Certains intéressent les
protéines qui sont au cceur des réactions enzymatiques : les GT,
les GH, les TNS, ou I’activation et la présentation des précurseurs
oligosaccharidiques principalement. D’autres sont indirectement
liés a ce processus, notamment des protéines impliquées dans la
localisation subcellulaire (organisation, distribution des acteurs
de la glycosylation) ou le maintien de I’homéostasie de I’appareil
de Golgi.
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Les anomalies congénitales de glycosylation

Les CDG sont qualifiées de maladies rares. La déficience
d’une des étapes du processus peut s’avérer [étale pour
I’embryon et les patients atteints de CDG, dits « hypo-
morphes »?, conservent une activité résiduelle malgré
les déficiences génétiques altérant différentes voies de

la glycosylation.

Jaak Jaeken, pére des CDG

Les premiers cas de CDG furent identifiés en 1980 par
le Professeur Jaak Jaeken a 'université de Louvain en
Belgique [5]. Deux sceurs jumelles monozygotes pré-
sentaient un retard psychomoteur associé a un ralen-
tissement de la propagation de Iinflux nerveux et a
des anomalies de glycosylation retrouvées sur de nom-
breuses protéines sériques, principalement un défaut
de sialylation [6]. Quinze ans plus tard, les travaux de

? Se dit d’un alléle qui réduit la fonction d’un produit génique sans I’éliminer.
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van Schaftingen, Matthijs et Jaeken mirent en évidence chez ces deux
sceurs des mutations dans le gene PMM2, codant la phosphomanno-
mutase 2 (PMM2), associées a un déficit de I’activité de I’enzyme et
responsables des anomalies de glycosylation observées [7, 8]. PMM2
est I’enzyme qui permet la conversion du mannose-6-phosphate
en mannose-1-phosphate lors de la synthese du GDP-mannose, un
nucléotide sucre fondamental pour la synthese du précurseur oli-
gosaccharidique dans le REG, initiant la N-glycosylation. Le déficit
en PMM2 est a I'origine d’une hypoglycosylation des protéines qui
est caractéristique d’un profil CDG dit « de type | ». Aujourd’hui, ce
déficit reste celui dont la fréquence est la plus importante, avec plus
de mille cas rapportés dans le monde.

CDG et voies de glycosylation
La majorité des cas de CDG identifiés au cours des quarante derniéres
années se traduit par des défauts touchant la
N-glycosylation. €n 2004, Dupré et al. avaient

(=) Voir la Synthése
deT. Dupré et al.,
m/s n° 3, mars 2004,
page 331

publié une revue dans médecine/sciences qui
était dédiée aux anomalies congénitales des
N-glycosylprotéines [9] (=P).

Ils y décrivaient, entre autres, les bases de la compréhension des
mécanismes de la N-glycosylation des protéines. Ce processus origi-
nal s’initie dans le REG et se poursuit dans I"appareil de Golgi. Dans le
REG, les principales étapes de la synthese des N-glycoprotéines font
intervenir d’une part la synthese d’un précurseur oligosaccharidique
lipidique, de structure GlcsManyGlcNAc,-P-P-dolichol (P, phosphate),
et d’autre part, son transfert « en bloc » sur I’asparagine (Asn) de la
séquence consensus Asn-X-Ser/Thr (X représentant tout acide aminé
excepté Pro) portée par la protéine acceptrice. S’en suivent I"action
de différentes GH impliquées dans I"acquisition du repliement correct
des N-glycoprotéines et, enfin, leurs adressages, via le trafic vésicu-
laire, vers ’appareil de Golgi. Les structures N-glycanniques subissent
ensuite une maturation lors du cheminement de la N-glycoprotéine
dans les différents saccules de I'appareil de Golgi. U'activité de
mannosidases golgiennes est nécessaire a I’action séquentielle des
GT qui conduit a la formation de structures glycanniques complexes
ou hybrides (Figure 2). Outre la N-glycosylation, bon nombre de gly-
copathologies génétiques rares impactent d’autres - voire plusieurs
- voies de glycosylation au sein d’une méme cellule : la 0-glycosy-
lation (0-fucosylation, 0-GlcNAcylation, 0-GalNAcylation, 0-gluco-
sylation), la synthése des glycosaminoglycanes (GAG), la synthése
des ancres glycosylphosphatidylinositol (GPI) (ou glypiation), la
0-mannosylation de I"at-dystroglycan et la synthese des glycolipides
[10]. Chacune de ces voies s’initie dans un compartiment cellulaire
particulier, généralement le REG et/ou "appareil de Golgi, et génére
pléthore de structures glycanniques (Figure 2).

Cent-trente-trois génes ont été associés a différents CDG [10,
11]. La Figure 3 présente un panorama du nombre de génes mutés,
de la voie de glycosylation que ces mutations affectent, et de la
localisation subcellulaire des protéines codées par ces génes et
qui sont impliquées dans ces CDG. Bien que ces derniéres se loca-
lisent majoritairement dans le REG et "appareil de Golgi, certaines
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sont retrouvées dans le compartiment intermédiaire
(ERGIC), le cytoplasme et & la membrane plasmique.
Cette multiplicité des voies de glycosylation affectées
participe tres certainement a I'extréme diversité des
phénotypes cliniques rencontrés.

Quel(s) diagnostic(s) pour les CDG ?

La plupart des CDG sont des maladies multi-systé-
miques et 177 phénotypes cliniques différents ont été
identifiés. lls ont été classés par organes/systémes et
chacun associé a un CDG [11]. Le diagnostic de ces
pathologies est ainsi difficile et I'isoélectrofocalisation
(I€F) de la transferrine sérique reste, avec la chro-
matographie d’échange d’ions et la spectrométrie de
masse, la technique de référence pour leur dépistage.
Cette méthode de séparation des protéines selon leur
point isoélectrique a été a I’origine du diagnostic bio-
chimique des premiers cas de CDG ayant pour origine
des mutations du géne PMM2 en 1984 [6]. Fondée sur
I’état de sialylation des deux chaines de N-glycannes
portées par la transferrine, elle permet d’identifier et
de distinguer les patients (Figure 4A). Une dérégulation
de la N-glycosylation au niveau de la synthese et/ou
du transfert du précurseur oligosaccharidique GlcsMan-
,GlcNAc, produit en effet une sous-occupation des sites
de N-glycosylation de la protéine et caractérise un CDG
de type | (CDG-I). Les profils de type | présentent ainsi
une diminution des formes tétra-sialylées de la trans-
ferrine et une augmentation des formes di et/ou asialy-
lées (Figure 4A). Une perturbation de la N-glycosylation
en aval du transfert du précurseur oligosaccharidique
génére en revanche "apparition de structures N-glycan-
niques dites « tronquées » caractéristiques des CDG de
type Il (CDG-11). Dans ce cas, les deux sites de N-glyco-
sylation sont occupés mais le nombre d’acides sialiques
terminaux varie. Une augmentation globale des formes
tri-, di-, mono- et/ou asialylées de la transferrine est
alors évocatrice d’un profil CDG de type Il (Figure 4A).
La détection des glycoformes de la transferrine sérique
présente néanmoins certaines limites. €lle ne permet
I’identification que de patients dont le déficit touche
la N-glycosylation des protéines hépatiques. Il est donc
souvent important d’examiner I'intégrité d’autres voies
de glycosylation, en particulier la 0-glycosylation. Le
dépistage des anomalies de 0-glycosylation est fondé,
comme pour la transferrine, sur des méthodes de sépa-
ration de protéines comme I'I€F et/ou I’électrophorése
bidimensionnelle appliquées a I'apolipoprotéine C-llI
(ApoC-111) [12]. A la différence de la transferrine,
’ApoC-Ill n’est pas N-glycosylée mais 0-glycosylée.
Elle comporte une unique chaine 0-glycannique de type
mucine core I constituée d’une N-acétylgalactosamine,



These de Marine Houdou, Université de Lille, 2020

Cytoplasme (20)

N-glycosylation (4)
Synthése des NM/DP-sucres
PMM2, MPI, GMPPA, GMPPB

0-glycosylation (2)
£0GT, 0GT

Multiples voies
de glycosylation (14)
Synthése du dolichol
DHDDS
Synthése des monosaccharides

CAD, GFPT1, GNE, NANS, PGM1, PGM3

Synthése des NM/D-P-sucres
cPs2
Complexe V-ATPase
ATP6VIA, ATP6V1E
Déglycosylation
NGLY1
Synthése des GAGs
PAPSS2
Trafic vésiculaire
TRAPPC6B, TRAPPCI2

Noyau

Cytoplasme (20)

REG (55)

REG (55)

N-glycosylation (22)
ALGI, ALG2, ALG3, ALG6, ALGS,
ALGY, ALGI1, ALG12, ALGI3,
ALG14, DDOST, DPAGTI, MOGS,
GANAB, PRKCSH, RFT1, STT3A,
STT3B, SSR3, SSR4, TUSC3,
MAGTI

0-glycosylation (5)
0-fucosylation
B3GLCT

Synthése des ancres GPI/GSL (14)
GPAAL, PIGA, PIGC, PIGG, PIGL,
PIGM, PIGN, PIGO, PIGQ,
PIGT, PIGY, PIGW, PIGY, PGAPI

Multiples voies
de glycosylation (14)
Synthése du dolichol
DOLK, NUS1, SRD5A3
Utilisation/recyclage du dolichol
DPM1, DPM2, DPM3, MPDUI

cis-

€RGIC (4)

€RGIC (4)

Diverses voies
de glycosylation (4)
CoPIl
SEC23A, SEC23B
Homéostasie ionique
TMEMI199, CCDC115

0-xylosylation/
0-GalNAcylation/GAGs
CIGALTICI, DSE, SLC35D1
0-glucosylation
POGLUTI

Complexe V-ATPase
ATP6API, ATP6AP2
Trafic vésiculaire
SEC63, TRAPPCII
Autres
G6PC3, G6PTI, JAGNI

Membrane plasmique et sarcolemme (14)

Membrane plasmique/sarcolemme
(14)
Multiples voies
de glycosylation (2)
Transporteurs
SLC26A6, SLC39A8

0-mannosylation (ct-dystroglycan)(12)
B3GALTN2, B4GATI, FKTN, FKRP,
ISPD, LARGE, POMGNTI POMGNT2,
POMK, POMT1, POMT2, TMEMS

median trans- et TGN

Appareil de Golgi (42)
Appareil de Golgi (42)
N-glycosylation (2)

GT et GH
MANI1BI, MGAT2

Multiples voies
de glycosylation (19)
GT

B4GALTI, FUTS,
GNPTAB, ST3GAL3
NS
SLC35A1, SLC35A2,
SLC35A3, SLC35CI
Trafic vésiculaire/
organisation du Golgi
C0G1, C0G2, C0G4, COGS5,
C0Gé, C0G7, COGS,
TRIP11, VPS13B
Complexe V-ATPase

0-glycosylation (17)
0-fucosylation
LFNG, POFUTI
0-xylosylation/
0-GalNAcylation/GAGs
B4GALT7, B3GALT6, BSGATS, CHSTS,
CHST6 CHST14, CHYS1, CSGALNACTI,
EXT1, EXT2, EXTL3, GALTNS3, SLC10A7,
XYLT1, XyLT2

Synthése des ancres GPI/GSL (4)

. f ATP6V0A2
Glycosylation des lipides Homéostasie ionique
B4GALTNI, ST3GALS TMEM165

Synthése des ancres GPI
PGAP2, PGAP3

Figure 3. Panorama de la localisation subcellulaire différentielle des protéines mutées impliquées dans les anomalies congénitales de la glycosylation

(congenital disorders of glycosylation [CDG]). Les différentes voies de glycosylation affectées y sont répertoriées ainsi que le gene déficient iden-

tifié. Le nombre de genes impliqués dans chaque voie de glycosylation et associés a chaque compartiment subcellulaire, est indiqué entre paren-

theses. ERGIC: endoplasmic reticulum to Golgi intermediate compartment ; NM/DP-sucres : nucléotides sucres mono/diphosphate ; REG : réticulum

endoplasmique granuleux ; GAG: glycosaminoglycannes ; GH: glycosylhydrolases ; GPI: glycosylphosphatidyl inositol ; GT : glycosyltransférases ;

TGN : trans-Golgi Network ; TNS : transporteur de nucléotides sucres.

d’un galactose et de deux acides sialiques (Figure 4B). Les profils de
migration de la protéine résultant du nombre d’acides sialiques qu’elle
porte témoignent ou non d’une anomalie de 0-glycosylation.

Le diagnostic biochimique nécessite d’étre complété par un diagnostic
moléculaire afin d’identifier précisément la mutation génétique cau-
sale. Des avancées majeures ont été permises grace a I"avenement de
techniques de pointe en génomique, comme illustré par la revue de Ng
et Freeze [10] qui montre I’intérét du séquencage de I’exome entier
(whole exome sequencing ou WES) dans le diagnostic génétique des
(DG avec, entre 2010 et 2017, 51 cas identifiés (sur les 177 nouveaux
cas de CDG) par cette méthode. Un arbre décisionnel pour le diagnostic
a également été proposé par Francisco et al. [11].

€volution de la nomenclature des CDG

La premiere tentative de classification des CDG en deux grandes
familles (I et 1) repose sur les résultats de profilage obtenu par IEF de
la transferrine sérique (Figure 44). Les différents CDG se distinguaient
ensuite les uns des autres par une lettre, écrite en minuscule et par
ordre alphabétique selon ordre chronologique de leur découverte.

m/s n® 8-9, vol. 36, aolit-septembre 2020

Le CDG causé par une déficience en PMM2 fut ainsi
nommé CDG-la. Suite au nombre croissant de nouveaux
genes identifiés, ce systeme de classification atteignit
rapidement ses limites. Cette nomenclature ne permet-
tait, aussi, que de classer les CDG déficients pour la
N-glycosylation et occultait la nature des genes mutés
[13]. Depuis 2009, un nouveau systéme de nomen-
clature a été développé prenant en compte ces deux
aspects. Chaque CDG est désormais nommé par le gene
déficient, écrit en capitale sans italique, accolé du
suffixe « -CDG » [14, 15] : le CDG-la est ainsi identifié
par PMM2-CDG.

Une ére nouvelle pour les CDG

Malgré le nombre important d’enzymes et de protéines
impliquées dans les différentes voies de glycosylation,
force est de constater qu'une grande majorité des CDG
est causée par des mutations de genes qui codent
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Figure 4. lllustration du diagnostic biochimique des Congenital Disorders of Glycosylation (CDG). Résultats schématiquement représentés issus de

I'isoélectrofocalisation (IEF) de la transferrine (A.) et de I"apolipoprotéine-C Ill (ApoC-111) (B.), deux protéines sériques d’origine hépatique. Ces

|EF permettent d’orienter le diagnostic biochimique des CDG. A. L'IEF de la transferrine permet Iidentification d’anomalies de N-glycosylation par

le port de 2 chaines N-glycanniques. Selon le nombre d’acides sialiques présents et les proportions de chaque glycoforme, deux profils se dis-

tinguent reflétant un CDG-1 ou un CDG-II. B. LI€F de I’ApoC-I1Il permet quant a elle 'identification d’anomalies de 0-glycosylation reflétées par le

nombre de molécules d’acide sialique présentes sur le motif 0-glycannique de type mucine core I.

des protéines participant directement aux réactions de glycosylation
(GT, GH et TNS, principalement). Néanmoins, I’apparition d’un nou-
veau sous-groupe de patients présentant des altérations perturbant
la dynamique du trafic intravésiculaire ou I’homéostasie ionique de
I’appareil de Golgi, notamment celles du pH et du manganese (Mn%")
a rendu plus complexe la définition de la maladie (Figure 5). Outre
I’extréme hétérogénéité des déficiences désormais identifiées, ces nou-
veaux phénotypes permettent de caractériser de nouveaux acteurs de
la régulation du processus de glycosylation qui sont encore méconnus.

CDG et trafic intravésiculaire

Importance du trafic intravésiculaire golgien

La compartimentation cellulaire, qui permet la réalisation concomitante
de nombreuses réactions biologiques, est une caractéristique fonda-
mentale des cellules eucaryotes. Chaque organite étant délimité par une
ou plusieurs bicouches lipidiques, la communication entre les comparti-
ments ainsi que la composition et le recyclage de ces membranes, sont
essentielles au maintien d’un environnement optimal (en termes de pH,
homéostasie ionique, concentration en protéines et lipides).

m/s n® 8-9, vol. 36, aolit-septembre 2020

Cette communication repose sur un ensemble de vési-
cules transitant depuis le REG vers la membrane plas-
mique via I’appareil de Golgi (trafic antérograde) et,
a linverse, a partir de la membrane plasmique vers
le réticulum en passant par I'appareil de Golgi (trafic
rétrograde).

Siege de nombreuses modifications post-traduction-
nelles, dont les réactions de glycosylation, I’appareil
de Golgi est I'un des organites les plus dynamiques
de la cellule [16]. Son organisation particuliére en
sous-compartiments, appelés citernes (ou saccules),
requiert une distribution et une localisation correctes
de tous les acteurs moléculaires nécessaires a sa
fonction, en particulier aux processus de glycosyla-
tion (Figure 5). ’appareil de Golgi peut compter une
douzaine de saccules polarisés (définissant 4 zones :
le cis-Golgi, le médian-Golgi, le trans-Golgi et le
réseau trans-Golgi [TGN]) suffisamment proches les
uns des autres pour former un organite compact. Il est
entouré de nombreuses vésicules qui ont pour principale
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Figure 5. Représentation schématique des mécanismes cellulaires impliqués dans la régulation de la localisation subcellulaire des GT et de leurs

activités. D’une part, le complexe COG assure la localisation correcte des GT via le trafic rétrograde. D’autre part, la V-ATPase et TMEM165

régulent les homéostasies du pH et du Mn?* de I’appareil de Golgi, requises pour I’activité de ces GT. Uensemble de ces mécanismes est essentiel

a la génération de structures glycanniques matures correctes. Tout dysfonctionnement de ces mécanismes engendre un CDG. Le point d’inter-

rogation représente un ion dont la nature reste a spécifier. COG : Conserved Oligomeric Golgi, TMEM165 : Transmembrane protein 165, TGN :

Trans-Golgi Network.

fonction d’acheminer et de recycler des enzymes dans des citernes
spécifiques. La dynamique de ce compartiment est telle que la moindre
faille dans la formation, "adressage et la fusion des vésicules a des
conséquences désastreuses.

Au cours de la derniere décennie, les travaux portant sur les protéines
du complexe COG (conserved oligomeric golgi) ont révélé son rdle
essentiel dans le trafic rétrograde intravésiculaire golgien, et son impli-
cation dans la glycosylation golgienne. Le complexe COG est constitué
de huit sous-unités, COG1 a COG8, réparties en deux lobes distincts : le
lobe A formé des sous-unités COGl a 4, et le lobe B qui comprend les
sous-unités COG5 a 8. Ces deux lobes sont associés par une interaction
établie entre les sous-unités COG1 du lobe A et COG8 du lobe B. Chaque
sous-unité du complexe peut interagir avec différentes protéines qui
participent au trafic intravésiculaire, telles que les SNARE (soluble
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N-ethylmaleimide-sensitive-factor attachment protein
receptor) et les GTPase Rab, les protéines de fusion et
d’adressage des vésicules [17].

Perturbation du trafic intravésiculaire golgien et CDG

L'importance du complexe COG dans I’adressage et le
recyclage des enzymes de glycosylation golgiennes a
été révélée par la mise en évidence de déficits de 'une
des sous-unités du complexe chez des patients souf-
frant de CDG-II. Les premier cas, découverts en 2004,
impliquaient COG7 [18]. Il s’agissait d’un frére et d’une
sceur, présentant les symptomes cliniques d’un CDG
(une hypotonie, une asphyxie périnatale et une dys-
morphie - oreilles basses, peau lache et ridée). IIs sont
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décédés respectivement apres cing et dix semaines de vie des suites
d’infections répétées et d’insuffisance cardiaque. Les profils d’IEF
de la transferrine et d’Apoc-IIl étaient anormaux et une diminution
de Iactivité de deux GT, impliquées dans I’élongation des structures
N- et O-glycanniques, a été observée. Un lien entre intégrité du trafic
intravésiculaire golgien (révélé par le déficit en COG7) et le processus
de glycosylation fut dés lors établi. De nombreuses mutations affec-
tant sept des huit sous-unités constitutives du complexe COG (COG3
étant I'exception) ont par la suite été identifiées [19-25]. Environ un
tiers des patients atteints de CDG-II présentent de telles mutations.
Les mécanismes par lesquels sont générés les défauts de glycosyla-
tion ont fait 'objet de nombreuses études et ont partiellement été
élucidés. Certaines déficiences perturbent notamment la structure
méme de I'appareil de Golgi et le trafic rétrograde intra-golgien de
vésicules contenant des protéines importantes pour les réactions de
glycosylation, telles que les GT et/ou les transporteurs de nucléo-
tides sucres (TNS). Plus qu’une localisation golgienne anormale, les
derniers travaux montrent une instabilité de certaines GT, résultant
d’un adressage lysosomal inadéquat, en particulier MGAT (GLcNAc
transférases 1 et 2), MAN2AL (a-mannosidase class 2A member 1),
B4GALT1 (B-1,4-galactosyltransferase 1) et ST6GALL (B-galactoside
alpha-2,6-sialyltransferase 1) [26, 27]. Ualtération du complexe COG
est donc a l'origine de la déplétion d’acteurs clefs de la glycosylation
golgienne provoquant les défauts de N- et O-glycosylation observés
chez tous les patients COG-CDG.

CDG et pH de ’appareil de Golgi

Régulation du pH de ’appareil de Golgi

La régulation du pH de I'appareil de Golgi repose principalement sur
I’activité de trois familles de protéines : les ATPases vacuolaires, encore
appelées ATPases de type V (V-ATPase), qui importent des protons du
cytoplasme vers la lumiére de 'appareil de Golgi ; les canaux de fuite a
protons, permettant d’ajuster finement le pH ; et les canaux ioniques qui
assurent I'influx d’anions ou I'efflux de cations pour maintenir le poten-
tiel membranaire [28,29]. Nous ne présenterons que les V-ATPase dont
les altérations ont été révélées chez des patients CDG.

Les V-ATPase se composent d’un domaine cytoplasmique V; et d’un
domaine transmembranaire V, chacun de ces domaines étant lui-
méme constitué de plusieurs sous-unités. Leur role dans "acidification
des organites de la voie de sécrétion a été démontré par I'utilisation
d’inhibiteurs spécifiques, tels que la bafilomycine Al et la concanamy-
cine A, qui conduit a une alcalinisation des compartiments acides de la
cellule et de 'appareil de Golgi [30].

Perturbation du pH de I’appareil de Golgi et CDG

Plusieurs mutations touchant différentes sous-unités de la V-ATPase
sont responsables de CDG-1I [31], révélant ainsi I'importance de la régu-
lation du pH de I'appareil de Golgi dans le processus de glycosylation
(Figure 5). Ainsi, des mutations du géne ATP6V0A2 codant la sous-unité
a2 du domaine V, de la V-ATPase, découvertes en 2008 par Kornak et
al. [32] affectent la fonctionnalité de la protéine avec une alcalinisa-
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tion de I'appareil de Golgi qui conduit a "apparition de
structures N- et O-glycanniques anormales, principa-
lement asialylées et agalactosylées. Le mécanisme par
lequel cette alcalinisation perturbe la glycosylation n’est
pas complétement élucidé. Deux hypotheses peuvent
toutefois étre proposées. Cette augmentation de pH
affecterait soit directement I"activité des enzymes de la
glycosylation, en particulier les sialyltransférases, soit
le trafic intracellulaire golgien, générant une mauvaise
localisation subcellulaire de ces enzymes [29, 33, 34].

D’autres mutations responsables de CDG-1I ont récem-
ment été identifiées dans les genes ATP6VIA et ATP6VIE]
qui codent respectivement les sous-unités A et €1 du
domaine V, de la V-ATPase [35] mais également des
mutations de genes codant des protéines accessoires
de la V-ATPase, comme ATP6API et ATP6AP2, ou encore
TMEM199 (transmembrane protein 199) et CCDC115
(coiled-coil domain containing 115). TMEM199 et
CCDCL15 sont les orthologues humains de deux pro-
téines de levure, Vmal2p et Vma22p, qui, avec Vma2lp,
constitue un complexe qui « chaperonne » I"assemblage
du domaine V; de la V-ATPase au niveau du REG [36,
37]. Le phénotype clinique des patients est assez par-
ticulier, avec notamment des niveaux de transaminases
sériques chroniquement élevés et un taux de cérulo-
plasmine sérique faible. Curieusement, le métabolisme
du cuivre est également altéré chez ces patients. Le
lien entre pH du Golgi, anomalies de la glycosylation et
perturbation du métabolisme du cuivre reste a explorer.

(DG et homéostasie golgienne
de I’ion manganése (Mn?)

Régulation de I’homéostasie golgienne du Mn?*

Le manganese (Mn) est un élément trace, essentiel a la
réalisation de nombreux processus cellulaires physiolo-
giques. Chez ’homme, la quantité totale de Mn, dont les
formes biologiquement actives sont les ions Mn?* et Mn®",
est comprise entre 10 et 20 mg. Son homéostasie est
principalement régulée par la balance absorption/excré-
tion. Les effets néfastes de I'accumulation du Mn dans
I’organisme sont bien documentés. Inhalé a forte dose
via des expositions répétées, il est neurotoxique, condui-
sant a un trouble neurologique appelé « manganisme »
similaire & la maladie de Parkinson [38]. Cependant,
aucun cas de carence en Mn n’avait été rapporté.

Perturbation de I’homéostasie du Mn?* et CDG

€n 2012, notre équipe a montré qu'une carence en Mn
au niveau de I'appareil de Golgi, reposant sur un déficit
en TMEM165, provoquait un CDG-I1 [39-41]. Par I'étude
de la fonction de TMEM165 et de son orthologue chez la



levure Saccharomyces cerevisiae, Gdt1p [42-44], ces travaux ont permis
d’établir un lien entre homéostasie golgienne du Mn? et processus de
glycosylation. TMEM165 est en effet un acteur majeur de la régulation de
I’homéostasie du Mn?* en permettant son import dans I"appareil de Golgi
(Figure 5). A ce niveau, le Mn?* est un cofacteur de nombreuses glyco-
syltransférases, qui, en s’associant au site catalytique, les rend actives.
La déficience en TMEM165 induirait une diminution de la concentration
de Mn? au niveau de la lumiére de I’appareil de Golgi et affecterait
principalement le transfert sur les glycoconjugés, des NDP-sucres, en
particulier ’'UDP-galactose et 'UDP-GalNAc. Chez les patients déficients
en TMEML165, toutes les voies de glycosylation sont donc affectées, ce qui
participe tres certainement aux anomalies osseuses séveéres observées.
In vitro, le déficit de Mn® dans les cellules déficientes en TMEM165
peut étre comblé par un apport exogéne en Mn?* qui permet la correc-
tion des défauts de glycosylation observés dans ces cellules [45-47].
Le mécanisme de cette restauration reste cependant encore incompris
mais I"importance du REG, en particulier des pompes SERCA (sarco
endoplasmic reticulum Ca®-ATPase) a été suggéré : en 'absence de
TMEM165, ce mécanisme permettrait de fournir en ions Mn%*via le REG,
’appareil de Golgi [47].

Récemment, un autre CDG-II affectant ’homéostasie cellulaire du Mn a
été rapporté. Il s’agit du SLC39A8-CDG, identifié en 2015 par Park et al.
[48]. Contrairement G TMEM165 qui est localisé au niveau de I'appareil
de Golgi, SLC39A8 est un transporteur de cations divalents situé a la
membrane plasmique. |l permet I'import des ions Mn?* et zinc (Zn?*) dans
le cytoplasme. Comme chez les patients TMEM165-CDG, une hypogalac-
tosylation massive des structures glycanniques associée a un phénotype
clinique osseux sévere sont observés chez les patients SLC39A8-CDG.

Quels traitements pour les CDG ?

Les résultats issus de la recherche combinés aux données cliniques
permettent une meilleure compréhension des mécanismes a I'origine
des défauts de glycosylation et permettent d’envisager, pour certains
patients CDG, de possibles traitements. Néanmoins, aucun traitement
ne permet aujourd’hui de corriger les atteintes sévéres, en particulier
neurologiques et osseuses, qui apparaissent chez ces patients au cours
de leur développement. Nous examinerons les principales avancées et
stratégies thérapeutiques actuelles ciblant les CDG [49].

Administration orale de monosaccharides et ions

Certains CDG résultent d’un déficit de protéines directement impliquées
dans la synthese ou le transport des nucléotides sucres. Dans certains
cas, des traitements relativement simples @ mettre en ceuvre sont envi-
sageables. Ils consistent en I’apport exogéne du monosaccharide/ion par
I’alimentation. Cette stratégie présente I"avantage d’étre relativement
inoffensive pour les patients et peu onéreuse. Selon le CDG considéré,
une administration orale de monosaccharide peut-étre combinée a
celle d’éléments traces, tels que les ions Mn?". A Pheure actuelle, cette
approche thérapeutique cible une dizaine de CDG et de nombreuses
revues rendent compte des différents traitements établis [49-53], dont
certains sont présentés ici.
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Le D-mannose

Le D-mannose est un monosaccharide qui participe a
plusieurs voies de glycosylation, dont la N-glycosy-
lation, la 0-glycosylation, la C-mannosylation et la
synthése des ancres GPI. Le premier cas de CDG ayant
bénéficié de ce traitement fut un patient atteint de
MPI (mannose phosphate isomérase)-CDG. U'apport
exogene de D-mannose compense dans ce cas le
déficit en mannose phosphate isomérase, I’enzyme
responsable de la conversion du fructose-6-phosphate
en mannose-6-phosphate. Ce mannose exogéne est
converti en mannose-6-phosphate par I’hexokinase. Il
est ensuite activé en GDP-mannose afin d’étre utilisé
par les GT. U'administration par voie orale de D-man-
nose (1 g/kg par jour en trois a quatre prises), tend a
normaliser le profil des glycoformes de la transferrine
sérique. Elle améliore considérablement les fonctions
endocriniennes et les facteurs de coagulation chez les
patients traités [51]. La posologie du D-mannose doit
cependant étre finement ajustée en raison d’effets
secondaires gastro-intestinaux et hématologiques. Ce
traitement ne s’applique que pour le MPI-CDG, et non
pour le PMM2 (phosphomannomutase 2)-CDG, dont la
déficience affecte la conversion du mannose-6-phos-
phate en mannose-1-phosphate. Le traitement chez
les patients souffrant de PMM2-CDG ne conduirait qu’a
une augmentation de mannose-6-phosphate et non a
celle de mannose-1-phosphate, produit par la PMM2.
Une stratégie pharmacologique d’encapsulation du
mannose-1-phosphate dans des liposomes, élaborée
par la société Glycomine, a été entreprise pour ces
patients. Cette approche prometteuse permettrait de
délivrer directement le nucléotide sucre manquant aux
cellules. Les premiers essais cliniques devraient débuter
prochainement.

Le L-fucose

Le L-fucose est un monosaccharide retrouvé dans dif-
férentes structures N- et 0-glycanniques ainsi que dans
les glycolipides. L'import de GDP-fucose dans I’appareil
de Golgi se réalise principalement grdce au transporteur
SLC35C1 (solute carrier family 35 member C1). Chez les
patients présentant un SLC35C1-CDG, "apport exogéne
de L-fucose tend a normaliser le défaut de glycosy-
lation. Le mécanisme de cette normalisation n’est
pas completement élucidé, mais il reposerait sur une
augmentation de la concentration cellulaire de GDP-
fucose, permettant ainsi son import dans I'appareil de
Golgi malgré 'altération de son tranporteur SLC35CI.
Chez ces patients, principalement immunodéficients,
ce traitement diminue les infections et normalise le
nombre de leucocytes circulants [51].
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Le D-galactose

L'import d’UDP-galactose dans I"appareil de Golgi repose sur I'activité
du transporteur SLC35A2 (solute carrier family 35 member A2). Un défaut
de galactosylation des structures N- et O-glycanniques, ainsi que de
certains glycolipides, est observé chez certains patients CDG. Ces défauts
ont des origines multiples et résultent soit d’'une moindre quantité
d’UDP-galactose (pour les PGM1[phosphoglucomutase 1]-CDG), soit
d’un défaut d’import d’UDP-galactose dans I"appareil de Golgi (pour les
SLC35A2-CDG), soit, enfin, d’une altération enzymatique de son transfert
sur les structures glycanniques (pour les SLC39A8-CDG et les TMEM165-
(DG). Le défaut de galactosylation chez ces patients est corrigé par
I’administration orale de D-galactose (entre 0,5 et 1,5 g/kg par jour)
[45, 49, 51]. Les mécanismes de la restauration sont néanmoins com-
plexes et different selon le déficit. Une conséquence constante faisant
suite a I'apport exogéne de D-galactose est néanmoins I’augmentation
du pool cytoplasmique d’UDP-galactose. Dans le cas du SLC35A2-CDG,
le mécanisme reste incompris mais impliquerait vraisemblablement
I’activité d’un autre transporteur golgien dans I'import d’UDP-galactose.
Pour le PGM1-CDG ot la conversion du glucose-6-phosphate en glucose-
1-phosphate est altérée, I'apport exogene de D-galactose favoriserait a
la fois la production d’UDP-galactose et d’UDP-glucose par I'action de
I’UDP-galactose 4-épimérase (GALE).

Le D-galactose et I’ion Mn**

Dans les cas particuliers de SLC39A8-CDG et TMEM165-CDG, un apport
exogene combiné de D-galactose et d’ion Mn* (sous la forme de
MnCl, ou de MnSQ,) semble &tre un traitement de choix. 'UDP-galac-
tose et les ions Mn?" étant les substrats et cofacteurs de la B-1,4-
galactosyltransférase (B4GALT1), leur apport exogéne permettrait de
stimuler son activité afin d’accroitre le transfert de galactose sur les
structures glycanniques. Dans le cas du SLC39A8-CDG, cette combi-
naison a donné des résultats prometteurs avec une normalisation des
défauts de glycosylation, associée a I’lamélioration de nombreux para-
métres biochimiques [48, 54]. Le principal inconvénient dans la mise
en place d’un tel traitement repose sur la toxicité du Mn. I doit donc
s’accompagner du contréle de nombreux parametres afin de prévenir
ces effets toxiques sur 'organisme. Pour la déficience en TMEM165,
des études in vitro menées sur des lignées de cellules HEK293 dans
lesquelles le géne TMEMI165 a été invalidé, ont d’ores et déja prouvé
I’effet bénéfique d’une supplémentation en D-galactose et en ions
MnZ* sur la restauration des profils de glycosylation des structures
N-glycanniques et des glycolipides produits par les cellules [45, 47].
Des essais cliniques utilisant cette combinaison sont actuellement en
cours de validation sur deux patients TMEM165-CDG.

Transplantations

Les CDG se caractérisent par une atteinte multi-systémique [11] et
dans 22 % des cas, le foie des patients est atteint, ce qui se traduit
par une cirrhose, une insuffisance hépatique ou, dans les cas les plus
séveres, une fibrose hépatique. C’est le cas, avec différents degrés
de gravité, des patients TMEM199-CDG, CCDC115-CDG, ATPAP1-CDG,
MPI-CDG, PMM2-CDG et PGM1-CDG [49]. Dans les cas de PMM2- et
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PGM1-CDG, les taux élevés de transaminases associés a
une stéatose confirment le dysfonctionnement du foie.
Néanmoins, la question d’une transplantation de foie
est délicate, puisque les taux de transaminases peuvent
se normaliser au cours du temps (pour les PMM2-CDG)
ou apres un traitement au D-galactose (pour les PGM1-
CDG). €n revanche, dans le cas d’une fibrose hépatique
avancée, que I’on observe principalement chez les
patients MPI-CDG, la transplantation est le seul moyen
de rétablir une fonction hépatique. Ces transplan-
tations ont été réalisées avec succes chez plusieurs
patients MPI-, ATP6AP1- et CCDC115-CDG.

Le foie n’est malheureusement pas le seul organe séve-
rement atteint chez certains patients. Pour les patients
DOLK (dolichol kinase)-CDG, des atteintes cardiaques
ont été rapportées et deux transplantations de coceur
ont été réalisées avec succes. Dans les cas d’immu-
nodéficiences séveres telles qu’on les observe chez
les patients PGM3 (phosphoglucomutase 3)-CDG, une
transplantation de cellules souches hématopoiétiques
s'est avérée étre bénéfique en diminuant les troubles
immunitaires [49].

Utilisation des chaperonnes pharmacologiques

et de 'acétazolamide

Les chaperonnes pharmacologiques (CP) sont de
petites molécules pouvant lier les protéines mutées
mal conformées et les stabiliser et, ainsi, empécher leur
dégradation prématurée. Dans le cas du PMM2-CDG,
pres de 80% des patients portent la mutation faux-
sens p.R141H responsable du déficit enzymatique de la
PMM2. Apres le criblage haut débit de 10 000 molécules
pharmacologiques, Yuste-Checa et al. [55] ont sélec-
tionné quatre composés susceptibles de jouer le rdle de
CP pour la PMM2. Ces composés, en stabilisant la pro-
téine mutée, empéchent sa dégradation et favorisent le
maintien de sa fonctionnalité, bien qu’elle soit altérée.
Chez les patients PMM2-CDG, des accidents vasculaires
cérébraux (ou stroke like episodes, SLE) apparaissent.
Ces SLE sont également observés dans d’autres types
de maladies neurologiques, dont les migraines hémiplé-
giques familiales (MHF). 'acétazolamide (ou AZATAX)
est un traitement de choix pour ces MHF. Il réduit consi-
dérablement la fréquence de ces épisodes cérébraux.
Dans le cadre du déficit de PMM2, PAZATAX a été testé
sur une cohorte de patients. Bien toléré, son admi-
nistration a produit des résultats spectaculaires chez
certains d’entre eux avec, notamment, une améliora-
tion des syndromes cérébelleux moteurs. La encore, le
mécanisme d’action de I"acétazolamide reste incompris
méme si I’on suppose qu’il est impliqué dans la régula-
tion d’un transporteur de calcium [56].
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Since 2012, the interest for TMEM165 increased due to its implication in a rare genetic human disease
named TMEM165-CDG (Congenital Disorder(s) of Glycosylation). TMEM165 is a Golgi localized protein,
highly conserved through evolution and belonging to the uncharacterized protein family 0016
(UPF0016). Although the precise function of TMEM165 in glycosylation is still controversial, our results
highly suggest that TMEM165 would act as a Golgi Ca®*/Mn?" transporter regulating both Ca®t and

_’;ﬁ%;"l\‘/’lrl‘ésé’ Mn2* Golgi homeostasis, the latter is required as a major cofactor of many Golgi glycosylation enzymes.
sy Strikingly, we recently demonstrated that besides its role in regulating Golgi Mn>* homeostasis and
UPFO016 consequently Golgi glycosylation, TMEM165 is sensitive to high manganese exposure. Members of the

Golgi glycosylation UPF0016 family contain two particularly highly conserved consensus motifs E-¢-G-D-[KR]-[TS] predicted
Mn2+ to be involved in the ion transport function of UPFO016 members. We investigate the contribution of
these two specific motifs in the function of TMEM165 in Golgi glycosylation and in its Mn?* sensitivity.

Our results show the crucial importance of these two conserved motifs and underline the contribution
of some specific amino acids in both Golgi glycosylation and Mn?* sensitivity.

© 2019 Published by Elsevier B.V.

1. Introduction

Congenital Disorders of Glycosylation (CDG) are a rapidly
expanding family of genetic diseases. The first patient cases were
reported 38 years ago ; today more than hundred different CDG
have been reported [1]. The frequency of most CDG is unknown but
they are probably underestimated. The genetic transmission is
mostly autosomal recessive [1]. Congenital disorders of protein
glycosylation are classified in two groups. CDG-I are assembly de-
fects in the cytosol and the endoplasmic reticulum (ER), while CDG-
Il are defects in glycan remodeling in the Golgi [2]. They are
multisystem disorders with a broad spectrum of severity and
mostly comprising neurological involvement.

In 2012, a new CDG called TMEM165-CDG or CDG-IlIk (OMIM
#614727) has been described [3]. To date, a dozen of TMEM165-

* Corresponding author.
E-mail address: francois.foulquier@univ-lille.fr (F. Foulquier).

https://doi.org/10.1016/j.biochi.2019.07.016
0300-9084/© 2019 Published by Elsevier B.V.

CDG patients have been worldwide diagnosed with a common
semiology. The most severe phenotypes present a growth retar-
dation resistant to human growth hormone, associated with a
psychomotor disability, microcephaly, facial hypoplasia, hypotonia,
seizures and hepatosplenomegaly with increased serum trans-
aminases [4]. Some patients also harbor cardiac defects [5] but the
pathognomonic signs remain bone and cartilage dysplasia with
early and severe osteoporosis. All TMEM165-CDG present a strong
defect in the Golgi glycosylation characterized by hypo-
galactosylation of total serum N-glycoproteins [3].

This CDG is due to a deficiency in TMEM165 protein, also named
TPARL [3], a 324 amino-acids transmembrane protein member of
the UPF family 0016 (Uncharacterized Protein Family 0016; Pfam
PF01169). This protein is mainly localized in Golgi membranes [3,6],
predominantly in the trans-Golgi subcompartment. Similarly to
other UPF0016 family members, TMEM165 is highly conserved
throughout evolution (919 different species in prokaryotes and 405
species in eukaryotes) [7].
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Abbreviations

cQ Chloroquine

CDG Congenital Disorder(s) of Glycosylation
GPP130  Golgi Phosphoprotein 4

ER Endoplasmic Reticulum

LAMP2 Lysosomal-associated membrane protein 2
Mn Manganese

Mn?* Manganese, ion (2+)

MnCl, Manganese (II) chloride tetrahydratex
TMEM165 Transmembrane Protein 165

SPCA1 Secretory-Pathway Ca?*-ATPase 1
PAM71 Photosynthesis Affected Mutant 71
UPF Uncharacterized Protein Family

The cellular and molecular functions of UPF0016 family mem-
bers remain controversial. Gdtlp (Grcl dependent translation
factor 1), the yeast ortholog of TMEM165 in Saccharomyces cer-
evisiae was initially postulated to be a Ca?*/H* exchanger [8].
Recent results however question the nature of the exchanged ions.
Unexpectedly, PAM71 (Photosynthesis Affected Mutant 71), the
Arabidopsis thaliana plant ortholog of TMEM 165 has been shown to
function as a Ca%>*/Mn>* cation antiport transporter localized in the
thylakoid membranes system and crucial for the regulation of
chloroplastic Mn** homeostasis [9]. In addition, we recently
demonstrated that the Golgi glycosylation defect due to TMEM165
deficiency also results from a defect in Golgi Mn?* homeostasis
[10]. Very importantly, a slight Mn>* supplementation is sufficient
to suppress the observed Golgi glycosylation defect in both defi-
cient yeasts and human cells [11]. Furthermore, our recent studies
suggested the function of Gdtlp as a Ca®*/Mn?* cation antiport
transporter [12]. In agreement with these results, Thines and col-
laborators have recently demonstrated that the yeast protein Gdt1p
transports Mn?* ions and thereby regulates manganese homeo-
stasis in the Golgi [13].

Protein sequence alignments between PAM71, TMEM165 and
Gdt1p underline highly conserved amino acids (Fig. 1) [12]. Two
patterns of highly conserved successive amino acid sequences
emerge from this alignment: E-x-G-D-K-[TF] and E-x-G-D-R-[SQ].
These motifs are enshrined in the first and fourth transmembrane
protein domains (TM1 and TM4) (Fig. 1).

In this paper, we particularly explored the contribution of these
two highly conserved motifs in the function of TMEM165 in Golgi
glycosylation and also in its Mn?" sensitivity.

2. MATERIAL and METHODS
2.1. Sequence alignment

Uniprot accession codes are: Homo sapiens TMEM165_HUMAN,
Arabidopsis thaliana PAM71_ARATH and Saccharomyces cerevisiae
GDT1_YEAST.

2.2. Cell culture, transfection and treatment

Control and KO TMEM165 HEK293T cells were maintained in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) (Lonza, Basel, Switzerland), at 37 °Cin
humidity-saturated 5% CO, atmosphere. Transfections were per-
formed using 4 pl of Lipofectamine 2000® (Thermo Scientific) for
0.5 pg of plasmid for each well of 6 wells-plate at 70% confluence in
1 ml DMEM medium. Transfections were stopped after 5 h. Wells

were split 24h after transfection and treated 48 h post-
transfection. Manganese (II) chloride tetrahydrate, from Riedel-
de-Haén (Seelze, Germany) treatment 500 pM was pursued for 4
and 8 h. Chloroquine (ICN Biomedicals) 100 uM was added 1h
before manganese as a pretreatment.

2.3. Constructs, vector engineering and mutagenesis

Mutated TMEM165 plasmids were generated and supplied by e-
Zyvec (Lille, France).

2.4. Antibodies and other reagents

Anti-TMEM165 and anti—B-actin antibodies were purchased
from MilliporeSigma (Burlington, MA, USA), anti-LAMP2 antibody
from Santa Cruz Biotechnology (Dallas, TX, USA) and anti-GM130
antibody from BD Biosciences. Polyclonal goat anti-rabbit IgG and
goat anti-mouse IgG Horse Radish Peroxidase-conjugated were
from Dako (Denmark).

2.5. Immunofluorescence staining

Cells were seeded on coverslips for 12—24 h, washed once in
Dulbecco's Phosphate Buffer Saline (DPBS, Lonza) containing Cal-
cium and Manganese and fixed with 4% paraformaldehyde (PAF) in
PBS (Phosphate Buffer Saline) pH 7.3, for 30 min at room temper-
ature. Coverslips were subsequently washed three times with PBS.
Cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min
then washed three times with PBS. Coverslips were then saturated
for 1h in blocking buffer [0.2% gelatin, 2% Bovine Serum Albumin
(BSA), 2% FBS (Lonza) in PBS], followed by the incubation for 1 h
with primary antibody diluted at 1:100 in blocking buffer, except
for GPP130 that was diluted at 1:300. After washing with PBS, cells
were incubated for 1 h with Alexa 488- or Alexa 568- secondary
antibody (Life Technologies) diluted at 1:600 in blocking buffer.
After three washes with PBS, nuclei were labeled with DAPI 1:300
for 15 min and then coverslips were mounted on glass slides with
Mowiol. Fluorescence was detected through an inverted Zeiss
LSM700 confocal microscope. Acquisitions were done with ZEN pro
2.1 software (Zeiss, Oberkochen, Germany).

2.6. Image analyses

Immunofluorescent images were edited using image] software
(http://imagej.nih.gov/ij) developed by Fiji®.

2.7. Western blotting

Cells were collected in PBS after 2 washes and centrifuged at
6000 rpm for 10 min. Cells were lysed in RIPA buffer [Tris/HCI
50 mM pH 7.9, NaCl 12 0 mM, NP40 0.5%, EDTA 1 mM, Na3VO4
1 mM, NaF 5 mM] supplemented with a protease inhibitors mix
(Roche Diagnostics, Penzberg, Germany) by a 30 min centrifugation
at 14 000 rpm. Concentration of extracted proteins was determined
with the Micro BCA™ Protein Assay Reagent kit (Thermo Fisher
Scientific, Waltham, MA USA). For LAMP2 study only samples were
preheated 10 minat 95°C. 10 or 20 ug of total proteins of each
sample were dissolved in reducing NuPage® Sample buffer and
resolved by MOPS 4—12% Bis-Tris gel (Thermo Fisher Scientific,
Waltham, MA USA) and then transferred with iBlot 2 Dry Blotting
System (Thermo Fisher Scientific, Waltham, MA USA). Nitrocellu-
lose membranes were blocked 1h in TBS (Tris Buffer Saline) con-
taining 0.05% Tween 20 5% (w/v) non-fat dried milk for at least 1 h
at room temperature, then incubated 1 h with primary antibodies
(used at a dilution of 1:2000 for TMEM165, 1: 20 000 for B Actin)
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Fig. 1. Protein sequence alignment of TMEM165 and its orthologs PAM71 from Arabidopsis thaliana and Gdt1p from Saccharomyces cerevisiae. The sequences were found in
Uniprot database (www.uniprot.org) and the protein sequence alignment was generated using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo). Black boxes indicate the
amino acid residues that are identical whereas gray boxes show the homologous amino acid residues. The black asterisks indicate the position of the generated mutated amino
acids. The red asterisks indicate the mutated amino acids found in TMEM165-CDG patients' proteins. The bold characters correspond to the amino acid residues that are found
conserved in the mammalian TMEM165 sequence (SwissProt Database) using the Cobalt-NCBI multiple alignment tool (NCBI). Conserved domains (motif 1 and 2) are highlighted in
yellow. Black horizontal bars on the top of the sequences indicate the amino acids within the predictive transmembrane domains (TMHMM v2.0 server tool). The dotted line

indicates the cytosolic central loop.

and overnight for LAMP2 primary antibody 1:20 000. After three 5
min-TBS-T washes, membranes were incubated with respective
secondary antibodies for 1 h (1:10 000 dilution for polyclonal goat
anti-rabbit IgG and 1:20 000 for goat anti-mouse IgG Horse Radish
Peroxidase-conjugated).

Signal was detected using chemiluminescence reagent Pierce™
Pico Plus Western Blotting Substrate (Thermo Fisher Scientific,
Waltham, MA USA) on imaging film (GE Healthcare, Buck-
inghamshire, UK) or Camera Fusion® (Vilber Lourmat) and its
software.

3. Results
3.1. Functionality of TMEM165 mutants in Golgi glycosylation

The ability for TMEM165 to rescue LAMP2 glycosylation defect

in TMEM165 KO HEK293T cells was used to investigate the
involvement each amino acid of the two highly conserved se-
quences. To explore this, 10 different mutations in the most
conserved amino acids that lay in the two signature-motifs were
generated (Fig. 1). The wild type (wt-) and mutated forms of
TMEM165 were then transiently expressed in TMEM165 KO
HEK293T cells and the Golgi glycosylation of LAMP2 was followed
by Western blot experiments as previously described [14] (Fig. 2A).
Compared to untransfected cells (KO), the expression of the wt-
TMEM165 rescued fully glycosylated forms of LAMP2 similar to
control cells. Even though the mutated forms of TMEM165 trans-
fection gave heterogeneous results (Fig. 2A), only 3 mutants
showed a partial restoration of LAMP2 glycosylation: E108G-,
K112G-, R252G-TMEM165, E108G and R252G giving the mildest
restorations. Interestingly among all our mutants, 6 of the
conserved E-x-GDKT/E-x-GDRSQ motifs are unable to restore
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Fig. 2. LAMP2 glycosylation profile after TMEM165 mutants transfection. HEK293T KO TMEM165 cells were transfected with empty-vector, wild-type or TMEM165 constructs.
Total cells lysates were obtained, subjected to SDS-PAGE, Western blot was performed with the respective antibodies. A. LAMP2 and TMEM165 profiles obtained 24 h after
transfection. B. Ratio of fully glysosylated forms of LAMP2 (percentage of fully glysosylated forms versus the total LAMP2). C. Inmunofluorescence analysis of the expression and
localization of TMEM165 in transfected cells with mutated forms of TMEM165 in conserved amino-acids. (GM130 = Golgi marker) D. Illustration of red and green fluorescence

merge with RGB Profiler (Image] Fiji®).

LAMP2 glycosylation (Fig. 2B). The mutants (D111G-, T113G-,
F114G-, E248G-, D251G-, S253G-, Q254G) were found unable to
restore LAMP2 glycosylation (Fig. 2B). This result is characteristic
from these two motifs as most of the TMEM165 mutated forms,
except G304R (patient mutation), were able to rescue LAMP2
glycosylation (Supp. Fig. 1).

To assess these results, the expression level among the mutated
forms of TMEM165 was then investigated by Western blot experi-
ments. Although the TMEM165 profile is found heterogeneous with
two major bands, there was no major difference in TMEM165
expression level (Fig. 2A). Altogether these results emphasize the
importance of some specific amino acids of the two conserved
motifs in TMEM165 function in Golgi glycosylation.

3.2. Subcellular localization of TMEM165 mutants

The functionality of TMEM165 mutants in Golgi glycosylation
depends of the TMEM165 mutants’ expression but also on their
subcellular Golgi localization. To reinforce the above results, the
Golgi localization of the mutated forms of TMEM165 was then
investigated by immunofluorescence and confocal microscopy
experiments.

Most of the mutated forms of TMEM165 displayed a Golgi
localization as observed by colocalization experiments using the
GM130 Golgi marker (Fig. 2C and D). Very interestingly, the D251G-

and S253G-TMEM165 mutants, did not entirely colocalize with
GM130 as vesicular structures localized throughout the cytoplasm
could be detected. To further assess the subcellular localization of
these mutants, immunofluorescence staining using the lysosomal/
endosomal intracellular marker LAMP2 was performed. A partial
colocalization was observed with LAMP2 demonstrating the dif-
ferential subcellular localization for these mutated forms
(Supplementary Figs. 2A and B). For these mutants, it is likely that
the observed lack of Golgi glycosylation restoration results from a
subcellular mislocalization.

3.3. Sensitivity of TMEM165 mutants to manganese exposure

We recently highlighted that, when exposed to high manganese
concentration, TMEM165 was efficiently targeted to lysosomes for
degradation [15]. As for the glycosylation study, we investigated the
Mn?* sensitivity of these different mutants. To assess this point, the
wild-type and mutated forms of TMEM165 were transiently
transfected in KO cells. The impact of high Mn?* concentration
supplementation on the stability and subcellular localization was
investigated during a 4 and 8 h time course by Western blot (Fig. 3)
and immunofluorescence experiments (data not shown). Diagrams
under each mutant's Western blot describe the quantification of the
remaining TMEM165 after 4 and 8 h of Mn?* treatment. As previ-
ously published [15] we observed that TMEM165 in normal
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Fig. 2. (continued).

HEK293T cells is highly sensitive to manganese, with a complete
loss of this protein after 8 h treatment (Fig. 3A). Same observation is
made after transfection of the wild-type form of TMEM165 in
HEK293T KO TMEM165 cells with a loss over 75% of TMEM165
expression after 4 h manganese treatment (Fig. 3A).

Concerning the mutated forms of TMEM165, 5 are found
partially resistant, E108G, D111G, T113G, D251G and S253G. At the
opposite, K112G, F114G, E248G, R252G and Q254G are sensitive to
manganese treatment. These results were confirmed by immuno-
fluorescence confocal microscopy (data not shown) and demon-
strate the crucial importance of specific amino acids in the
differential Mn induced sensitivity of TMEM165.

3.4. The functional mutants are targeted and degraded into
lysosomes

We recently established that the Mn?* induced degradation of
TMEM165 was inhibited by chloroquine treatment [15]. To assess
whether the mutated forms of TMEM165 fall under the same
regulation, the stability of wt- and mutated forms of TMEM165
were analyzed by Western blot and immunofluorescence after
Mn?* exposure, in the presence or the absence of chloroquine. The
degradation of every mutated forms of TMEM165 was completely
blocked by chloroquine (data not shown). The molecular mecha-
nism by which TMEM165 is sent to lysosomes following Mn>*
exposure is currently unknown. Monoubiquitination is known to be
a very efficient mechanism to target proteins for lysosomal

degradation. It appears that the cytosolic loop of TMEM165 con-
tains 4 lysine residues K198, K199, K200 and K208 that could be
involved in the Mn?* induced lysosomal targeting. In order to
investigate the role of these lysines, TMEM165 mutants (K198R,
K199R, K200R, K208R and K198—K200R) were generated and
analyzed by Western blot and immunofluorescence after Mn>*
exposure, in the presence or in the absence of chloroquine (Supp.
Figure 3). We observed that after Mn?* exposure, the lysine mu-
tants of TMEM165 were localized in the Golgi and were degraded
similarly to what is observed for wt-TMEM165. Altogether, these
results indicate that the lysine residues of the cytosolic loop are not
involved in the expression, neither in the Golgi localization nor in
its Mn?*-induced degradation of TMEM165.

4. Discussion

Although the precise molecular and cellular functions of
TMEM165 are still under debate, its functional role in Golgi glyco-
sylation is now clearly established. The link between TMEM165 and
cellular/Golgi Mn?* homeostasis maintenance is shown by (i) the
alteration of GPP130 Mn®>* induced degradation in TMEM165
depleted cells, (ii) the restoration of Golgi glycosylation by Mn?*
supplementation [11], and (iii) the TMEM165 Mn?>" sensitivity [15].
It is now highly suspected that TMEM165 functions as a Golgi Ca>*/
Mn?* transporter regulating both Ca%*/Mn?* Golgi homeostasis. As
observed in yeasts, the Golgi glycosylation defect due to a lack of
TMEM165 would result in an alteration of the Golgi Mn?*
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Fig. 3. Sensitivity of TMEM165 mutants to manganese exposure. TMEM165 expression in cells transfected with transfected cells forms of TMEM165 in the conserved sequences
with or without manganese (N > 3) A. In control cells and transfected cells with WT-TMEM165. B. In the cytosolic E-x-G-D-K-[TF] motif. C. In the luminal E-x-G-D-R-[SQ] motif.
Relative quantification of TMEM165 degradation at 4 and 8 h manganese treatment below each respective Western blot.
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homeostasis crucial for the activities of Golgi glycosyltransferases
using UDP-sugars as donors [11]. TMEM165 is a member of the
UPF0016 family characterized by two highly conserved consensus
motifs E-¢-G-D-[KR]-[TS]. Our previous results showed that the E-
@-G-D-K-T motif (motif 1) was facing the cytosol while the E-¢-G-
D-R-S (motif 2) was exposed to the Golgi luminal side and hence are
predicted to be involved in the transport function of UPF0016
members [15]. In this paper we wanted to further understand the
contribution of these two highly conserved motifs in the role of
TMEM165 in Golgi glycosylation and also in its sensitivity to high
Mn?* concentration.

Our results first emphasized that some of the mutated forms of
TMEM165 are unable to rescue Golgi glycosylation. The mutation of
the amino acid E108G does not seem to strongly affect the function
of TMEM165 in Golgi glycosylation as a slight restoration of LAMP2
glycosylation is observed. At the opposite, the E248G mutation
(second motif) cannot rescue Golgi glycosylation. Interestingly, the
polar amino acids (T113 and S253) are found crucial for the function
of TMEM165 in Golgi glycosylation while basic amino acids (K112
and R252) are dispensable. We hypothesize that these polar amino
acids, via post-translational modifications, play a crucial role in the
regulation of TMEM165 functionality.

As proposed for yeasts, it is most likely that amino acids of the
two conserved motifs constitute the cation binding sites of
TMEM165. In such hypothesis, mutations in specific amino acids of
the two conserved motifs alter the transport function of TMEM165
by impairing cation affinity or pocket conformation changes.

The other particularity of TMEM165 is its sensitivity to high
Mn?* concentrations. We recently demonstrated that following
high Mn** exposure, TMEM165 was targeted to lysosomes for its
degradation [15]. The targeting molecular mechanism is unclear
but recent investigations propose the requirement of Sortilin in the
Mn?* induced degradation of TMEM165 [16]. The Mn?* sensitivity
of the mutated forms of TMEM165 was evaluated. As pointed out
for the glycosylation, most of the generated mutated forms of
TMEM165 are resistant to Mn>* exposure and only few are sensi-
tive. Our results demonstrate that the acidic amino acids (E and D)
of the first conserved motif are crucial in conferring the Mn?*
sensitivity to TMEM165. The two resistant mutants D251G and
S253G of the second motif are insensitive to manganese presum-
ably due to their mislocalization. Another interesting observation
deals with the T113G that is also clearly found resistant to Mn
exposure while correctly Golgi localized. The roles of these amino
acids in the Mn?* induced degradation mechanism/Golgi subcel-
lular localization are not clear but one can imagine that they are
part of a regulatory mechanism that delicately governs the Golgi
ion homeostasis.

In conclusion, this paper highlights the importance of the two
very conserved regions for the functionality of TMEM165 in Golgi
glycosylation, its subcellular Golgi localization and Mn**
sensitivity.
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Résumé

La glycosylation est un processus cellulaire universel chez tous les organismes vivants visant aux transferts
successifs de monosaccharides sur une molécule acceptrice, le plus souvent une protéine, un lipide ou un autre
monosaccharide. Chez les eucaryotes, différentes voies de glycosylation coexistent, aboutissant a la biosynthese
d’une grande diversité de structures glycanniques aux fonctions diverses. Chez I’homme, des perturbations au
cours d’une ou plusieurs réactions de glycosylation sont a I’origine de glycopathologies génétiques rares appelées
Congenital Disorders of Glycosylation (CDG). L’une d’entre elles, TMEM165-CDG, a été identifiée en 2012 par
notre équipe et est au coeur de ces travaux. Des mutations pathogéniques dans le gene TMEMI65 sont en effet
responsables de I'apparition de séveres defauts de glycosylation caractérisés par la présence de structures N-
glycanniques principalement sous-galactosylees. Lors de la caractérisation de ces anomalies de glycosylation, les
travaux de I’équipe ont rapidement établi un lien entre déficience en TMEM165 et dérégulation de I’homeéostasie
du manganese (Mn”") de P'appareil de Golgi. Des lors, et au regard de précédents résultats de 1'équipe, une
fonction d’antiport Ca’"/Mn’" fut assignée a TMEM165, permettant I'import d’ions Mn”" dans I'appareil de
Golgi afin d’assurer un environnement ionique adéquat et nécessaire au bon déroulement des réactions de
glycosylation. De fagon extrémement intéressante, il s’avere qu’un apport exogene de Mn”" dans le milieu de
culture de cellules déficientes en TMEM165 corrige complétement les défauts de N-glycosylation observés dans
ces cellules. Par ailleurs, TMEM165, tout comme Gdtlp, son orthologue chez la levure Saccharomyces cerevisiae,
est une protéine extrémement sensible aux ions Mn”" étant rapidement dégradée via la voie lysosomale en
présence de fortes concentrations de Mn”". Un lien étroit s’établit donc entre fonctions de TMEM165/ Gdtlp,
homéostasic du Mn”" de I'appareil de Golgi et glycosylation golgienne ; trois aspects qui furent au centre de mes
travaux. Plus particuliérement, ma these porte sur (i) la compréhension des mécanismes de correction des défauts
de glycosylation observés dans les cellules déficientes en TMEM165 et induits par le Mn®" et (ii) les liens
potentiels entre différents acteurs essentiels au maintien de I’homeéostasie ionique de la voie de secrétion que sont
les pompes calciques (Ca’") réticulaires SERCA2, TMEM165 et SPCA1, seule pompe ATPasique de I'appareil de
Golgi connue a ce jour pour importer a la fois des ions Ca’" et Mn’". A travers I'utilisation de lignées cellulaires
humaines génétiquement invalidées pour TMEM165 ou ATP2CI et de levures déficientes en Gdtlp et/ou Pmrlp,
notre étude a conduit a I’¢laboration de différents concepts reliant intimement ces protéines. D’une part, nous
avons démontré que Dactivite des pompes SERCA était cruciale au maintien des reactions de glycosylation
golgiennes en absence de TMEM165 par leur contribution dans le pompage et la redistribution des ions Mn™*
depuis le cytosol vers appareil de Golgi. D’autre part, TMEM165 est indispensable au maintien des réactions de
glycosylation golgiennes en absence de SPCAT1 et lorsque SERCA?2 est inhibée par des agents pharmacologiques.
Parallelement, nos travaux ont mis en évidence que ’expression et la stabilité des protéines TMEM165, chez
I’homme et Gdtlp, chez la levure étaient directement liées aux capacités de SPCA1 et Pmrlp a importer des ions
Mn”" dans 'appareil de Golgi. Bien que des différences s’observent entre ’homme et la levure Saccharomyces
cerevisiae, I’ensemble de mes travaux illustre 'importance de ’homéostasie ionique de I’appareil de Golgi dans le

maintien du processus de glycosylation golgien.
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Abstract

Glycosylation is a universal cellular process in all living organisms where monosaccharides are added one by
one onto an acceptor molecule, most of the time a protein, a lipid or another monosaccharide. In eukaryotes,
many glycosylation pathways occur simultaneously, resulting in the biosynthesis of a broad variety of glycan
structures with different functions. In humans, if one -or more- glycosylation reactions are genetically
impaired, Congenital Disorders of Glycosylation (CDG) appear. One of them, TMEM165-CDG, was
identified in 2012 by our group and is at the heart of this work. Pathogenic mutations in TMEM165 gene
cause severe glycosylation defects mainly characterized by hypo-galactosylated N-glycan structures. While
characterizing these glycosylation abnormalities, a link has rapidly been established by the team between
TMEM165 deficiency and Golgi manganese (Mn’") homeostasis disruption. Therefore, and based on
previous work, TMEM165 was assumed to act as a Ca”"/Mn”" antiporter, allowing the import of Mn’" into
the Golgi lumen in order to sustain an adequate ionic environment, required for all glycosylation reactions.
Interestingly, we also found that exogenous addition of Mn®" in the culture medium of TMEM165 deficient
cells completely rescues the N-glycosylation defects observed in these cells. Moreover, TMEM165, like
Gdtlp its yeast ortholog, is a protein highly sensitive to Mn’", being rapidly degraded via the lysosomal
pathway in the presence of high Mn’" concentrations. All in all, a close link exists between
TMEM165/Gdtlp, Golgi Mn”" homeostasis and Golgi glycosylation; the three major aspects focused in the
PhD research. More precisely, my thesis focuses on (i) understanding the mechanisms of Mn”"-induced
glycosylation rescue in TMEM165 deficient cells and (ii) the potential links between different key players
acting in the regulation of the secretory pathway ionic homeostasis which are the Sarco/Endoplasmic
Reticulum calcium (Ca’")-ATPase SERCA2, TMEM165 and SPCA1 (Secretory Pathway Ca’"/Mn”'-
ATPase), the only pump of the Golgi apparatus known to import both Ca’" and Mn’" in the Golgi lumen.
Through the use of isogenic human cell lines knockout for either TMEM165 or SPCAI and yeasts lacking
Gdt1p and/Pmrlp, we highlighted three main concepts that closely link these proteins: TMEM165 (Gdtlp),
SPCA1 (Pmrlp) and SERCA2. On the one hand, we demonstrated that the activity of SERCA pumps is
crucial to sustain Golgi glycosylation reactions in absence of TMEM165 by their contribution in Mn**
pumping and redistribution into the Golgi lumen. On the other hand, TMEM165 was found essential for
maintaining Golgi glycosylation reactions in absence ofSPCA1 and when SERCA2 are inhibited by
pharmacological agents. Moreover, we also shed light on the fact that expression and stability of TMEM165
(in humans) and Gdt1p (in yeast) were directly linked to the capacities of SPCA1 and Pmr1p to import Mn*"
into the Golgi lumen. Although differences exist between humans and yeast Saccharomyces cerevisiae, all of our
work illustrates the crucial importance of the ionic homeostasis of the Golgi apparatus to sustain Golgi

glycosylation reactions.
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