Thése de Sven Potelle, Lille 1, 2017

Numéro d’ordre : 42487

Université des Sciences et Technologies de Lille
Ecole Doctorale Biologie-Santé de Lille

Thése de Doctorat

Sven POTELLE

En vue de I'obtention du grade de
Docteur de I’Université de Lille Nord de France - Lille |

Discipline : Aspects cellulaires et moléculaires de la biologie
Spécialité : Biochimie et biologie moléculaire

TMEM165: un nouvel acteur de la régulation
de ’homéostasie golgienne du Mn2+, impliqué
dans les anomalies congénitales de la
glycosylation

Présentée le 08 Décembre 2017 devant la commission d’examen

Président : Dr. Anne Harduin-Lepers (Université de Lille 1)
Rapporteurs : Pr. Valérie Cormier-Daire (H6pital Necker-Paris)
Pr. Hudson Freeze (Sanford Burnham Prebys Medical
Discovery Institute, USA)
Examinateurs : Dr. Sophie Groux-Degroote (Université de Lille 1)
Pr. Emile Van Schaftingen (Institut de Duve - Belgique)
Directeur de theése : Dr. Francois Foulquier (Université de Lille 1)

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Numéro d’ordre : 42487

Université des Sciences et Technologies de Lille
Ecole Doctorale Biologie-Santé de Lille

Doctoral Thesis

Sven POTELLE

To obtain the degree of PhD
Université de Lille Nord de France - Lille |

Discipline : Cellular and molecular aspects of biology
Speciality : Biochemistry and molecular biology

TMEM165: a new regulator of Golgi Mn2+
homeostasis involved in Congenital Disorders
of Glycosylation

Presented on the 8" December 2017 in front of the examination board

President : Dr. Anne Harduin-Lepers (Lille 1 University)
Reporters : Pr. Valérie Cormier-Daire (Necker hospital-Paris)
Pr. Hudson Freeze (Sanford Burnham Prebys Medical
Discovery Institute, USA)
Examiners : Dr. Sophie Groux-Degroote (Lille 1 University)
Pr. Emile Van Schaftingen (De Duve Institute, Belgium)
PhD supervisor : Dr. Francois Foulquier (Lille 1 University)

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

« The seeker after the truth is not one who studies the writings of the ancients and, following his
natural disposition, puts his trust in them, but rather the one who suspects his faith in them and
guestions what he gathers from them, the one who submits to argument and demonstration,
and not to the sayings of a human being whose nature is fraught with all kinds of imperfection
and deficiency. Thus the duty of the man who investigates the writings of scientists, if learning
the truth is his goal, is to make himself an enemy of all that he reads, and, applying his mind to
the core and margins of its content, attack it from every side. He should also suspect himself as
he performs his critical examination of it, so that he may avoid falling into either prejudice or
leniency ».

Alhazen (965-1040)

« La science, mon garcon, est faite d'erreurs, mais d'erreurs qu'il est bon de commettre, car elles
menent peu a peu a la vérité ».

Jules Verne, Voyage au centre de la Terre
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RESUME

Quatre classes de molécules sont nécessaires pour former une cellule fonctionnelle : ’ADN, les
protéines, les lipides et les glycanes. Cependant, ces derniers ont longtemps été considérés
comme des éléments décoratifs sans activité biologique. En réalité, toutes les cellules portent
des glycanes, attachés aux protéines ou aux lipides au cours d'une modification post-
traductionnelle fondamentale appelée la glycosylation. La glycosylation implique plusieurs
acteurs tels que des glycosyltransférases (GT) et nécessite un environnement spécifique. Les GT
sont particulierement connues pour avoir besoin de cations divalents, principalement de Mn2+,
pour étre pleinement actives. Bien que le lien entre le Mn2+ et la glycosylation soit connu depuis
longtemps, il a fallu attendre 2015 pour qu'une anomalie de la glycosylation humaine dG a un
déréglement de I'hnoméostasie du Mn2+ soit découverte. Toutes les anomalies génétiques
affectant la glycosylation sont regroupées dans un groupe de maladies héréditaires rares
appelées anomalies congénitales de la glycosylation (CDG). Les CDG englobent principalement
les défauts affectant des enzymes directement impliquées dans la glycosylation, mais un sous-

groupe important de CDG affectant I'homéostasie du Golgi a récemment été découvert.

En 2012, notre équipe a identifié¢ TMEM165 comme étant une protéine golgienne impliquée dans
les CDG, mais dont les fonctions biologiques demeurent inconnues. Ma thése porte sur
I'élucidation des fonctions de TMEM165 et I'établissement du lien entre le déficit en TMEM165

et les anomalies de la glycosylation observées chez les patients atteints de TMEM165-CDG.

Nous avons tout d’abord montré que I'homéostasie golgienne du Mn2+ était altérée en absence
de TMEM165, suggérant un probléme d'entrée du Mn2+ au niveau du Golgi. Alors que de forts
défauts de glycosylation, en particulier des défauts de galactosylation, ont été observés dans des
cellules déficientes en TMEM165, nous avons découvert que la supplémentation en Mn2+ était
suffisante pour rétablir une glycosylation normale. Puisque la galactosylation est affectée, la
supplémentation orale en galactose a été testée chez des patients TMEM165-CDG et il a été
prouvé que ce traitement améliorait significativement la glycosylation ainsi que les paramétres
biochimiques et cliniques. De plus, nous avons montré que |'exposition a des concentrations

élevées de Mn2+ entrainait une dégradation lysosomale rapide de TMEM165.

Dans l'ensemble, notre étude montre que TMEM165 est (i) un acteur clé de la glycosylation
golgienne en régulant finement I'hnoméostasie du Mn2+ et (ii) une nouvelle protéine de I'appareil

de Golgi sensible a de fortes concentrations en manganese.
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SUMMARY

Four classes of molecules are required to build a cell: DNA, proteins, lipids and carbohydrates
(also called glycans). However, glycans were first seen as decorative elements without any
biological relevance. In fact, all cells carry glycans that are attached to proteins or lipids during a
fundamental post-translational modification named glycosylation. Glycosylation involves several
actors such as glycosyltransferases (GT), glycosylhydrolases and nucleotide sugar transporters.
These proteins also require a specific environment and GT are especially known to require
divalent cations, mainly Mn2+, to be fully active. The link between Mn2+ and glycosylation in
human was established in 1974, but the discovery of a human glycosylation disorder due to Mn2+
homeostasis defect was only reported in 2015. In fact, defects in genes involved in the
glycosylation process are gathered into a group of rare inherited diseases named Congenital
Disorders of Glycosylation (CDG). CDG primarily encompass genes defects in enzymes directly
involved in glycosylation, but a significant subgroup of newly discovered CDG affect Golgi

homeostasis, marking a new era in the CDG field.

In 2012, the discovery of CDG patients with TMEM165 mutations, a putative Golgi Ca2+/H+
antiporter, added a new layer of complexity to the field of CDG. My PhD mainly focused on
establishing the link between TMEM165 deficiency and the glycosylation defect observed in
TMEM165-CDG patients.

We first highlighted that Golgi Mn2+ homeostasis was impaired in TMEM165 depleted cells,
suggesting a Mn2+ entry problem at the Golgi level. We next demonstrated a general
glycosylation defect, with galactosylation mainly affected. Interestingly, Mn2+ supplementation
totally suppressed the observed glycosylation defect. Therefore, the underlying pathological
mechanism of TMEM165 deficiency is linked to Golgi Mn2+ homeostasis defect. Since
galactosylation was affected, we tested oral galactose supplementation on TMEM165 deficient
cell lines and TMEM165-CDG patients. We demonstrated that Golgi glycosylation defects due to

deficiency in TMEM165 also improves on galactose supplementation.

In the last study, we have observed that TMEM165 was rapidly and specifically targeted to
lysosomal degradation when cells were exposed to high Mn2+ concentrations. However, the

reason behind this phenomenon is still not clear and need to be unravelled.

Finally, we propose a model for TMEM165 transport function, in which TMEM165 is able to

import cytosolic Mn2+ inside the Golgi lumen against Ca2+.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

AVANT-PROPOS

Ce travail a été réalisé sous la direction du Dr. Frangois Foulquier au sein de I'Unité de
Glycobiologie Structurale et Fonctionnelle

(UMR8576-CNRS, dirigée par le Pr. Christophe D’Hulst)

Il a été financé par une allocation de Recherche du Ministére de I'Enseignement Supérieur et de

La Recherche ainsi que par la région Nord-Pas-De-Calais.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Les travaux réalisés lors de cette thése ont fait |'objet de publications et de

communications scientifiques :

PUBLICATIONS :

Golgi post-translational modifications and associated diseases. Potelle S, Klein A, Foulquier F. )

Inherit Metab Dis. 2015

TMEM165 deficiencies in Congenital Disorders of Glycosylation type Il (CDG-II) clues and
evidences for roles of the protein in Golgi functions and ion homeostasis. Dulary E*, Potelle S*,

Legrand D, Foulquier F. * Contributed equally to this work. Tissue Cell. 2016 Jun 16.

Glycosylation abnormalities in Gdt1p/TMEM165 deficient cells result from a defect in Golgi
manganese homeostasis. Potelle, S., Morelle, W., Dulary, E., Duvet, S., Vicogne, D., Spriet, C.,
Krzewinski-Recchi, M.-A., Morsomme, P., Jaeken, J., Matthijs, G., et al. (2016). Hum. Mol. Genet.
2016

A sequential bioorthogonal dual strategy: ManNAI and SiaNAI as distinct tools to unravel sialic
acid metabolic pathways. Gilormini, P.A., Lion, C., Vicogne, D., Levade, T., Potelle, S., Mariller,

C., Guérardel, Y., Biot, C., and Foulquier, F. (2016). Chem. Commun. Camb. Engl. 2016

Evidence for splice transcript variants of TMEM165, a gene involved in CDG. Krzewinski-Recchi
MA, Potelle S, Mir AM, Vicogne D, Dulary E, Duvet S, Morelle W, de Bettignies G, Foulquier F.
Biochim Biophys Acta. 2017.

Manganese-induced turnover of TMEM165. Potelle S*, Dulary E*, Climer L, Duvet S, Morelle W,
Vicogne D, Lebredonchel E, Houdou M, Spriet C, Krzewinski-Recchi MA, Peanne R, Klein A, de
Bettignies G, Morsomme P, Matthijs G, Marquardt T, Lupashin V, Foulquier F. Biochem J. 2017. *

Contributed equally to this work.

Galactose Supplementation in Patients With TMEM165-CDG Rescues the Glycosylation
Defects. Morelle W*, Potelle S*, Witters P, Wong S, Climer L, Lupashin V, Matthijs G, Gadomski

T, Jaeken J, Cassiman D, Morava E, Foulquier F. * Contributed equally to this work.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

COMMUNICATIONS PAR AFFICHE :

Sven Potelle, Willy Morelle, Marie-Ange Krzewinski-Recchi, Geoffroy De Bettignies, Dorothée
Vicogne, Dominique Legrand, Frangois Foulquier. “TMEM165 (Transmembrane Protein 165) : a
novel actor in Golgi glycosylation process involved in Congenital Disorders of Glycosylation”. 25th

Joint Glycobiology meeting, September 14-16, 2014. Ghent, Belgium.

S. Potelle, W. Morelle, E. Dulary, S. Duvet, C. Spriet, M.A. Krzewinski-Recchi, G. De Bettignies, D.
Vicogne, D. Legrand, F. Foulquier. “TMEM165 (Transmembrane Protein 165): A novel regulator
of Golgi Mn2+ homeostasis involved in Congenital Disorders of Glycosylation”. Colloque annuel

des doctorants, 16e journée André Verbert, 5 Septembre 2016. Lille, France

S. Potelle, E. Dulary, L. Climer, W. Morelle, Y. Guerardel, D. Vicogne, MA. Krzewinski-Recchi, S.
Duvet, E. Lebredonchel, A. Klein, M. Houdou, D. Legrand, G. de Bettignies, J. Jaeken, E. Morava,
V. Lupashin, G. Matthijs F. Foulquier. “Relationship between Golgi glycosylation and Golgi Mn2+
homeostasis: TMEM165 does the job”. Gordon Research Conferences, Glycobiology, March 19-
24, 2017. Ventura, CA, USA.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

LIST OF ABBREVIATIONS

ApoC-lll: Apolipoprotein C-llI

Asn: Asparagine

ATCC: American Type Culture Collection
ATP: Adenosine triphosphate

ATPase: Adenosine triphosphatase
B4GALT1: B-1,4-galactosyltransferase |
BFA: Brefeldin A

BSA: Bovin Serum Albumin

Ca2+: Calciumion

CAZY: Carbohydrate-Active enZYmes

CDG: Congenital disorders of glycosylation
CDG-I: Type | CDG

CDG-II: Type Il CDG

CFTR: Cystic fibrosis transmembrane conductance regulator
CMD: Congenital Muscular Dystrophy

CNX: Calnexin

Co2+: Divalent cobalt ion

CRT: Calreticulin

CS: Chondroitin Sulfates

Cu2+: Divalent copper ion

DAPI: 4',6’-DiAmidino-2-Phénylindole
DMEM: Dulbecco’s Modified Eagle’s Medium
DMT1: Divalent Metal Transporter 1

Dol: Dolichol

Dol-P: Dolichol phosphate

Dol-PP: Dolichol pyrophosphate

DPBS: Dulbecco’s Phosphate Buffer Saline
DS: Dermatan Sulfates

ECL: Enhanced ChemiLuminescence

EDTA: Ethylene Diamine Tetraacetic Acid
EE: Early Endosomes

EGF: Epidermal Growth Factor

ER: Endoplasmic reticulum

ERAD: ER Associated Degradation

ERGIC: ER-Golgi intermediate compartment
FRET: Fluorescence Resonant Energy Transfer
Fuc: Fucose

GA: Golgi Apparatus

GAG: Glycosaminoglycans

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Gal: Galactose

GalNAc: N-acétyl galactosamine
GALNT2: GalNAc transferase 2

GalT: B-1,4-galactosyltransferase |
Gdtlp: Gerl Dependent Translation factor 1
GFP: Green fluorescent protein

GH: glycosylhydrolase

GL: Glycolipids

Glc: Glucose

Glc-6-P: Glucose 6 phosphate

GIcNAc: N-acetylglucosamine

GIcNAc-T: GIcNAc transferase

GIcUA: Glucuronic Acid

GM130: Golgi Marker protein 130
GPHR: Golgi pH Regulator

GPI: Glycosylphosphatidylinositol

GSL: Glycosphingolipids

GT: Glycosyltransferases

HPLC: High-performance liquid chromatography
HRP: Horse Radish Peroxidase

HS: Heparan Sulfates

ICAM: Intercellular Adhesion Molecule 1
IdoUA: Iduronic Acid

IEF: Iso-electric focusing

IP3: Inositol-3-Phosphate

IP3R: IP3 receptor

KO: Knockout

KS: Keratan Sulfates

LAMP2: Lysosomal-Associated Membrane Protein 2
LDS: Lithium Dodecyl Sulfate

Man: Mannose

MAN2A1: Alpha-mannosidase 2
ManNAI: N-(4-pentynoyl) mannosamine
Met: Methionine

Mg2+: magnesium ion

Mn2+: Divalent manganese ion

MOPS: 3-N-morpholino propanesulfonic acid
MRNA: Messenger RNA

NeuAc: N-acetyl neuraminic acid

NST: Nucleotide Sugar Transporter

OEC: Oxygen Evolving Complex
0O-GlcNAc: O-N-acetylglucosaminylation

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

OST: Oligosaccharyltransferase

PA: Phosphatidic acid

PBS: Phosphate Buffer Saline

PCR: Polymerase chain reaction

PDI: Protein disulfate isomerase

PFA: Paraformaldéhyde

PI(3)P: Phosphatidylinositol-3-phosphate

PI(4)P: Phosphatidylinositol-4-phosphate
PI(4,5)P2: Phosphatidylinositol-4,5-biphosphate
Pi: Inorganic Phosphate

Pl: Phosphatidylinositol

PLA: Proximity Ligation Assay

PLD: Phospholipase D

Pmrlp: Plasma Membrane ATPase Related

PPI: Peptidyl Prolyl Isomerase

PTM: Post-Translational Modification

RT-qPCR : Reverse Transcription — quantitative Polymerase Chain Reaction
RyR: Ryanodine Receptor

SDS-PAGE: Sodium Dodecyl Sulfate Poly-Acrylamide Gel Electrophoresis
Ser: Serine

siRNA: Small interfering RNA

SNARE: SNAP (Soluble NSF attachment protein) receptor
SPCAL1: Secretory Pathway Ca2+-ATPase isoform 1
ST3Gall: a2,3-sialyltransferase |

ST6Gall: a2,6-sialyltransferase |

TBS: Tris Buffer Saline

TGN: Trans-Golgi network

TGN46: Trans-Golgi Network protein 46

Thr: Threonine

TM: Transmembrane

TMD: Transmembrane Domain

TMEM165: Transmembrane Protein 165

Trp: Tryptophane

TSR: Thrombospondin Repeat

UDG-Gal: Uridine diphosphogalactose

UDP: Uridine diphosphate

UGGT: UDP-glucose: glycoprotein glucosyltransferase
WB: Western-Blot

XDP: Nucleotide DiPhosphate

XMP: Nucleotide MonoPhosphate

Zn2+: divalent zinc ion

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

TABLE OF CONTENTS

INTRODUCGTION ...ttt e et et este e e te e s te e st e e sbeesabeesbaesataeeabaesatassasaesabeeansaesases e saesnbesenseesnseeansseesseeennsenssees 1
[1] GENERAL INTRODUCGCTION.......coccttiiiiierieeiiiteesieesiteeestteesteeessseesseessseessssessnsssesssessnseessssessnsessssesssseeessees 1
[2] GOLGE GLYCOSYLATION .........oeeeeieeeeeeeeeeeeeeeees e eeeseeeeseseseeeeeeseseseee s eeasesseeseseeseseeseeseseeseeeeseeseeseeenes 4
P2 B V- Voo TV - 1 T o O USSRt 7
2 0 B CY=Y Y=Y - | I T oY 18 oy o ) [P USRS 7

2.1.2. N-gIYCan MatUration ....c.ueeieciiieiiiiiiee ettt e e e e e e ae e e e s b e e e e s sabee e e snreeeeenareeas 10

P B 0 B -V o1 1Y - T T o S 12
2.2.1. GeNeral introOdUCLION ......viieiiiiee ettt e e e e e e e e e e st e e e e s abee e e snbeeeeenareeas 12

2.2.2. Mucin-type O-gIYCOSYIAtION ....eeiiiciiiiiiiiiieeciiie ettt e e s ree e e s ree e s 14
2.2.2.1. BIOSYNENESIS oottt et e e e e e et e e e e e bt e e e e ebraeaeaanes 15

2.2.2.2. 0L a Yot T o1 3 USSR 17

2.3, GlYCOSAMINOEGIYCANS .......occeiiiieiiiiee ettt e et e et e e e ettt e e e e ata e e e e sbaeeeeanseeeesssaeeesansseeesansreeanan 17
2.3.1. Structure and biosynthesis of glycosaminogIyCans........cccevvveeeruererierecieeniee e esieeeeeee e 17

0 T A U Tox [0 o () PRSP 19

P ] | olo Y [T 1T ST 19
2 3t B € LV ofe Y o] Y0 ={o] 1T« 11 13 S 20
2.4.1.1. 21101 014 1T RPN 20

2.4.1.2. VT e YoruTo] o] (3 ROt 21

2.5. factors involved in the regulation of the Golgi glycosylation process .............cccccceeecvveveeinneennn. 22
2.5.1. The Golgi apparatus structural Organisation .........ccccceeereeeriieeriieeriee e enree e esreesree e 22

2.5.2. Changes in GT eXPresSiON IEVEIS .....eicviieciiieiee e esieeestee et eeeeeeseee e steessnbeeseeessneeesreeenanes 23

2.5.3. Subcellular localization of Golgi GT, GH and NST........ceecviiiriieeeiireriee e eereeeiee e 23

2.5.4. Vesicular trafficking.......ccceeriieriiiiieiecee et s 24

2.5.5. Nucleotide sugar transporters activity......cccceeveeeeeeeiieeeseeesiee e eee e e e sree s 25

2.5.6. Luminal nucleotide diphoSphatases.......c.cccevecieriiiiiiieeeciee e eee e eree e e eereeesaes 26

2D 7 PH et e b e ettt e b et e s be e s ba e e ahte e s beeeeabeesabeesaaeeesbaeenares 27

Do B 0 V7 | =] o or= 4o RS 28
2.5.8.1. 7S 28

2.5.8.2. VI 24 ettt ettt ettt ettt ettt e sate e sttt e st e e st e e e bt e e st e e st e e s ba e e ate e s baeenabeesbaeeabeesabaeenares 29

2.5.8.3. L0 7 SRR 29

2.5.84. Other divalent CatioNs .......coecuiiiiiiiiiice e 29

2.5.9. IN0rganiC PROSPRALE ..cooviiiiiieeiee ettt et st st e e sbaeenares 30

[3] REGULATION OF GOLGI ION HOMEOSTASIS .....cooitiiiiiitenieeeniteenreessiteesreesiaeesiaeesbeessaseesseesnssesssseesnns 31
B 0 2 O T O OO PP PPPOSUPPOTOTPPPUPPRINt 31
3.1.1. Ca2+ uptake in the GOl ....ccccuveiiiiiiiiiiiiee e e e s s e e s saree s 33

3.1.2. Ca2+ exit from the GOIi ..ccceeeriiiiiiieiieeete et st e s e s sans 34

B2, Ha ettt e te e b et e a bt e bt e e b te e e b et e bbeesabee s baeenabee s beeeataeesabaeene 34
3.2.1. ATP-mediated Proton PUMDING ...c..veeeeivieeeiiiiieeeireeeeesireeessreeeessreeesssareeesssseeesssseeessssens 34

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

3.2.2. CoUNtEr-ioN CONAUCLANCE .. .eiiiiieiiieerieeeiteestte ettt ste e st e e sabeesbeeesbeeesbaeesabeesabeesbseesasaesnanes 34
I T o (o T (=Y | - (= PSPPSR 36

2 T 1/ [ v TSPt 36
3.3.1. Manganese entry in the human body and distribution in fluids.......cc.ccccoveveeriirinierrieeennee. 36
3.3.2. Manganese uptake at the cellular I8VEl .......cuuuviiiiiiiiiiiie s 38
3.3.3. Transporters involved in the regulation of intracellular manganese homeostasis ............. 40
3.3.4. Manganese efflux from the Cell .......cooiiiiiiiiiiie e 41
3.4. Otherions: Zn2+, M2+, aNd CU2+ .........ooiiiiuiiiieeiiieee et e eetre e e e eere e e e ebeeeeesareeeeeaneeeeeenneeas 41
[4] M2+ AND GLYCOSYLATION ......cotiiititiiieeeiteenteesiteeestteesteeesseeessseessaeesaseessesesssessseesssseesssessnseesssseesnns 43
4.1. Overview of Mn2+ effect on glycosylation in human..............ccoocvii i, 43
4.1.1. Mn2+ and glycosylhydrolases and nucleotide sugar tranSPOrters .......cccveveevveeercveescieeennne 43
4.1.2. Mn2+ and glycoSYItransferases......cuuiiiiiiieiiciiie ettt 44
4.1.2.1. Mn2+ as an activator of glycosyltransferases........cccooevvvcieeinciiei e 44
4.1.2.1.1. Mn2+ and GT involved in N-glycosylation................cccooeeecvveeeeccieeeeenneen. 44

4.1.2.1.2. Mn2+ and GT involved in O-glycosylation...............ccccoeeveveeeeecceeneennenn. 46

4.1.2.1.3. Mn2+ and GT involved in GAG bioSynthesis..........cccccocueeeevveeeecieeneenneen. 49

4.1.2.1.4. Mn2+ and GT involved in glycolipids biosynthesis .............cccccceceueeeennneen. 50

4.1.2.1.5. Mn2+ and GT involved in other or multiple pathways.............ccccceveeuneen. 51

4.1.2.1.6. GT potentially requiring MN24 ........cccoueeeeeeieeeeeiireeeeecireeeeeeireeeeeeireeeeenneees 52

4.1.2.2. Other effects of Mn2+ on glycosyltransferases........ccccocoveeeecieeecccciee e, 54

4.1.3. Mn2+ changes can affect all the glycosylation pathways........ccccoecveeiiecieeiccciee e, 55
4.2. Mechanism of Mn2+ as coordinator for glycosyltransferase catalytic activity ......................... 56
4.2.1. Example with B4GalT1, the most studied glycosyltransferase .........cccoeevceevveeenieeeseeenen. 57
4.2.1.1. MN24 DINAING .t e et e e e e bee e e s ebeeeeeebaeeeesanes 57
4.2.1.2. UPD-Gal BiNdiNG....cooiiiiiiiieieeeecesee ettt ettt 58
4.2.1.3. Conformational ChanGeS..........uei i e 58
4.2.1.4. Acceptor substrate binding and catalysis .......cccccevevieriiicee e, 59

[5] CONGENITAL DISORDERS OF GLYCOSYLATION ......ooooiiiiiieiiee ettt et e eetee e e etae e e eve e e e 61
5.1. General iNtrodUCEION ...........ciiiiiiiiie ettt st e s bb e e st e s sabeesabeesbaeesabeeenes 61
5.2, ANEW EraiN CDG.........oiiiiiiiiiieeiiieee ettt ettt e ettt e e sttt e e e sttt e e s nbe e e e s nbe e e e snnbeeesnsaeeesansreeesannneeenan 62
5.3. Identification of CDG PAtients ...............oooouiiiiiiiiiiiee et e e e e e ra e e e et e e e esaaaeeaean 62
5.4, TrEatMENTS ...ccooiiiiiiie ettt e e e e et e e e e s e e re et e e e e e e s e re e e e e s e e e sannrrree 65
5.5. Golgi homeostasis defects 1eading to CDG..............cccoviieiiiiiieeciiee e e et 65
5.5.1. Trafficking defECtS ..ccuviieiie et e e st e e rnte e e re e e nnes 66
5.5.1.1. COG . ittt ettt sttt e b e e st e s bt e e s be e st e e e aae e e b e e e s abeesbeesateesbeeene 66

5.5.1.2. LY RN I - R 67

5.5.1.3. I 272 = O N 68

5.5.2. 10N hOMEOStasis dEFECES....ccuuiiriiiiiiiiiiee ettt ettt s are e sbe e e sans 68
5.5.2.1. H+ homeostasis defECS .....cciviciiecie e 69
5521.1. V-type H+ATPASE dEfiCIENCIES .........coeeecueeeeeeciieeeeciiee et eectee et e e 69

5.5.2.1.2. TIMEMIO9.c....oiiiiiiiieeeite et ettt s sttt s bt st e s sabe e s be e e sabe e sbaesbseesabaeenaees 70

5.5.2.1.3. CODCIIS ..., 71

5.5.2.2. SLC39A8: a Mn2+ homeostasis disorders leading to CDG........cceeeeeveeciviiieeeeenenn. 71

5.5.2.3.  TIMIEMILB5... ittt ettt et ettt e st st sate e st e e st e e sabaeenateesabaeesaraen 73

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

[6] TMEM165: a new player in Golgi glycosylation ............cccooviiiiiiieciiie it 74
6.1. TMEM165: 8enN0OMIC OrgaNIZatioN..........ccoocuiiiiiiiiii i e e e e s e e sabareee e e e e eenas 74
6.2. TMEMI165: the Protein............oooiiiiiiiiiiiiii et e et e e e et e e s e abe e e s e ate e e e ennbaeeeeenreeas 74

6.2.1. The UPFOOLE famUlY ....cuvrrieieeiieecciiiieee ettt e e e ettt e e e e e e eettaee e e e e e e e e anrraaeeeeeseennnnraaeeeas 74

6.2.2. TMEM165 topology, domains and structure-function relationship .......cc.cccevevevevverrcreennnne. 75

6.2.3. TMEMI165 OrthOIOZS. . .ccuveiiiieeiiieiiiiesiee ettt sttt e et e st e s e e sate e sbe e e sabeesabeesnaeeessbaeenans 77
6.2.3.1. L AN AV A PP PPPPPPPION 77

6.2.3.2. SYNPAMTZL .ottt ettt e s e s sbe e e st esbe e e ate e ssbeeesateesateesnreesbeeenes 78

6.2.3.3. LCTo ol e TP SRRUUPRTOTSPRRPPRRN 79

6.3. TIMIEIMILB5-CDG ..........ouuuiuiuiiiiiiiiiiiitieiuerae earuraeaearaeararara—a—a—————_—_—_nararannrnrnsnsssnsnsnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 79
6.3.1. CliNICAl PreSENTAtION. . .cicvitiitieerieeeiieertee ettt e erre e ste e ebe e e sbe e s beeerareesbeeesabeesabeesnneessnseeenases 79

6.3.2. Patient MULAtiONS OVEIVIEW ...cccueeeiiiiiiiie ettt ettt e e e e s s e s saabe e e e e e s s ssasreaaeeeas 80

o TR T =Y | (V] Tl o] Y=Y a T 1Y/ <RSPPI 81

6.3.4. TMEM165-CDG animal MOEIS ....ceeevieriiiiiiiieiiieeriee ettt e sieesieeeseaeeevee s st eseee s snee s sveeenanes 82
6.3.4.1. Zebrafish (Danio rerio) MOdel........c..oocvveeiiiecieecee e 82

6.3.4.2. Mouse (Mus MUSCUIUS) MOEL........c.eeecuiiiiiieeiieecee ettt 83

6.4, TMEMI65 FUNCLIONS .......voiiiiiiiieiiie ettt ettt e et te e e bt e e sba e e sateeeabeeesateesnteesnseeesnreeenns 84
6.4.1. Insights into the role of TMEM165 in Ca2+ homeostasis ......cceeuveerureeriieeenveeniieeriee e 84

6.4.2. Insights into the role of TMEM165 in H2+ homMeostasiS.......ccvveeruieeeiiiieeeeiieeeecviee e 85
OBJECTIVES OF THE PHD PROJECT ......ccittttuiiieiiiieittiiiiieeseeettttiaieessesesstnssunessseesseessssnsssssssessssnisssssssssesnnnnns 87
R S U N 88

[1] GLYCOSYLATION ABNORMALITIES IN GDT1P/TMEM165 DEFICIENT CELLS RESULT FROM A DEFECT

IN GOLGI MANGANESE HOIMEOSTASIS ......cooiiiiiiiiiiieieieteeeeeeeeeeeeeeeseeeeeeeeeeseseseesessesseseeeseessesssssseeesesennens 88
1.2, INErOAUCTION ... ..oiiiiiiiiii ettt ettt et e s bt e sttt e s bt e s bt e e sabeesabaeesabeesabaesnbeesabaeennres 88
1.2, PUDBIICAtION ...ttt ettt e st e e e sbe e e ateesbaeeares 91
1.3, ComPlemeENntary FESUILS............cuiiiiiiiiie et et e e et e e e e ste e e e e atae e e e asaeeeeensaeeesannaeeaean 116
L4, DISCUSSION ....coeiueiiiiiiiiiiie ettt ettt e ettt e e ettt e e ettt e e s nbe e e s sante e e e ssseeeesnseeeesnseeeesnsaeeesnsaeeesannnneesan 118
R R o | 4 o OO O T TR OU TP PP PRPRRUPTPTO 118
R 1Y/ = PSS 118
1.4.3. The yeast model to study Golgi glycosYIation.........cceeerieercieiinieinieenieeriee e 120
1.5, ABSEract in French ............c.oooiiiiiii e s e e s raeeeeas 120

] = o SRS 122
2.0, INErOCUCTION ...ttt ettt st e s bt e e sabe e e bae e sabeesabteesabeesabseenateesabaeenaseens 122
2.2, PUDBIICAtION ...t e e e e s e e s e e e e s e arees 123
2.3, Complementary reSUILS..............oooi i e e e e e e e e e e e e e e e nrara e e e e e e e e eenrnnes 148
2.4, DISCUSSION .....eeiiiiiiiieiiiiee ettt e et ee e ettt e e st e e s abb et e s abb e e e s s abb e e e e s aabteesaasbeeesanbeeesannbeeesannreeesennrenas 149
2.4.1. Deciphering the mechanism of galactose supplementation .........cccccccceevvieerceesiieesinennns 149
2.4.2. Different effect of galactose and MnCI2 on LAMP2 and TGN46 gel mobility.................... 150
2.4.3. Galactose and Mn treatment in CDG ....coocveierieeriieeiniieenieeesieesieessireesbeeesineesireesnaeeesseeenes 151

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

2.5, ADSEract in FreNCh ..........ooiiiiiiii ettt e e s be e s bt e e s ate e sbeeesareeen 152

[3] MANGANESE-INDUCED TURNOVER OF TIMEMIB5 ........ccccoiiuiiiiiieiiieenieesieeenieessreeenineeseeesneeesanees 153

2 1 4 e e [V Tt T T PSPPI 153

R V][ Tor- | 4o o PP 154

3.3, Complementary reSUILS.............ooooiiii et e e e e e e 181

3L, DISCUSSION ... ..eiiiiiiiiiieeieee ettt e e ettt e e sttt e e sttt e e s sttt e e e sabtee e s abeeeesaabaeeesaabaeeesaabeeeseanbeeesanabeeesennrenas 184

3.4.1. Deciphering the pathways and mechanisms of TMEM165 induced degradation............. 184

3.4.1.1. Pathways possibly involved in TMEM165 induced degradation ...........ccccuuue.... 184

3.4.1.2. Proteins involved in TMEM165 induced degradation ..........cccecevveeeeiiveeeccnnnenn. 185

3.4.2. TMEM165 domains involved in MN2+ SENSILIVILY ..evivvcveriieiieriiiiien e, 186

3.4.3. The purpose of TMEM165 induced degradation ........ccocceeerveeriierinieensieeenieenieeenieeesiee e 188

3.5, AbSEract iN FreNCH ........eoiiiic e e et e e e e e e e e e nareeas 190

[4] REVIEWS PUBLISHED ..........cccuoiiiiiiiitieeitieeeiee et esteeeteeessteesteeesateessbeeessseessteeenseessnseeensseesnsessnseessnseenn 191

4.1. Golgi post-translational modifications and associated diseases.............cccceeevrrveeeeeeiiicnnrnnnnnn. 191

4.2. TMEM165 deficiencies in Congenital Disorders of Glycosylation type Il (CDG-II): clues and

evidences for roles of the protein in Golgi functions and ion homeostasis. ........................... 212

[5] GENERAL DISCUSSION AND PERSPECTIVES .........cccuvtiiiiirieeeeiteeeeectreeeeectreeeeeetreeeeeetreeeeeenreeeesenreeeesnnns 229

5.1. Roles of TMEM165 in glycosylation...............cooooiiiiiiiii i 229

5.1.1. TMEM165 deficiency leads to N-glycosylation and glycolipid defects ........ccccvevviveeennneen. 229

5.1.2. Mn2+ and galactose supplementation in TMEM165 deficient cells......cccccccevcveernieeninennne 230

5.1.3. Differences between Gdtlp and TMEM165 functions in glycosylation........c.cccceevveerveenns 231

5,14, PEISPECLIVES ..eeeiiiiiieeeiitte ettt ettt e ettt e e sttt e e st e s st e e e s eabe e e s sabe e e e enbeeesesaneeeeeanraeeeenreeas 232

5.2. The link between TMEM165 deficiency and skeletal abnormalities in TMEM165-CDG patients

.................................................................................................................................................... 233

5.3. Unravelling TMEMZ165 ion tranSPOort .............ooiiiiiiiiiiiiiiee et e esree e esree e esitee e s ssebeee s s sareeesssaveeas 234

5.3.1. The role of TMEM165 in H+ hOMEOStASIS ..ceevuveeriiiiiieieiiienieesiee et e eiee et e e sieeesvee e 235

5.3.2. The role of TMEM165 in Ca2+ hOMEOSLASIS ....eeevvverrureerrierisieesierereeessreeeseeeseeeesseeesseeenns 235

5.3.3. The role of TMEM165 in MN2+ hOMEOSLASIS .. eeevvieureiriieenieenieeeireesieeesireesreesieeesreeenes 236

5.3.4. Direct measurement of TMEM165 ion transport .......cceceeerieeniieeinieeniieenieenieeesiieesvee s 236

5.4. TMEM165 is a Golgi Mn2+ sensitive protein..............ccccoeeciiiieciiiic e 237

CONCLUSION.......oiiieeitiiiiiee e eetttiees s e e eettaer e e e s eeeraesasasseeestessssssssssessnnsssssssssesssnessssssssseesssensnnssssseesenesnnnnns 239

REFERENCE LIST .....ooiiiitiiitienieeniieeeniee ettt esteesseeessseessesssseeesssessssessnssesssesssssessssasssssessssessssssensssssssessssseens 241
APPENDICES

Appendix I: submitted article: Investigating the function of Gdtlp in yeast Golgi glycosylation

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

LIST OF FIGURES

Figure 1. Simplified overview of the different types of glycosylation in mammals, with a focus on Golgi

Lo Ve T VA 1A T o PSR 5
Figure 2. Topology of a Golgi glycosyltransferase. ..............ccouvieeiiiii i 6
Figure 3. Examples of N-glycosylation differences among eukaryotes.. ............ccccccevviiieiiniienicncien e, 7
Figure 4. Overview of the dolichol cycle. .............c.ouiiiiiiii e 8
Figure 5. Structure of the oligosaccharidic precursor for N-glycosylation. ..............ccccoeeriiiiieecccien e, 8
Figure 6. ER N-glycan trimming and quality control................ccoooiiiiiiiiiin e 9
Figure 7. The three types of N-glycans found in mammails.................c.cccooiiiiiiii e, 10
Figure 8. Golgi N-glycan processing and maturation to generate a complex bi-antennary fucosylated N-
L4 V7ot T PRSP 11
Figure 9. Biosynthesis of core 1 to core 4 O-GalNAC glycans. ...........ccccooeeiiiieciee e 16
Figure 10. Structures of each glycosaminoglycan class. ..............cccccoooiiiiiiiiii e 19
Figure 11. Simplified view of the biosynthesis pathways for gangliosides. ..............cccccccovviiiiniiinnnnnen. 21
Figure 12. Golgi glycosylation is an extremely regulated process. ...........ccoceeeeiiiieecciee e 22
Figure 13. Golgi nucleotide sugar transporters found in mammals. .................cccccoeeiiiiiiciiin e, 26
Figure 14. pH values of the secretory pathway. ............cccoooiiiiiiiii e 28
Figure 15. Overview of Golgi Ca2+ homeostasis. ............ccccviiiiiiiiii e e 32
Figure 16. Overview of Golgi pH homeostasis regulation. .................cccccoe i 35
Figure 17. Overview of human manganese transpPOorters............ccccvvvviieiiiciiee e 39
Figure 18. Overview of Golgi Zn2+ homeostasis. ...........ccccviiiiiiiii i e e 42
Figure 19. Biosynthesis of the Forssman antigen. .................ccooooiii e 51
Figure 20. Glycosylation pathways involving Mn2+ dependent glycosyltransferases............................ 53
Figure 21. Kinetic catalytic pathway of B4GalT1 in the presence of alA and with Glc as the acceptor
SUDSEIAtE. ...ttt ettt e s e e et e eea bt e st e e e bae e s be e e bte e abeesbeeesabeesares 53
Figure 22. Changes in Mn2+ coordination during UDP-Gal binding to B4GalT1. ..............cccceeeerirrennnnen. 53
Figure 23. Subcellular localisation of CDG known to date. ............ccccccveiiiiiiiiicin e 53
Figure 24. Serum transferrin N-glycans SErUCLUIE. ............ccoocuiiriiiiiiiiiniieeeesiec ettt 53
Figure 25. Identification of CDG patients by serotransferrin IEF. ....................ccoiii i, 53
Figure 26. Simplified view of the effect of Golgi homeostasis changes on glycosylation....................... 53
Figure 27. Schematic representation of the predicted genomic structure of TMEM1665. ...................... 53
Figure 28. TMHMM predicted a common topology of UPF0016 family members in Metazoa. ............ 53
Figure 29. TMEM165 full sequence, topology and conserved domains.............cccccoeecieiiiiiieeeccciiee e, 53
Figure 30. Predicted transmembrane TMEM165 topology showing the protein mutations identified in
the six TMIEM165-CDG patients discovered SO far. ...............ooooiiiieiiiiiii et 53
Figure 31. Inhibition of tmem165 expression in zebrafish embryos results in defects in cartilage

L g ToTg 0] g Lo =T s =Ty U UURRR 53
Figure 32. TMEM165 putative model as a Ca2+/H+ antiporter. ..........c..coeovveeeeceieereeeeecee e 53
Figure 33. 100nM MnCI2 is sufficient to suppress the LAMP2 glycosylation defect observed in KO
TMEM165 HEK293 Cells. .....ooooeieeeeeee et e e e et e e e e e e s e st e e e e e e e e e e nnsraeeeeeaeeesnnsreenees 53
Figure 34. TMEM165 knockdown causes a general sialylation defect. ................ccocoviiiiiiiniiccien e, 53
Figure 35. The glycosylation defect in HeLa shTMEM165 is suppressed by the addition of MnCI2....... 53
Figure 36. GPP130 topology and dOmains.. ...........ccceeieieiiiiiiiii et e e e e e e e 53

Figure 37. Galactose does not suppresses the observed TGN46 glycosylation defect in HEK TMEM165
KO CRIIS. ...ttt e sttt et e e st e e s be e e s abe e s be e et te e e be e e aate e s taeebeeesabee e baeenateesbeeenareenas 53

© 2017 Tous droits réservés. lilliad.univ-lille.fr


file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061497
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061497
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061498
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061499
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061500
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061501
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061502
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061503
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061504
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061504
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061505
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061506
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061507
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061508
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061509
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061510
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061511
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061512
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061513
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061514
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061515
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061516
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061517
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061517
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061518
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061519
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061520
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061521
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061522
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061523
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061524
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061525
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061526
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061526
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061527
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061527
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061528
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061529
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061529
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061530
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061531
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061532
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061533
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061533

Thése de Sven Potelle, Lille 1, 2017

Figure 38. TMEM165 lysosomal degradation is Rab7 and Rab5 independent..................cccccceenirrnnnen. 53
Figure 39. TMEM165 lysosomal degradation is GGAl independent. ..............cccccevirviiiiiiniieeeeeciee e, 53
Figure 40. Roles of Rab5, Rab7, GGA1 and clathrin in vesicular trafficking from Golgi to lysosomes. .. 53
Figure 41. Mechanistic binding model for TMEM165 Mn2+-induced degradation. ..................c............ 53
Figure 42. TMEM165 model for ion transport. ............ccccooviiiiiiiiiii e 53
Figure 43. Models showing differences between gdtlp and TMEM165 roles in glycosylation.............. 53
Figure 44. Gdtlp is essential for glycosylation when Pmrlp only imports Ca2+.. ...........ccccceeevvieeennnnen, 53
LIST OF TABLES

Table 1. Different types of O-glycosylation. ..............ccueiiiiiiii e e 13
Table 2. Structures of the different O-glycan cores. .............ccooviiiiiiiiiii e 15
Table 3. Structures of the major GSL seriesin mammals................cccooeiiiiiiii e 20
Table 4. List of all glycosyltransferases known to require Mn2+ to be fully active. .............cccccccveeneene 45
Table 5. List of glycosyltransferases thought to require Mn2+ to be fully active. .............ccccceennnnnnnnn. 52
Table 6. TMEM165-CDG patient MULatioNs............ccocoiiiiiiiiiec ettt e e e e e e eare e e e e e 53

© 2017 Tous droits réservés. lilliad.univ-lille.fr


file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061534
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061535
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061536
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061537
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061538
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061539
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061540
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061944
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061945
file:///C:/Users/yop/Desktop/Thèse%20version%20finale.docx%23_Toc495061949

Thése de Sven Potelle, Lille 1, 2017

INTRODUCTION

[1] GENERAL INTRODUCTION

The accepted dogma in science, which is still believed by mainstream audience, is that biological
information comes from DNA and ultimately emerges to protein. However, making a completely
functional cell also requires two others classes of molecules: lipids, crucial for building cell
membranes among other things, and carbohydrates (also called glycans). At the beginning,
glycans were only considered as energy source or structural elements without any strong
biological importance or activity. In reality, all cells carry glycans that are either found as free
molecules or covalently attached to proteins or lipids during a post-translational modification
(PTM) named glycosylation, thus forming the glycoconjugates. Glycosylation is a conserved
fundamental process found across the entire phylogenetic spectrum, and is even present in all
cell type of a given organism. Glycoconjugates are involved in a broad range of functions taking
place at the cell-cell, cell-matrix, cell-molecule or host-parasite interfaces, mainly by finely

modulating proteins or lipid functions or by acting as specific recognition molecules.

The metabolism of glycans has been intensively studied in the beginning of the 20t century.
Combined with biochemistry approaches, these researches led to the rise of the glycobiology
field. Glycobiology is defined by Varki as “the study of the structure, biosynthesis, biology, and
evolution of saccharides that are widely distributed in nature, and the proteins that recognize
them” [1]. Although glycobiology became a recognized scientific field, it was always lagging
behind protein and DNA fields. Indeed, the huge diversity of glycan structures and the fact that
glycan biosynthesis is not template driven and therefore not predictable made glycans much
more difficult to study than other classes of molecules. However, more than 61 000 scientific
articles linked to “glycosylation or glycobiology” are now available on PubMed, and the number
of articles are increasing each year since the 1980’s. Moreover, since 2005, more than 2000

articles are published each year, revealing the recent expansion of the glycobiology field.

The structural diversity of glycosylation is insured in mammals by nine nucleotide sugar donors,
a multitude of glycosylhydrolases (GH) and glycosyltransferases (GT), which generate various
glycosidic bonds in o or B stereoisomeric configurations on a wide variety of lipids and protein
acceptors. In mammals, protein and lipid glycosylation comprises many different glycosylation
types. However, excepted for O-linked N-acetylglucosaminylation (O-GlcNAcylation) that is

1
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performed exclusively in the cytosol, they all take place sequentially in two organelles: the
endoplasmic reticulum (ER) and the Golgi apparatus (GA). For some specific glycosylation types
discussed later, only one organelle is involved during the glycosylation process. According to the
linkage of the first monosaccharides to the amino acid, three major types of glycosylation can be
distinguished:

- N-glycosylation, when the glycan is linked to the amide group of an asparagine (Asn).

- O-glycosylation, defined by the attachment of the glycan to the hydroxyl group of a serine

(Ser) or a threonine (Thr).
- C-glycosylation, also called C-mannosylation, with a single mannose residue linked to the

C2 atom of tryptophan (Trp) on specific proteins.

Besides, a given glycoprotein can exist in different glycosylated forms. These glycoforms are the
result of macro- and microheterogeneity, which are especially well characterized for N-
glycosylation. Macroheterogeneity is generated by the ER and is defined by the structural
diversity due to the presence or the absence of a glycan structure at a given glycosylation site.
Microheterogeneity is the presence of different glycan structures at a specific glycosylation site,
which is the result of Golgi glycosylation [2]. Therefore, the ER and the Golgi have different but
complementary roles in the glycosylation process. In a simplified view, ER glycosylation is
involved in the folding and the stability of glycoproteins while Golgi glycosylation is responsible
for finely regulating the functionality of a protein. Besides, the GA is mainly responsible for the
maturation of glycans. Indeed, final steps of glycosylation occur in the Golgi, thus glycoconjugates

acquire their definitive structures during their passage through this organelle.

Glycosylation is not only the result of a dynamic process depending on enzymatic activities, but
also relies on external factors such as GT localization and organelle overall environment. For
example, the nucleotide sugar donors required for Golgi glycosylation are synthetized in the
cytosol and must be imported by specific nucleotide sugar transporters (NST) into the Golgi
lumen and in the same Golgi cisternae as the GT that use them. Besides, GT requires a specific
environment in terms of pH, inorganic phosphate and divalent cations such as Mn2+, Mg2+ and
Ca2+ [3,4]. Moreover, GT are especially known to require divalent cations, mainly Mn2+, to be
fully active [5]. The first link between Mn2+ and glycosylation in human was established in 1974
[6], but the connexion between a glycosylation disorder and Mn2+ homeostasis defect in human

was only reported in 2015, more than 40 years later, highlighting the difficulty of studying

2
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glycosylation [7]. In fact, defects in genes involved in the glycosylation process are gathered into
a group of rare inherited diseases named Congenital Disorders of Glycosylation (CDG) [8-11].
Despite the fact that almost 5% of the genome is dedicated to glycosylation, this process has
always been underestimated and left behind. Yet, more than 110 different CDG have been
identified to date, meaning that mutations in one of these 110 genes can lead to a human
disease, emphasizing the crucial importance of glycosylation in human biology. CDG primarily
encompass gene defects in enzymes directly involved in glycosylation, but a significant subgroup
of newly discovered CDG affect Golgi homeostasis, marking a new era in the CDG field [12]. Since
the first discovery of a link between defective Golgi homeostasis and abnormal glycosylation in
2004, researchers doubled their effort to decipher new CDG caused by Golgi homeostasis
disturbance. The recent discovery of CDG patients carrying TMEM165 mutations, a putative Golgi
cation antiporter, added a new layer of complexity both to the field of Golgi glycosylation and to

the research on CDG.

3
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[2] GOLGI GLYCOSYLATION

Although the ER is the initiator of most of the glycosylation types, the Golgi apparatus can be
seen as another main organelle for glycosylation, as it is responsible for the maturation and the
final steps of glycosylation. Thus, most of the glycoconjugates acquire their final structures during
their passage through the Golgi. A simplified overview of the different Golgi glycosylation types
that will be presented in this chapter is depicted in Figure 1. Several glycosylation types even
occurs only in the Golgi apparatus without the action of the ER such as the mucin-type O-
glycosylation or the biosynthesis of glycosaminoglycans (GAG). Besides, there are no less than 8
different nucleotide sugar donors in the Golgi apparatus of mammals. Therefore, one key feature
of Golgi glycosylation is the high diversity of glycan structures that arise from this organelle.
Indeed, for a given type of glycosylation, the amount of different structures observed on mature
glycoproteins is huge. This diversity relies on the abundance, the localisation and the affinity of
GT and GH, which can prevent or favour the synthesis of specific glycan structures on acceptors.
Indeed, it is possible that the action of one enzyme prevents the action of a second enzyme,
giving birth to different structures. Moreover, Golgi glycosylation is a highly regulated process,
as GT requires a specific environment in terms of pH, divalent cations and inorganic phosphate.
In addition, nucleotide sugar donors must be located in the same compartment than the GT that

will use them.

In mammals, there are more than 250 resident GT in the Golgi apparatus. They are all type Il
transmembrane protein (Figure 2), composed of a short cytoplasmic tail at the N-terminus, a
single transmembrane domain (TMD) responsible for their anchoring in the Golgi membrane, a
stem region variable in length, and a catalytic domain in the Golgi lumen [13]. These enzymes
have multiple layers of substrate specificity. Indeed, they are specific to the donor of nucleotide
sugar, to the glycan acceptor and to the linkage of the glycosidic bond they catalyse. Some GT
such as polypeptide N-acetylgalactosaminyltransferase 2 (GalNAc-T2) and GalNAc-T4 even
possess two functional domains, one lectin domain that strongly binds the acceptor glycan and

one catalytic domain that performs the enzymatic reaction [14,15]

4
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Figure 1. Simplified overview of the different types of glycosylation in mammals, with a focus on Golgi glycosylation.
Specific nucleotide sugar transporters, GT and GH are also present in the ER but not depicted here for clarity sake. The glycan
structures shown in the TGN are examples but do not fully represent each glycosylation type. C-mannosylation is not shown

here since it only takes place in the ER. O-GIcNAcylation is not depicted here since it only occurs in the cytosol.
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Figure 2. Topology of a Golgi glycosyltransferase. All Golgi glycosyltransferases are type Il transmembrane protein. The
cytoplasmic tail, the TMD and the stem region are involved in the localisation and the stability of the protein. The catalytic
domain is in the Golgi lumen, near the C-terminus of the protein.

Compared to the ER glycosylation that is well conserved among eukaryotes, Golgi glycosylation
is very divergent in eukaryote organisms (Figure 3). For example, plants can have xylose residue
on their N-glycans, which is not the case in mammals. Yeast N-glycans are also very different from
mammalian N-glycans. They are composed of two N-acetylglucosamine (GIcNAc) residues
followed by only mannose residues, but their N-glycans can reach up to 200 mannose residues
[16]. In human, mannose cannot be added on N-glycans in the Golgi apparatus. This shows that

the Golgi is an organelle that has drastically changed during evolution.

An overview of the major glycosylation types will be addressed in this chapter, with a focus on
Golgi glycosylation. This section will still not be completely exhaustive, due to the high diversity

of Golgi glycosylation.
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human plant yeast

Figure 3. Examples of N-glycosylation differences among eukaryotes. The structures shown here only represent a specific
type of N-glycan. Xylose residues in plant N-glycans are absent in human N-glycans. Yeast N-glycan are only composed of
mannose and GIcNAc residues.

2.1. N-glycosylation

2.1.1. General introduction

N-glycosylation is a sequential process that occurs in two distinct compartments, the ER and the
Golgi apparatus. Since my work mainly focused on the Golgi apparatus, only a quick overview of
the ER N-glycosylation will be done. This process is already well-described in literature [1,17,18].
ER N-glycosylation is well conserved during evolution, from yeast to human. It begins with the
synthesis of a common oligosaccharidic precursor on a lipid acceptor, the dolichol
pyrophosphate, during the dolichol cycle (Figure 4). The structure of the common precursor
(GlcsManoGIcNAc;) contains three different sugars and a variety of different linkages (Figure 5).
The precursor is then transferred by the oligosaccharyltransferase (OST) all at once on an Asn
residue of a consensus sequence Asn-X-Ser/Thr (X being any amino acid excepted proline) on
protein regions that have been translocated into the ER lumen. Recently, N-glycosylation has
been also observed on non-standard sequons such as Asn-X-Cys, Asn-Gly, and Asn-X- [19-22].

Still, they represent minor N-glycosylation sites compared to the consensus sequence.

After the transfer of the precursor, a series of mandatory processing steps occur (Figure 6).
Glucosidase | cleaves the terminal a-1,2 glucose (Glc) residue and glucosidase Il next cleaves the
newly terminal a-1,3 linked glucose residue, generating a GlciMansGIcNAc, N-glycan structure.

This structure can be recognised by two specific lectins: calnexin (CNX), and its soluble homolog

7
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calreticulin (CRT). These lectins are associated to Erp-57, a chaperone that will help the folding
of the glycoprotein during what is called the CNX/CRT cycle. In addition to this cycle, several
chaperones (such as Bip, Protein Disulfide Isomerase (PDI) and Peptidyl Prolyl Isomerase) will

help the folding of N-glycoproteins.

Ribosome 3
mRNA UDP GDP

33 33333331003 333 3133}

33133

PebeBbEEL th 60 BOHEELOEL

e o ?ﬁ?ﬁ &?ﬁ kit j;i? 8t
3 3

CTP
CDP
ER Lumen “Flip”

: R ; i B! 3 3 3
; ® ® ® ® > ® ®
UDPm) % uDP@ ) © GDPe) ® GDP@| ®GDP)| ©GDP’e ® GDP®) ®

E= Dolichol UMP UDP GDP GDP GDP GDP GDP

phosphate
OST = Oligosaccharyltransferase Cytoplasm

Figure 4. Overview of the dolichol cycle. The dolichol cycle starts in the cytosolic face of the ER with the addition of a GIcNAc
phosphate residue on dolichol phosphate. Then, another GIcNAc residue is added, followed by 5 mannose residues. A flippase
named RFT1 then translocates the lipid-linked glycan inside the ER lumen where 4 mannose and 3 glucose residues are added.
Each step is catalysed by a GT that is specific to the acceptor substrate, the donor substrate and the linkage of the reaction.
Finally, the precursor is transferred without the lipid part by the OST on a Asn-X-Ser/Thr of newly synthetized proteins.

Adapted from Essentials of glycobiology 2 edition.

Branch C
Branch B P-P-Dolichol
Branch A
GIC3Man9GIcNA02
@ Glucose (Glc) [l N-Acetylglucosamine (GIcNAc) @ Mannose (Man)

Figure 5. Structure of the oligosaccharidic precursor for N-glycosylation. This precursor is synthetized on a lipid linked
acceptor, the dolichol pyrophosphate. The precursor only contains three types of monosaccharides but many different
linkages. Monosaccharides are represented according to the nomenclature proposed by Varki and collaborators in 2009.

Adapted from Essentials of glycobiology 2" edition.
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Figure 6. ER N-glycan trimming and quality control. After the trimming of 2 glucose residues, the N-glycan enters the CNX/CRT
cycle to help the folding of the protein moiety. If the N-glycoprotein obtains its correct folding, it will be sent to the Golgi
apparatus. The ER mannosidase | can additionally remove the terminal a-1,2 linked mannose residue on branch B. If the folding
is incorrect or incomplete, the UGGT will add a new glucose residue, allowing the CNX/CRT cycle to start again.

Glucosidase Il will finally remove the last a-1,3 linked glucose residue. If the protein is correctly
folded, it will be sent to the Golgi apparatus. The ER mannosidase | can additionally remove the
terminal a-1,2 linked mannose residue on branch B. Therefore, the majority of N-glycoproteins
reaching the Golgi carry N-glycans with 2 GIcNAc residues and either 8 or 9 mannose residues,
depending on the action of ER mannosidase I. If the N-glycoprotein is still unfolded, an enzyme
named UDP-glucose: glycoprotein glucosyltransferase (UGGT) will add a new a-1,3 linked glucose
residue on branch A, allowing the CNX/CRT cycle to start again. However, N-glycoproteins are
sometimes still unable to be correctly folded despite all the control points. To avoid any
accumulation of unfolded protein that can lead to ER stress, they are targeted to degradation via
the ER-Associated Degradation pathway (ERAD). Considering all these control steps, it is not
surprising that the ER is seen as a quality control organelle for newly synthesized N-glycoproteins

[23].

N-glycoproteins reaching the Golgi will be matured by a combination of glycosylhydrolases (GH)
and glycosyltransferases (GT). GH involved in Golgi N-glycosylation are all a-mannosidases and
can be classified according to the nature of the glycosidic linkage they cleave. Indeed,

mannosidases that cleave a-1,2 linkage form the GH47 family in the CaZY (Carbohydrate-Active

9
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enZYmes) database. Mannosidases that can cleave either a-1,2, a-1,3 or a-1,6 linkages form the
family GH38 [24]. The combination of GH and GT will generate the great structural diversity of N-
glycans. Nevertheless, N-glycans can be classified into three major categories (Figure 7), with the

most abundant N-glycan type found in human being the complex type.

B N-Acetylglucosamine (GlcNAc)
© Galactose (Gal)

A Fucose (Fuc)

@ Mannose (Man)

. N-Acetylneuraminic acid (NeuSAc)

Oligomannose Complex Hybrid

Figure 7. The three types of N-glycans found in mammals. N-glycans added to protein are of three general types in a
mature glycoprotein: oligomannose, complex, and hybrid. Each N-glycan contains the common core Man3GIcNAc2. The
most common N-glycan type found in human is the complex type. From Essentials of glycobiology, 2nd edition.

2.1.2. N-glycan maturation

Golgi N-glycosylation is a complex process that is not conserved between yeast and human. Yeast
N-glycans are only composed of two different sugars (GIcNAc and mannose) as opposed to the
five different monosaccharides in human N-glycans that are responsible for the high diversity of
the human N-glycome. To generate these glycan structures, N-glycans reaching the Golgi must
be finely matured. In this section, only the synthesis of the most common bi-antennary complex
structure (the same as the one shown in Figure 7) will be described in details. Indeed, the number
of different N-glycans structures is so important that Golgi N-glycosylation is way more intricate
than depicted here (Figure 8), but a complete overview of Golgi N-glycosylation is well described

in the literature [1,4,25].
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Once in the Golgi, the N-glycan is first trimmed by a set of Golgi a-mannosidases. They cleave 4
mannose residues to generate a MansGIcNAc; structure, often called the branched Mans
structure. N-glycoproteins then reach the medial-Golgi where a GIcNAc transferase named
MGAT1 adds a B-1,2 linked GIcNAc residue on the a-1,3 mannose on branch A. This sugar

addition is the trigger for the action of Golgi a-mannosidase Il, which catalyses the removal of 2

a-mannosidases IA, IB, IC
\ >
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Figure 8. Golgi N-glycan processing and maturation to generate a complex bi-antennary fucosylated N-glycan. This structure
is the most common N-glycan found in human.

mannose residues, one a-1,3 linked and the other one a-1,6 linked [26]. This cleavage will

distinguish hybrid from complex types N-glycans [27].

Another GIcNAc residue is then added by MGAT2 on the newly-exposed mannose residue. In the
medial Golgi, the GIcNAc residue attached to the Asn can also be fucosylated by a core a-1,6
fucosyltransferase. At the trans-Golgi level, two major sugars are added: galactose (Gal) and N-
acetylneuraminic acid (Neu5Ac). Galactose is the first sugar to be added in a B-1,4 linkage on the
GlcNAc residue, via the action of the B-1,4 galactosyltransferase I. Finally, a terminal Neu5Ac is

added on galactose by an a-2,6 sialyltransferase, most notably the a-2,6 sialyltransferase I.
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Although the biosynthesis of this structure is already quite elaborated, it does not illustrate the
diversity of N-glycan structures. Indeed, complex human N-glycans can be modified by several
GIcNAc transferases (MGAT4A, MGAT4B, MGAT4C MGAT5, MGATS5B) that can lead to bi-; tri- or
tetra- antennary N-glycans. MGAT3 can even transfer a GIcNAc residue to the B-linked mannose
of the trimannosyl core of N-linked oligosaccharides and produces a bisecting GIcNAc, which is a
signal to stop further elongation. B2 linked GIcNAc and B4 linked Gal residues can also be more
or less fucosylated in different linkages by a set of fucosyltransferases (FUT1, 2, 3,4, 5, 6, 7, 9).
Finally, terminal sialic acid can also be added in an a-2,6 linkage by ST6Gal-Il, or alternatively in
an a-2,3 linkage by ST3Gal-IV or ST3Gal-VIl. Moreover, N-glycans can be further elongated by
polysialic acid structures in specific N-glycoproteins such as Neural cell adhesion molecules
(NCAM) [28]. These polysialic acid structures are generated by ST8Sia-Il and ST8Sia-IV, which will
sequentially add one or several a-2,8 linked Neu5Ac on terminal sialic acid. In addition, Golgi N-
glycosylation is not as sequential as presented here, since several enzymes can act together orin
a different order as described here. For example, it is possible to find MansGIcNAc, or

FuciMansGIlcNAc; structures on N-glycans, even if they are still minor species [29].

2.2. O-glycosylation

2.2.1. General introduction

O-glycosylation designates a lot of different types of glycosylation that have in common the
attachment of the glycan moiety on a hydroxyl group of an amino acid (Ser, Thr or even Tyr or
hydroxylysine for some specific modifications). The different O-glycosylation types are listed in
Table 1 and are extensively reviewed in the literature [1,4,19,20]. Since most of these

modifications occur in the ER, only mucin-type O-glycosylation will be addressed in details.

e Mucin-type O-glycosylation (referred simply as O-glycosylation for the rest of the
manuscript) is the most common protein O-glycosylation and will be addressed later in section

2.2.2.

e O-GIcNAcylation is the attachment of a single O-linked GIcNAc residue on Ser or Thr of
cytoplasmic, nuclear and mitochondrial proteins [30,31]. O-GlcNAcylation is a dynamic PTM
catalysed by a couple of enzymes: O-GIcNAc transferase (OGT), the enzyme that adds the sugar

using UDP-GIcNAc as donor and O-GIcNAcase (OGA) that removes the sugar. Disturbance in O-
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GlcNAcylation homeostasis has been implicated in the pathogenesis of many human diseases,
including cancer, diabetes and neurodegeneration. Recently, a novel type of O-GIcNAcylation,
catalysed by an ER localised protein named EOGT, has been described on extracellular proteins

such as NOTCH [32].

Table 1. Different types of O-glycosylation. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; EOGT,
EGF domain-specific O-linked GIcNAc transferase; COLGALT1/2, Collagen Beta(1-O)Galactosyltransferase 1/2 ; OGT, O-linked
GIcNAc transferase; POFUT, protein O-fucosyltransferase; POGLUT, protein O-glucosyltransferase; POMT, protein O-
mannosyltransferase; TSR, thrombospondin type 1 repeat; XYLT, xylosyltransferase.

localization of the

enzyme(s) involved in

linkage lycosylation : examples
8 sy the first step P
process
int O- | tide GalNA
mucin ypt? GalNAc-o.-Ser/Thr Golgi polypeptide GalliAc all mucins
glycosylation transferases
X cytosolic, mitochondrial and nuclear
O-GlcNAcylation GIcNAc-B-Ser/Thr cytosol OoGT .
proteins
O-GlcNAcylation on EGF repeats of
O-GlcNAcylation GIcNAc-B-Ser/Thr ER? EOGT extracellular proteins (NOTCH,
DUMPY)
TSR of thrombospondin or ADAMTS
O-fucosylati Fuc-o-Ser/Th ER/Golgi POFUTL poFUT2  (@miv (by POFUTL), EGF domain on
-fucosylation uc-amser/inr o'e! ’ NOTCH and clotting factors (by
POFUT2)
O-mannosylation Man-o.-Ser/Thr ER POMT1, POMT2 a-dystroglycan
EGF d i NOTCH and clotti
Gle-B-Ser ER POGLUT1 omains on and clotting
factors
O-glucosylation
) autoglycosylation of glycogenin
Glc-a-Tyr cytosol Glycogenin during glycogen formation
O-galactosylation Gal-B-Hydroxylysine ER COLGALT1, COLGALT2 collagen, adiponectin

e O-fucosylation is the attachment of a fucose (Fuc) residue on a Ser or Thr belonging to a
consensus sequence on either Thrombospondin Repeat (TSR) domain or Epidermal Growth
Factor (EGF) domain on several proteins. Addition on TSR repeats is catalysed by POFUT1 while
POFUT2 catalyses the addition of Fuc on EGF repeats. In the case of EGF repeats, the O-fucose
may be elongated to a tetrasaccharide in the Golgi apparatus by sequential addition of GIcNAc,
Gal and sialic acid. O-fucosylation of TSR may be elongated to a disaccharide by the addition of a
Glc residue. Discovered more than 40 years ago, the role of O-fucosylation is still not completely

clear in mammals [33-35].

e O-mannosylation occurs in the ER, where a mannose residue is transferred by
POMT1/POMT2 from dolichol phospho-mannose to Ser or Thr residues on proteins. O-

mannosylation existence has been known in mammals for almost 40 years but the only well
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documented O-mannosylated protein is the a-dystroglycan [36,37]. O-mannose glycans are
known to be elongated in the Golgi apparatus by the addition of different sugars such as Gal,
GlcNAc, sialic acid, glucuronic acid (GlcUA), Fuc and xylose (Xyl) [38]. Besides, O-mannosylation
has now been implicated in a broad range of human diseases, including cancer and
dystroglycanopathies called congenital muscular dystrophy (CMD). Recently, O-mannosylation
has been identified on cadherins and protocadherins, expending the field of O-mannosylation

[36,39].

¢ O-glucosylation is initiated by the O-glucosyltransferase POGLUT1, with the addition of a
B-linked glucose residue to EGF domains on NOTCH or coagulation factors. The glycan can be
elongated in the Golgi apparatus with two Xyl residues [1,40]. O-glucosylation is thought to finely
tune NOTCH activity by modulating receptor-ligand interactions. In addition, O-glucosylation has
also been observed in the cytosol on glycogenin, a glycosyltransferase that catalyses the
formation of a short glucose polymer from UDP-Glc in an autoglucosylation reaction during

glycogen formation [41].

e O-galactosylation only takes place in the ER on proteins carrying collagen like domains
such as adiponectin or collagen itself. It consists of the attachment of B-linked galactose residue
on a hydroxylysine residue. The glycan can then be elongated with the addition of a glucose

residue. Collagen glycosylation is initiated by COLGALT1/2 [42].

2.2.2. Mucin-type O-glycosylation

This section presents a simplified view of the structures, biosynthesis, and functions of mucin-
type O-glycans (referred simply as O-glycosylation for the rest of the section). Mucins are highly
glycosylated and high molecular weight glycoproteins. They are present in many epithelial
surfaces of the body, including the gastrointestinal, respiratory and genitourinary tracts, where
they act as a protection against infection by pathogens, physical and chemical damages [1].
Mucin-type O-glycosylation is a widespread heterogeneous PTM of proteins found in the entire
animal kingdom, but also in higher plants [43]. In contrast with N-glycosylation, no clear amino
acid consensus sequence is known for O-glycosylation [44]. In mucins, O-glycans are covalently
a-linked via an N-acetylgalactosamine (GalNAc) to the hydroxyl group of Ser or Thr thus forming

an O-glycosidic bond. Three different regions can be distinguished on mucin-type O-glycans:
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- The coreregion, located close to the protein chain and basically composed of 2 or 3 sugar
residues. Unlike N-glycans, O-glycans have 8 different core glycan structures (Table 2).
They all have in common the first a-GalNAc residue attached to the protein. Core 1to 4
biosynthesis will be addressed in 2.2.2.1. Core 5 to 8 are less common and will not be
discussed. However, a full overview is available on the literature [1,45].

Table 2. Structures of the different O-glycan cores. Core 1-4 are the most common structures, with core 1 and core 2
representing the most abundant ones in mammals.

B3 a3
Core 1 Lo Core 5 H-

Galp1-3GalNAcaSer/Thr GalNAco1l-3GalNAcaSer/Thr

B3
¢ O BG
Core 2 Core 6 He
B6

GlcNAcB1-6GalNAcaSer/Thr

GIcNAcP1-6(Galp1-3)GalNAcaSer/Thr

¢ O
B3 ab
Core 3 H- Core 7

GlcNAcB1-3GalNAcaSer/Thr GalNAcal-6GalNAcaSer/Thr
g3 a3
£ ¢ O
Core 4 Core 8
B6

Galal-3GalNAcoSer/Thr

GlcNAcB1-6(GIcNAcB1-3)GalNAcuSer/Thr

- The backbone, which contributes to the length of the glycan chain. It is mostly composed

of disaccharide unit repeats.

- The peripheral region, representing glycan antigens. This region is highly diverse in terms

of glycan structures. It can be composed of Fuc, sialic acid, or acetyl variant of sialic acid.

2.2.2.1. Biosynthesis

The biosynthesis of O-glycans is a sequential process that only takes place within the Golgi
apparatus. It begins with the transfer of a GalNAc residue from UDP-GalNAc onto a Ser or Thr on
a fully folded protein. This step is catalysed by polypeptide N-acetyl-o-D-
galactosaminyltransferases (ppGalNAc-Ts), a group of well conserved type Il transmembrane

glycosyltransferases. To date, more than 21 ppGalNAc-Ts localised throughout the Golgi
15
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apparatus have been identified [46]. They are differentially expressed and more or less specific
to the protein sequence where the first GalNAc residue is attached. The transfer of this first
GalNAc residue generates a structure named the Tn antigen (Figure 9). Tn antigen can also be
sialylated by a ST6GalNAc transferases to generate the sialyl-Tn (sTn) antigen. From the Tn

antigen, all the different core structures can be synthesized.

Ser/Thr
9
p_uGaJ'."«'ﬂL‘Tl
.o STeGalNAC ‘ a 8
1 —
Tn sTn
B3 B3
[y L0
+---- i
Corel Core 3
(T antigen)
C2Gr?Tl l C2GnT
B3 B3
L ¢ 0L
pe B6
Core 2 Core 4
¥ ¥

Figure 9. Biosynthesis of core 1 to core 4 O-GalNAc glycans. The attachment of the GalNAc to Ser/Thr is catalyzed by ppGalNAc-
Ts and leads to the formation of the Tn antigen. The biosynthesis of core 1 and 2 of O-glycans is controlled by the activity of
C1GalT-1 and C2GnT. Core 1 may be substituted with sialic acid or GIcNAc on the Gal residue (not shown), thus preventing the
synthesis of core 2. Sulfate or fucose can also extend the core 1 (not shown). The biosynthesis of core 3 and 4 of O-glycans is
controlled by the activity of the C3GnT and C2GnT. C2GnT1 and C2GnT3 have restricted activity at core 1, while C2GnT2 also
has an activity on core 3 allowing the synthesis of core 4. Core 3 may be substituted with sialic acid in a2-6 linkage to GalNAc or
with galactose in B1-4 linkage to GIcNAc. These substitutions prevent the synthesis of core 4. Core O-GalNAc glycans can be
extended to form linear or branched structures and substituted with peripheral monosaccharides and/or sulfate groups. Dashed
arrows represent the possibility of further elongation of each structures.

Core 1to 4 biosynthesis is presented in figure 9. Core 1 biosynthesis is carried out by the transfer
of a B-1,3 linked Gal residue to the Tn antigen by the core 1 3-1,3-galactosyltransferase 1 (C1GalT-
1). The addition of a B-1,6 linked GIcNAc residue to the core 1 by a core 2 [B-1,6-N-

acetylglucosaminyltransferase (C2GnT) leads to the formation of the core 2. The core 3 is
16
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synthesized by a single B-1,3-N-acetylglucosaminyltransferase (C3GnT) that catalyses the
attachment of a GIcNAc residue to the Tn antigen. The core 4 is synthesized from the core 3 by

the addition of a GIcNAc residue by the C2GnT2.

Core O-glycans can be extended with monosaccharides including Gal, GIcNAc, Fuc, or sialic acid,
but not Man, Glc, or Xyl residues. For example, the backbone of O-glycans is frequently elongated
by a subset of GIcNAc-transferases and galactosyltransferases to form repeated GIcNAcB-1,3-
GalB-1,4 (poly-N-acetyllactosamine) sequences. The terminal part of the O-glycan chains of
mucins is highly diverse and generates specific antigenic glycan structures. Important other
modifications of mucin O-glycans also include O-acetylation of sialic acid and O-sulfation of Gal

and GIcNAc residues.

2.2.2.2. Function(s)

O-glycans have been shown to be involved in a wide range of cellular functions [43,44]. They
have a role in sorting and secretion of glycoproteins, on protein conformation, in cell adhesion,
angiogenesis, inflammatory responses and autoimmunity. O-glycosylation of mucins is essential
to confer their ability to hydrate and protect the underlying epithelium. Besides, the glycan
moiety provides almost a complete protection from protease degradation. In addition, alteration
of O-glycosylation in animal models leads to pathological phenotypes ranging from embryonic
death to developmental defects [44]. Dysregulation of O-linked glycosylation have been
associated with a broad range of pathological conditions including familial tumoral calcinosis, Tn

syndrome, IgA nephropathy, tumour formation and metastasis.

2.3. Glycosaminoglycans

Glycosaminoglycans (GAG) are polysaccharide side chains of proteoglycans made of linear
disaccharide repeating units. These units are composed of an N-sulfated or N-acetylated
hexosamine (D-galactosamine (GalN) or D-glucosamine (GIcN)) and an uronic acid (L-iduronic
acid (IdoUA) or D-glucuronic acid (GIcUA)) or sometimes a Gal residue. According to the structure
of the disaccharide unit, GAG are classified into several families: hyaluronic acid (HA); chondroitin

sulfates (CS) and dermatan sulfates (DS); heparan sulfates (HS) and heparin; keratan sulfates (KS).

2.3.1. Structure and biosynthesis of glycosaminoglycans
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© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

The final structure of each GAG class is presented in Figure 10. Their biosynthesis will not be
addressed since it is beyond the scope of my thesis. However, reviews about their biosynthesis

are available in the literature [1,47].

HA is a high molecular weight GAG composed of [GIcUAB-1,3-GIcNAcB-1,4-] repeats. Unlike other
GAGs, HA is never associated with a protein to form a proteoglycan and does not undergo any
modifications. Besides, biosynthesis of HA does not occur in the Golgi apparatus but on the

internal surface of the plasma membrane.

The disaccharide component of the CS is the [GIcUAB-1,3-GalNAcB-1,4-] unit repeat. It can be
sulfated at the C4 and/or C6 positions of the GalNAc residues and at the C2 position of the GIcUA
residue [48]. DS are distinguished from CS by the presence of IdoUA residues in their structure.
The biosynthesis of CS and DS takes place in the Golgi and is carried out by more than 15 different

enzymes [49].

Heparin is exclusively synthesized by mast cells and is composed of the repetition of disaccharide
units most often formed of IdoUA residues bound to sulfated GIcN [50]. HS are composed of the
repetition of the same disaccharide unit as heparin, with the difference that they preferentially
contain GIcUA residues instead of IdoUA. The most represented disaccharide in the HS chains is
the [GIcUAB-1,4-GIcNAca-1,4-] structure but more than 20 disaccharides with different
modifications have been identified. The biosynthesis of HS and heparin occurs in the Golgi
apparatus and involved at least 25 enzymes (glycosyltransferases, sulfotransferases,

epimerases), thus explaining the high structural diversity of these molecules [47].

KS are N-acetyl-lactosamine [GalB-1,4-GIcNAcB-1,3] polymers that can be sulfated at the C6
position on the two monosaccharides. KS are synthesized in the Golgi apparatus and can differ
in their type of binding to the protein core. KS of the cornea, called KS-1, are linked via an N-glycan
bond to the proteins. KS isolated from the cartilage, called KS-II, are linked via an O-glycosidic
bond to serine or threonine residues. A third type of binding via serine-bound mannose has been
described, which defines KS-1ll [51]. KS present a great heterogeneity of length and sulfation. In

addition, they may carry sialic acid residues in the non-reducing terminal position.
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Figure 10. Structures of each glycosaminoglycan class. GAG consist of disaccharide unit repeats composed of an N-acetylated
or N-sulfated hexosamine and either an uronic acid (GIcUA or IdoUA) or Gal. DS is distinguished from CS by the presence of
IdoUA. KS lack uronic acids and instead consist of sulfated Gal and GIcNAc residues. R can be a N-glycan, O-glycan or a mannose
bound to a Ser residue, depending on the type of KS. HS, CS and DS originates from the same tetrasaccharidic core containing 1
Xyl, 2 Gal and 1 GIcUA. Adapted from Essentials of Glycobiology, 2" edition 2009.

2.3.2. Function(s)

The biological functions of proteoglycans mainly depend on the interaction of the
glycosaminoglycan chains with different protein ligands. Due to the high diversity of GAG
structures, proteoglycans are involved in a broad range of functions including: cell matrix
organization, protein internalization, cell signalling, cell migration and cellular interactions. GAG
defects have been linked to a wide range of pathological conditions such as Ehlers-Danlos

syndrome, exostoses, and diverse skeletal dysplasias [52].
2.4. Glycolipids

Glycolipid (GL) designates a molecule containing a glycan linked to a lipid moiety. In mammals,

most GL are glycosphingolipids (GSL), but glycoglycerolipids, glycophosphatidylinositol and other
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types exist. In this section, a focus will be done on GSL as they are synthetized in the Golgi

apparatus.

2.4.1. Glycosphingolipids

GSL are plasma membrane glycolipids particularly present in the brain of mammals, where they
represent up to 80% of glycoconjugates [1]. They are composed of a hydrophobic lipid part, the
ceramide, anchored to the membrane and a hydrophilic glycan moiety exposed at the cell surface
[1,53]. The structure of the ceramide can vary in length, hydroxylation or saturation, resulting in
significant structural diversity. However, the main structural diversity of GSL is based on the

glycan part [53].
2.4.1.1. Biosynthesis

GSL can be divided into two main classes, depending on the first monosaccharide bound to the
ceramide. Gal addition forms the galactosylceramide (GalCer) whereas Glc addition forms the
glucosylceramide (GlcCer), present in most eukaryotic cells and the precursor to complex GSL.
GlcCer is typically substituted by a B-linked Gal residue on the C4 hydroxyl of the Glc to generate
the lactosylceramide structure (GalB-1,4GlcB-1-O-Cer, LacCer). GlcCer can also substituted by
mannose residue to form the mollu- and artho- series of GSL, mainly found in invertebrates [54].
Extension of LacCer can generate 5 different series depending on the substitution, as described
in Table 3. In mammals, gangliosides are synthetized in all cells but are still predominant in the
brain while GSL of the neolacto series are found in hematopoietic cells. On the contrary, GSL of
the lacto series are mostly found in the secretory organs and those of the globo series are the

most abundant in erythrocytes [55].

Table 3. Structures of the major GSL series in mammals. The LacCer common structure is depicted in blue.

Series Structure

Ganglio GalNAcB-1,4-GalB-1,4-Glcp-1-0-Cer
Neolacto | GalB-1,4-GIcNAcB-1,3-GalB-1,4-GlcB-1-O-Cer
Lacto GalB-1,3-GIcNAcB-1,3-Galp-1,4-GlcB-1-O-Cer
Globo Gala-1,4-GalB-1,4-GlcB-1-O-Cer

Isoglobo Gala-1,3-Galp-1,4-GlcB-1-O-Cer
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Since gangliosides are ubiquitous and crucial during brain development, this section will present
a brief overview of their biosynthesis. Gangliosides are acidic GSL containing one to five sialic
acid residues. Their biosynthesis takes place in the Golgi apparatus and begins with the transfer
of sialic acid residues to LacCer by specific sialyltransferases (ST3Gal V, ST8Sia |, ST8Sia V) (Figure
11). LacCer, GM3, GD3, and GT3 are the precursors for 0-, a-, b-, and c-series gangliosides,
respectively. GalNAc, Gal, and Neu5Ac residues can be next transferred in a stepwise sequential
manner. Similarly to N-glycosylation, the first steps of gangliosides biosynthesis take place in the

cis/medial-Golgi and the later ones in the trans-Golgi and TGN [56].

0 series a series b series C series
LacCer synthase GM3 synthase GD3 synthase GT3 synthase
(B4Gal T6) (ST3Gal V) (ST8Sial) (ST8Sia V)

-
-
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Gy, - Ghoss
— /
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Further elongation with sialic acids

Figure 11. Simplified view of the biosynthesis pathways for gangliosides. Gangliosides are synthesized by the stepwise addition
of sugars first to Cer. Cer is the acceptor for UDP-Glc:ceramide B-glucosyltransferase to generate LacCer. The action of ST3Gal
V, ST8Sia | and ST8Sia V leads to the precursors of a-, b-, and c-series gangliosides. The O-series gangliosides are directly
synthesized from LacCer. Elongation is then performed by the sequential action of B4GalNAcT1, B3GalT4, ST3Gal Il, ST8Sia V
and ST6GalNAc V. Adapted from Groux-Degroote and collaborators, ChemBiochem 2017.

2.4.1.2. Function(s)

GSL are essential glycolipids in the nervous system, the immune system, and especially during
embryogenesis and early development. They are involved in a wide range of functions such as
cell adhesion, cellular interactions, proliferation, and modulation of signal transduction

pathways. These functions are mainly governed by the glycan moiety. Moreover, GSL are
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required for development at the whole-animal level. Indeed, mice lacking either the gene coding

for the GlcCer synthase or the LacCer synthase fail to properly develop [57,58].
2.5. Factors involved in the regulation of the Golgi glycosylation process

Golgi glycosylation relies on many different actors, from enzymes directly related to
glycosylation, to proteins involved in the maintenance of the Golgi apparatus homeostasis.
Therefore, glycosylation is a highly regulated cellular process that requires a precisely controlled
environment to be fully functional (Figure 12). This section describes all the factors known to be
involved in the smooth functioning of Golgi glycosylation. Factors that are thought to be
regulators of glycosylation will also be discussed. The precise homeostasis controls of some of

these factors will be detailed in chapter 3.
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Figure 12. Golgi glycosylation is an extremely regulated process. Example with the addition of a GIcNAc residue to the
MansGlcNac; N-glycan by MGAT1. Each step relies on the existence of specific nucleotide sugar transporters and specific
glycosyltransferases. Golgi glycosylation also relies on the glycosyltransferase localization which must be the same as the
nucleotide sugars they need. Glycosyltransferases also need a particular ionic environment, especially in terms of Mn2+, Ca2+
and Mg2+, H+ and inorganic phosphate. Even slight modifications in the Golgi homeostasis can lead to abnormal glycosylation.

2.5.1. The Golgi apparatus structural organisation

The structural organization of the Golgi apparatus is vital for glycosylation. Actually, the spatial
organisation in distinct cisternae and stacks allows the correct sequential glycosylation process

[59]. It has recently been highlighted by two proteins involved in the maintenance of the Golgi

22

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

stacks, named GRASP55 and GRASP65. Indeed, knocking out these proteins in human cell lines

caused the formation of an unstacked Golgi apparatus leading to an impaired glycosylation [60].

The Golgi apparatus is known to be a center of phosphoinositide metabolism and
phosphoinositides are non-uniformly distributed throughout the Golgi. Interestingly, the
association between the Golgi matrix protein GOLPH, PI4P and actomyosin has been shown to
likely be involved in the maintenance of the Golgi structure [61]. In addition, siRNA experiment
targeting the human phosphatidylinositol phosphatase SAC1 led to a change in PI4P distribution,
resulting in Golgi morphological changes, Golgi GT mislocalization, and ultimately to glycosylation
defects [62]. Therefore, the first checkpoint for glycosylation is the maintenance of a correct

Golgi structural organization.

2.5.2. Changes in GT expression levels

The total glycan repertoire found in an organism or a cell depends on the level of expression of
the enzymes involved in glycosylation. Besides, changes in the expression of genes coding for GT
have been reported during early development [63] but also in cancer and inflammation [64—67].
In fact, in such contexts, glycosylation has been shown to be completely modified due to changes
in gene expression of one or several GT. Modifications of NST or GH expression levels might also
modify Golgi glycosylation, but most of the published studies focused on GT expression rather

than NST and GH.

2.5.3. Subcellular localization of Golgi GT, GH and NST

As depicted in Figure 12, the glycosylation reaction requires for each step that a GT, an acceptor
substrate, a donor substrate and consequently the corresponding NST, localize in the same Golgi
cisternae. If any of these actors is not properly localised in the same cisternae, it could lead to
glycosylation defects. In this section, the subcellular localization of GT will be mostly discussed,

but GH and NST localization will also be addressed.

Golgi GT are found restricted to a subset of Golgi cisternae, allowing the sequential glycosylation
of passing glycoproteins/glycolipids. The potential link between glycosylation and GT localization
in mammals was first described by Chaney and collaborators in 1989 [68]. They identified a
mutant in CHO (Chinese Hamster Ovary) cell lines that fails to synthetize f-1,6 branched N-

glycans, a step catalysed by MGATS. Interestingly, these cells retain MGAT5 enzymatic activity,
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but the enzyme was found in the ER instead of the Golgi. This led scientists to ask an important
guestion: how does a cell retains Golgi proteins? First, although some retention sequences have
been identified in Golgi resident proteins such as (F/L)-(L/V)-(S/T) and K-X-D/E, none of them are
found in Golgi GT or GH. Therefore, different models have been proposed to explain Golgi GT

proper localization:

e a/ Oligomerization: oligomerization seems to be a common feature of Golgi GT. By
bimolecular fluorescence complementation analyses, authors have demonstrated that GT can
form either homo or heterodimers [69,70]. For example, B-1,4-galactosyltransferase | can either

form homodimers or heterodimers with o-2,6-sialyltransferase I.

e b/ Lipid based partitioning: lipid composition of Golgi membranes is different from cis to
trans-Golgi. The idea is that GT/GH oligomerization in the Golgi membrane depends on:
- Thickness differences between the TMD of the GT/GH and Golgi membrane.

- GT/GH affinity preferences for sphingo/glycerophospholipids in the Golgi membrane.

In addition, several proteins, such as GOLPH3, regulate localization of glycosyltransferases by
working as a coatomer adaptor [71]. Concerning GH localization, their limited number in the
Golgi make them harder to study. Thus, less is known about the mechanisms of GH Golgi

localization, but one can suggests that some mechanisms resemble the ones described for GT.

GT and the nucleotide sugar donor they need must be localized in the same Golgi compartment.
However, all nucleotide sugars are synthetized in the cytosol, excepted for the CMP-Neu5Ac,
which also contains a step in the nucleus. Therefore, nucleotide sugars must be imported into
the Golgi apparatus by specific NST, which must be properly localised to provide the right
nucleotide sugar to GT (Figure 13). It has been shown that the correct localisation of NST probably

involves the formation of NST oligomers [72].

2.5.4. Vesicular trafficking

Localization is a balance between retention and recycling, pointing out the importance of
vesicular trafficking in maintaining a correct glycosylation [73]. Indeed, defect in vesicular
trafficking can lead to an impaired glycosylation as highlighted by defects in the COG complex, a
tethering complex involved in Golgi retrograde trafficking. The importance of the COG complex

was first observed in CHO Idlc (the ortholog of COG2) null mutant, which show a defect in
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multiple glycosylation pathways due to a mislocalization of several GT [74,75]. The link between
COG and glycosylation was later strengthened with the discovery of human genetic glycosylation

diseases due to COG mutations [76] (see chapter 5).

2.5.5. Nucleotide sugars transporters activity

In addition to their precise localization discussed before, NST transport activity is also a
modulating factor of glycosylation. NST are in fact antiporters that always couples the uptake of

the nucleotide sugar to the exit of the XMP [77].

All NST share several common kinetic properties [78]:
- Translocation of the nucleotide sugar can be saturated and the apparent Km is in the
micromolar range (1-10 uM).
- Translocation is insensitive to the presence of ATP or ionophores.
- Translocation is competitively inhibited by the corresponding nucleoside mono- and

diphosphate, but not by the free monosaccharide.

All these features highlight the role of NST activity in regulating Golgi glycosylation. Therefore,
modifying NST activity may have significant consequences for glycan structure and NST activity
can be a rate-limiting step in the glycosylation process. Consequently, a decrease in nucleotide
sugar transport leads to truncated N-glycans among other phenotypes [79]. The first NST mutant
was described in Caenorhabditis elegans, in the svg-7 mutant defective in UDP-GIcUA
transporter. Toyoda and collaborators have later shown that the biosynthesis of GAG was
impaired in this mutant [80]. In CHO cells, a point mutation on Gly189 of the CMP-sialic
transporter abolished all transport function. As a result, glycoconjugates found on cell surface
lack terminal sialic acid [72]. Finally, the recent discovery of human genetic diseases caused by

mutations in genes encoding NST reinforced the tight link between NST activity and glycosylation.
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Figure 13. Golgi nucleotide sugar transporters found in mammals. Their precise localization is required for a proper
glycosylation. Some transporters are bifunctional. For example, SLC35D1 is able to transport both UDP-GIcUA and UDP-GalNAc.
These transporters are not depicted here for clarity. All Golgi NST belong to the SLC35 family.

2.5.6. Luminal nucleoside diphosphatases

As highlighted before, GT using XDP-sugars generate free XDP that are known to inhibit GT
activities. Thus, nucleotide sugar diphosphatases exist in the Golgi lumen to catalyse the
hydrolysis of XDP to XMP + Pi (inorganic phosphate). These enzymes add another layer of
complexity in Golgi glycosylation regulation. Knowledge on Golgi nucleotide sugar
diphosphatases is small and only few human Golgi members are discovered (ENTP4, ENTP5,

ENTP6) but their activity can affect XMP levels and therefore the nucleotide sugar import into
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the Golgi apparatus [72,81]. In yeast, GDA1, a Golgi luminal guanosine diphosphatase is required

for proper glycosylation, as GDA1 null mutants display a glycosylation defect [82].

2.5.7. pH

Golgi apparatus is an acidic organelle. In fact, the GA progressively acidifies from cis, where the
pH is around 6.7, to trans-Golgi/TGN to reach a value around 6.0 (Figure 14) [83]. Therefore, pH
variations have a dramatic effect on cellular processes taking place at the Golgi level such as
glycosylation. In 1986, Thorens and Vassalli found that increasing the pH of acidic compartment
(Golgi, endosomes, lysosomes) with chloroquine or ammonium chloride, two weak bases,
prevented terminal glycosylation of immunoglobulins without affecting their secretion [84].
Besides, in LS174T cells, treatment with bafilomycin A1, an antibiotic that raises intra-Golgi pH,
modified mucin glycosylation and decreased mucin sulfation [85]. In fact, pH has a strong effect
on Golgi GT localization. Indeed, increasing Golgi pH using ammonium chloride or bafilomycin Al
induces a redistribution of GALNT2, B4GALT1 and POMGNT1. Bafilomycin Al causes a
delocalisation of the GT on the cell surface and ammonium chloride in endosomal compartment
[86]. More recently, it was shown that only a 0.2 pH unit increase was sufficient to impair a-2,3

sialylation by redistributing a-2,3 sialyltransferase into endosomes [87].

pH can also possibly have an effect on GT activity, since they require an optimal pH to be fully
active, like any other enzyme. However, most of the time, the main consequence of a pH increase
is a rapid redistribution of several GT leading to glycosylation changes. Moreover, GH and even
NST might also be affected by pH changes but no in vivo studies are available in the literature.
Finally, the effect of an overacidification of the Golgi is not well known, since tools are lacking to
decrease pH of acidic compartments. However, one can think that it could also disrupt

glycosylation.

In conclusion, alterations of Golgi pH are associated with glycosylation abnormalities by inducing

a mislocalization of Golgi glycosyltransferases and/or interfering with their activity.
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Figure 14. pH values of the secretory pathway. pH values of individual cellular organelles and
compartments in a mammalian cell were collected from various sources.

2.5.8. Divalent cations

Although not intensively studies in vivo, divalent cations homeostasis play an important role in
mammalian glycosylation. Indeed, GT can mainly adopt two types of folding, named GT-A and
GT-B, and GT-A enzymes are known to require a divalent metal-ion in their catalytic site as a

cofactor for the glycosylation reaction [88].
2.5.8.1. Mn2+

Even if Mn2+ is a trace element, its importance for glycosylation is known for a long time, at least
in-vitro. Indeed, more than 40 years ago, authors have shown that -1,4-galactosyltransferase |
(B4GALT1; EC 2.4.1.22) activity drastically increased in the presence of Mn2+ in its catalytic site
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[6,89]. They also observed a slight activation with other cations, such as Zn2+, Co2+, Cd2+, Fe2+,
and Pr3+, but nothing comparable to Mn2+. It was thus confirmed later by structural analysis
that this enzyme clearly bound Mn2+ in the catalytic site [90]. Since Mn2+ and glycosylation are
at the center of my thesis, a full overview of the link between Mn2+ and glycosylation will be

done in chapter 4.
2582, Mg2+

Sialyltransferases are known to preferentially bind Mg2+ in their catalytic site compared to
Mn2+. In fact, sialyltransferases activation is better with Mg2+, but they can also be activated by
Mn2+ and to a lesser extent by Ca2+ [91]. Apart from sialyltransferases, no known Golgi GT
preferentially required Mg2+. Strangely, an old paper from 1987 showed that B-1,4-
galactosyltransferase 6 required both Mn2+ and Mg2+ to be fully active, since none of the cation

alone increased the enzymatic activity [92].

2.5.8.3. Ca2+

To date and to my knowledge, no direct link between Ca2+ and glycosylation has been
established in-vivo. However, Ca2+ is known to be involved in triggering trafficking events
[93,94]. Thus, Ca2+ could be indirectly linked to glycosylation by regulating intra Golgi trafficking
for example. In addition, Cheng and DeVries showed in 1985 that a human a-1,2-
fucosyltransferase can be greatly activated by Mn2+ and Ca2+ in-vitro. They observed a 3-fold
enzymatic activity increase after Ca2+ addition by measuring incorporation of fucose from GDP-

L-[*4C] fucose into a glycoprotein acceptor [95].

Mannosidase Alpha Class 1B Member 1 (Manlbl), is a Golgi class | mannosidase originally
thought to be ER-localised [96]. In 2004, structural analysis of the mouse ortholog showed that
Manlb1 binds Ca2+ to be fully active and it was then hypothesized that human Man1b1 could
also requires Ca2+ as a cofactor [97]. In addition, the nucleoside diphosphatase ENTP4 has been
shown to require Ca2+, but can also use Mg2+ and Mn2+ with lower efficiency [81]. Finally, N-
acetylglucosamine-1-phosphotransferase (GNPTA/B) is also thought to bind Ca2+ according to
the PROSITE database.

2.5.8.4. Other divalent cations
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Generally speaking, little is known about other divalent cations required for Golgi glycosylation.
However, in addition to Mn2+ and Ca2+, human a-1,2-fucosyltransferase has been shown to be
activated by Ba2+ and Mg2+ to a lower extent [95]. On the contrary, Fe2+, Cd2+, Co2+ and Zn2+
decreased its catalytic activity. Besides, a-1,3-fucosyltransferase V is activated by Mn2+, Mg2+
and also slightly by Co2+ and Ca2+ [98]. Moreover, the Golgi a-mannosidase Il is thought to bind
Zn2+ according to the PROSITE database.

2.5.9. Inorganic phosphate

Pi are generated by XDP-phosphatases during the conversion of the XDP to the XMP in the Golgi
apparatus. They are negatively charged molecules (PO43) that must leave the Golgi to avoid any
disturbance in overall ion homeostasis. One can easily think that Pi could be indirect regulator of
glycosylation. However, no clear link between Pi and glycosylation has been described so far in

the literature.
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[3] REGULATION OF GOLGI ION HOMEQSTASIS

The concept of homeostasis was introduced more than 150 years ago by Claude Bernard. It was
defined as the property of a biological organism to actively regulate variables, such as the
concentration of a substance in body fluids, in order to maintain a stable and nearly constant
internal environment. Homeostasis can be observed at different levels, from the organism to the
organelle inside a cell. Indeed, as described in section 2.5, Golgi homeostasis is crucial for a
proper glycosylation. In particular, any disruption in Golgi ionic environment, especially in terms
of divalent cations and pH, can lead to glycosylation abnormalities. Therefore, we will focus in

this chapter on the precise regulation of these ions in the Golgi apparatus.

The Golgi apparatus is an organelle at the center of the secretory pathway. Therefore, Golgi
homeostasis obviously relies on actors localised in the Golgi, but can also be affected by actors
at the plasma membrane, endosomes, ER and other organelles, since all these organelles interact
with each other to form a hub of vesicular trafficking. In conclusion, Golgi ion homeostasis can
be studied independently but whole cellular homeostasis should always be taken into account in

such studies.

We previously showed that glycosylation requires a specific and highly regulated environment.
However, the field of Golgi ion homeostasis is relatively new and a lot of work remains to be
done. Therefore, little is known in mammals and even less in human about Golgi overall ion
homeostasis. In this chapter, an overview on Golgi ion homeostasis in human will be addressed
with a special focus on Ca2+ and Mn2+ homeostasis. If necessary, information in other organisms

(yeast, plants...) will be presented to provide a full overview of Golgi ion homeostasis.

3.1. Ca2+

The average adult body contains approximately 1 kg of calcium, and 99% of total calcium is found
in bones [99]. Still, the only source of calcium intake is the diet. Once ingested, calcium is
absorbed by epithelial cells in the small intestine where it binds several calcium binding proteins.
Ca2+ can finally reach the blood by crossing the basal membrane of epithelial cells. Total plasma
Ca2+ concentration is around 2-2.5 mM and approximately 40% is bound to proteins, 10% is
engaged in complexes with anions and 50% is ionized free Ca2+ [99]. Intestine, bone and kidney

are the three principle organs handling calcium homeostasis. Bone serves as a storage for Ca2+
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deposit and kidneys have an important role in Ca2+ reabsorption. Finally, the urine is the main

body fluid involved in Ca2+ exit from the body.

At the cellular level, Ca2+ homeostasis is tightly regulated by a large number of Ca2+ pumps,
channels and transporters. Ca2+ is involved in several physiological processes, and especially in
triggering intracellular signalling events crucial for cell proliferation, survival or apoptosis [100].
Thus, even small changes in cytosolic Ca2+ concentration can drastically modify all the cell
metabolism. Therefore, high level of regulation is required to maintain a cytosolic Ca2+
concentration around 100nM. For this reason, several Ca2+ storage organelles exist in human
cells. It is known for quite some time that the main organelle for Ca2+ storage is the ER, since ER
Ca2+ resting concentration can reach 600uM [101]. In addition to the ER, several secondary Ca2+
storage organelles exist such as mitochondria, lysosomes and also the Golgi apparatus [102]. The
Golgi apparatus is able to store 5% of total Ca2+, and is more resistant to Ca2+ depletion than
the ER [103]. In addition, a gradient of Ca2+ can be observed in the GA, from around 250-300uM
in the cis-Golgi to approximately 130uM in the trans/TGN of Hela cells [104,105]. These
observations proves that the GA is well equipped with a set of proteins capable of regulating

Golgi Ca2+ homeostasis (Figure 15).

CaZ+

ATP ADP + Pi

« Ca%*/ Mn?*

CaZ+/ Mn2+

ATP ADP + Pi

GOLGI LUMEN

CYTOPLASM

Figure 15. Overview of Golgi Ca2+ homeostasis. Golgi apparatus is equipped with pumps and channels to properly regulate
Ca2+ concentration. RyR = Ryanodine Receptor; IPsR = Inositol-3-phosphate Receptor. In addition, the GA contains several
Ca2+ binding proteins (CALNUC, Cab45, calumenin, p54/NEFA) involved in Ca2+ retention inside the organelle. TMEM165 is
depicted in dashes, because its involvement in Ca2+ homeostasis in still unclear.
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Ca2+ homeostasis at the cellular level is very complex and cannot be summarize easily.
Therefore, in this section, only actors directly involved in the maintenance of Golgi Ca2+
homeostasis will be presented (Figure 15). However, several reviews of whole cellular Ca2+

homeostasis are available in literature [100,102,106,107].

3.1.1. Ca2+ uptake in the Golgi

Ca2+ uptake at the Golgi level is mostly done by P-type ATPases:

e Secretory Pathway Calcium ATPase 1 and 2 (SPCA1 and SPCA2): SPCA1 is known to be
involved in the Ca2+ import into the Golgi lumen [108]. Besides, SPCA1 is more expressed in the
trans-Golgi part of the organelle. As a consequence, it has been demonstrated in Hela cells that
Ca2+ uptake at the trans-Golgi level relies almost exclusively on SPCA1 [105]. Although SPCA1
involvement in GA homeostasis is important, it seems to vary depending on the cell line. SPCA2
is not an isoform of SPCA1, as it is encoded by another gene. SPCA2 tissue distribution (brain,
gastrointestinal tract, prostate, thyroid, salivary and mammary glands) and cellular expression
appears different and more restricted than SPCA1, underlying a more specialized role for this
pump [109,110]. SPCA2 is also mostly localized in the trans-Golgi but its role in Golgi Ca2+
homeostasis is less studied. Nevertheless, SPCA2 has been shown to interact with Orail at plasma
membrane/Golgi contact sites, allowing the coupling of Ca2+ uptake at the plasma membrane to

Ca2+ uptake at the Golgi level [111].

e Sarco/Endoplasmic Ca(2+)-ATPase 2 (SERCA2): In addition to its well-known role in ER
Ca2+ uptake, SERCA2 is also expressed in the Golgi apparatus. SERCA2 is mainly found in the cis-

Golgi, slightly in the medial-Golgi but totally absent in the trans-Golgi and TGN.

e Transmembrane Protein 165 (TMEM165): TMEM165 belongs to a family of
uncharacterized proteins named UPF0016 (Pfam accession number: PF01169). Members of this
family are putative cation exchangers, even if their precise functions are unknown. TMEM165 is
thought to be a Golgi Ca2+/H+ antiporter involved in Ca2+ uptake, but its contribution in the

overall Golgi ion homeostasis is not known [112,113].

In addition, the plasma membrane Ca2+ ATPase (PMCA) was suggested to be involved in GA Ca2+

homeostasis during its trafficking along the secretory pathway [114].
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3.1.2. Ca2+ exit from the Golgi

Ca2+ exit from the Golgi can of course be achieved in a non-specific manner by following the
secretory pathway. Still, two majors channels directly involved in Ca2+ release from the Golgi to

the cytosol have been described:

¢ Inositol-3-Phosphate Receptor (IP3R): IP3R was first described in the ER, but it is now clear
that the Golgi is the host of IP3R [115]. In response to IP3, IPsR opens and releases intra-Golgi
Ca2+into the cytosol. IP3R seems to be excluded from the trans-Golgi and TGN, as those cisternae

do not release Ca2+ in response to IP3 [116].

¢ Ryanodine Receptors (RyR): mostly found in the ER, RyR are also localized in the GA. RyR

bind various partners that can modulate its Ca2+ release from the Golgi lumen to the cytosol.

Due to all these differences in intra-Golgi localization of Ca2+ transporters, Ca2+ homeostasis is

handled differentially between cis and trans/TGN [116].

3.2. H+

Organelles along the secretory pathways progressively acidify their interiors to ensure their
optimal functioning. As described in 2.5, pH at the cis-Golgi is around 6.7 and progressively
acidified to reach 6.0 at the TGN [101,117-120]. The pH homeostasis in the Golgi is thought to
be regulated by proton pump and transporter involved in three main ion transport systems: ATP-
mediated proton pumping, counter-ion conductance, and intrinsic proton leakage [121] (Figure

16).

3.2.1. ATP-mediated proton pumping

H+ are pumped into the Golgi apparatus by vacuolar H+-ATPases (V-ATPases), which are found
within the membranes of many acidic organelles, including the Golgi apparatus. V-ATPase uses
the energy of ATP hydrolysis to transport H+ across membranes, against their concentration
gradients. Treatment of cells with inhibitors of V-ATPase (bafilomycin A1 and/or concanamycin

A) results in complete neutralization of the Golgi lumen within 10 to 20 min [122].

3.2.2. Counter-ion conductance
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The V-ATPase is electrogenic and could affect Golgi membrane potential and therefore the
availability of counter-ion such as chloride or potassium. Counter-ion conductance is then used
to maintain a low membrane potential via passive influx of anions and/or efflux of another cation
[123]. This process is crucial to prevent any increase in membrane potential, which will result in

low H+ pumping inside the Golgi. Several counter-ion conductance regulators have been

described:

ATP ADP + Pi

Cr / + +
/%, v-ATPase K*/Na

HCO,

ADP + Pi

GOLGI LUMEN

H+ leak
channel

CYTOPLASM
Anion (CI")

Figure 16. Overview of Golgi pH homeostasis regulation. Golgi apparatus is equipped with pumps and channels to properly
regulate pH homeostasis. MCLC, TMEM165 and CIC-3B are not represented since their role in Golgi pH maintenance is not clear.
V-ATPase is the major H+ importer inside the Golgi lumen. The proton leak channel is theoretically represented but no proton
leak channel have been described to date in the Golgi apparatus.

e Golgi pH Regulator (GPHR): described in 2008 by Maeda and collaborators, GPHR is
thought to import Cl- to lower the membrane potential created by the V-ATPase. Inactivation of

GPHR leads to a specific Golgi pH increase of 0.4-0.5 unit, without affecting lysosomes or

endosomes [124].

e Cystic fibrosis transmembrane conductance regulator (CFTR): CFTR is localized all along
the secretory pathway and could play a role in Golgi counter-ion conductance. Indeed, some
mutations of CFTR in cystic fibrosis leads to defective acidification of several intracellular

organelles, including the GA [125,126].
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e Golgi anion channel (GOLAC-1 and GOLAC-2): These channels are thought to be involved
in counter-ion conductance, either by importing anion into the Golgi and/or by removing

inorganic phosphate from the Golgi apparatus.

e AE2a: Golgi is a hub of vesicular transport and a lot of ionic and pH perturbation can
happen. Therefore, proteins like AE2a, a HCO3/Cl- exchanger, act as a buffer to avoid any drastic

changes in Golgi pH [117,127].

e NHE (Na+/H+ exchangers): several NHE are localized in the GA and therefore are involved
in the maintenance of Golgi pH homeostasis. These proteins exchange intraluminal H+ with Na+

or K+ from the cytosol.

Besides, Mid-1-related chloride channel (MCLC) is another anion channel (or an activator of
anion channels) that localizes to the ER, the Golgi and the nucleus but its role in Golgi pH
regulation is unclear [128]. In addition, CIC-3B is a voltage-gated chloride channel in the Golgi
membrane with no clear role in Golgi pH maintenance [129]. As described before, TMEM165 is
a Ca2+/H+ antiporter in the Golgi apparatus and can thus also be a Golgi pH regulator, although
its contribution is not known. Finally, concentrations of anions and cations are interdependent

and can be influenced by the transport of Ca2+, Mg2+, and Mn2+.

3.2.3. Proton leakage

The third main way to regulate pH homeostasis is proton leakage. Intrinsic proton leakage across
membranes counteracts proton import and prevents excessive over-acidification of the Golgi
lumen [130]. However, no proton leak channels have been described to date in the Golgi

apparatus.

3.3. Mn2+

3.3.1. Manganese entry in the human body and distribution in fluids

Manganese (Mn) is a trace element essential for life. It is ranked as the twelfth most abundant
metal on earth. The primary route of Mn intake is via dietary sources that can normally provide
the required amount of Mn for physiological processes, including glycosylation, energy
metabolism, immune functions and antioxidant defence. However, Mn can also be inhaled from
environmental sources containing high Mn concentrations. The ingested Mn is then absorbed
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through the gastrointestinal tract to reach the blood flow. Mn elimination is mainly done by bile
excretion in urine. When inhaled, Mn can directly enter the body and bypass the hepatic removal

system to cross the blood—brain barrier [131].

Although essential, Mn was also shown to be highly toxic at high concentration or during long
time exposure. Indeed, manganese overexposure has been shown to induce neurological
symptoms that can result in a Parkinson-like disorder called manganism [132—-134]. Moreover,
Mn overexposure has been shown to alter neurotransmitter levels. In addition, Mn can inhibit
myocardial contraction, dilates blood vessels, and induces hypotension, suggesting that Mn
exposure has a significant effect on cardiovascular function [135]. Therefore, the World Health
Organization (WHO) and the Agency for Toxic Substances and Disease Registry made some
recommendations on Mn exposure. In a public statement in 2012, they stated that normal ranges
of manganese levels are about 4-15 pg/Lin blood, 1- 8 ug/L in urine, and 0.4—0.85 ug/L in serum.
Moreover, the United States Environmental Protection Agency has established that lifetime
exposure to 0.3 mg/L manganese is not expected to cause any adverse effects. In addition, the
American Food and Drug Administration has established that the manganese concentration in
bottled drinking water should not exceed 0.05 mg/L. Finally, the Occupational Safety and Health
Administration set a legal limit of 5 mg/m3 manganese in air averaged over an 8-hour work day.
In parallel, Goullé and collaborators developed an method based on ICP-MS to measure several
metal elements, including Mn, in blood, plasma, urine and hair [136]. They measured Mn
concentrations in blood, plasma and urine of 100 healthy individuals, and hair Mn concentration
in 45 healthy individuals. They found reference value ranging from 5-12.8 pg/L in blood, 0.63-
2.26 pg/Lin plasma, 0.11-1.32 pg/L in urine and 0.016-0.57 pg/L in hair.

In mammals, Mn3+ is the predominant form in blood and is tightly bound to transferrin [137].
Mn2+ in blood is either oxidized to Mn3+ by ceruloplasmin before its binding to transferrin or
directly bound to a2-macroglobulin. However, due to the significantly greater abundance of
albumin in serum, a large percentage of Mn2+ is presumed to be bound to albumin as well

[137,138]. Thus, the proportion of free Mn2+ inside cells is relatively low.

Due to its potential toxicity, regulation of Mn homeostasis is particularly important. Although no
strictly specific Mn2+ transporters were described in human, a lot of actors can take part in Golgi
manganese homeostasis (Figure 17). Since only few Mn transporters were described in the Golgi,

an overview of all the known cellular Mn transporters will be presented in this section.
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3.3.2. Manganese uptake at the cellular level

In cells, Mn is mostly found in two oxidation states: Mn2+ and Mn3+, and is distributed within
the cytoplasm, the nucleus and microsomes (Golgi, ER...). Although no reliable measurement of
cellular Mn concentration were done to date, it is estimated that total manganese concentration
is within the nanomolar range. Besides, cytosolic Mn accumulation is in fact the cause of Mn
cellular toxicity, since it can impair many fundamental cellular processes. Therefore, Mn2+
homeostasis should be carefully handled to avoid any Mn-induced toxicity. In human, several

transporters involved in Mn uptake at the plasma membrane were described (Figure 17):

e The transferrin receptor: localized at the plasma membrane, this transporter is involved
in the endocytosis of transferrin. Transferrin mostly binds Fe3+ but Mn3+ can also compete for
the same binding sites as Fe3+ [139]. As a result, Mn3+ will follow the same pathway as Fe3+ for
its entry via transferrin [140-142]. Transferrin is transported to endosomes via receptor
mediated endocytosis, where Mn3+ will be released due to the acidic pH of endosomes.
Transferrin is then recycled and Mn3+ is reduced to Mn2+. Then, Divalent Metal Transporter 1
(DMT1) can transport Mn2+ from endosomes to the cytosol. This Mn uptake is one of the major

pathways for Mn2+ entry inside the cell.

e DMT1 (Divalent Metal Transporter 1): DMT1 is found in endosomes but also at the
plasma membrane. In addition to his role in Mn2+ uptake via the transferrin, DMT1 also has a
role in plasma membrane uptake. DMT1 has the highest transport efficiency for Mn2+, even if it
can also transport a wide range of divalent cations, including Fe2+, Zn2+, Mn2+, Cu2+, Co2+,

Cd2+, Ni2+, and Pb2+ [143,144].

e SLC39 family of transporters: although originally described as Zn2+ transporters, several
members of this family localized at the plasma membrane are able to transport Mn2+ [145-148].
SLC39A8 and SLC39A14 are ubiquitously expressed and can transport Mn2+ in addition to Zn2+.
SLC39A8 is an electroneutral Mn2+/HCO3™ or Zn2+/HCO3™ symporter. In mammals, SLC39A8 has
been shown to have a higher affinity for Mn2+ than for Zn2+, with a Kv uptake value of 2.2uM in
mice for example [149]. Moreover, authors have shown that SLC39A8 deletion in mice led to
severe Mn deficiency, and that hepatic SLC39A8 was mainly responsible for whole-body Mn2+
homeostasis. They also demonstrate that SLC39A8 reclaims Mn2+ from the bile to import the ion

inside the cell. More recently, SLC39A8 mutations have been associated to a human glycosylation
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disorder due to Mn2+ homeostasis deficiency, strengthening the role of SLC39A8 in Mn2+

homeostasis [7]. With a lower affinity, SLC39A8 can also transport Cd2+, and SLC39A14 can

SLC30A10

Ferroportin

ZIP14/SLC39A14

ZIP8/SLC39A8

ZIP4/SLC39A4 — (
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reticulum
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Figure 17. Overview of human manganese transporters. No specific Mn transporters have been found in human. DAT =
Dopamine transporter; DMT1 (also called NRAMP2 or SLC11A2) = Divalent Metal Transporter 1; SPCA1 = Secretory pathway Ca2+
ATPase 1. Some transporters are depicted in dashes, because their involvement in manganese homeostasis in still unclear.The

major ways of entry are suggested to be via the transferrin receptor and DMT1. The major way of exit is via the secretory pathway.
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transport Cd2+ and Fe2+. SLC39A14 role in Mn2+ homeostasis has been recently highlighted in
children with hypermanganism and parkinsonism-dystonia [150]. Those patients present a Mn
homeostasis disruption due to mutations in SLC39A14. A crucial role of SLC39A14 in maintaining
Mn homeostasis was also recently underlined in mice [151]. SLC39A4 is also thought to be able
to transport Mn2+ but its role in Mn uptake is totally unclear. Other members of the SLC39 family

were not described as Mn2+ transporters.

e Store-operated calcium channels: Mn2+ was shown to be transported through plasma
membrane SOCs [152]. Still, this pathway is not a major way of entry, as these transporters need

to be activated by intracellular calcium stores depletion.

e Citrate transporters: their implication in Mn2+ uptake at the plasma membrane was

suggested but not experimentally verified in human [153].

e Choline transporter expressed in neurons: it is thought to be part of Mn2+ uptake at the

plasma membrane, even if its direct involvement in Mn2+ homeostasis is still not clear [146,154].

e Dopamine transporters: only expressed in neurons, these transporters are suggested to
be involved in Mn2+ uptake at the plasma membrane, even if it was only shown in mice striatum

[155].

3.3.3. Transporters involved in the regulation of intracellular manganese homeostasis

Intracellular Mn2+ homeostasis is far from being well known. Nevertheless, several transporters

have been shown to be involved in Mn2+ uptake inside organelles:

e Secretory Pathway Calcium ATPase 1: despite its name, SPCA1 has been shown to be
able to transport Mn2+ inside the Golgi apparatus, with the same affinity as Ca2+ (Kd around 10
nM) [108,156]. However, the Ca2+ concentration inside a cell is way higher than Mn2+
concentration. Therefore, in physiological conditions, SPCA1 is known to mostly transport Ca2+
and not Mn2+. Interestingly, the transport of Mn2+ and Ca2+ is mutually exclusive, suggesting
that each ion can occupy the same ion-transport site. Nevertheless, SPCA1 has been shown to be

involved in Mn2+ cytosolic detoxification after high Mn exposure [156].
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e ATP13A1: ATP13A1l is a putative P-type ATPase transporter of Mn2+ into the ER. Spf1, its
yeast ortholog, has been described as the only ER Mn2+ transporter in Saccharomyces cerevisiae

[157].

e SERCA pumps: although known as the major Ca2+ pumps in the ER, a weak Mn2+
transport was shown to be possible through SERCA pumps in non-physiological conditions [158—

160].

3.3.4. Manganese efflux from the cell

Mn efflux is mostly done via the secretory pathway that will release Mn2+ in the extracellular

space. Thus, there are only few transporters involved in Mn export:

e ATP13A2: ATP13A2 is a cation transporting ATPase localized in lysosomes. It is thought to
be involved in Mn2+ transport from the cytosol to lysosomes, thus participating in Mn2+ efflux

via the secretory pathway. However, direct efflux has not been demonstrated yet [146,161].

e SLC30A10: originally thought to be a Zn2+ transporter at the plasma membrane,
SLC30A10 is in fact involved in Mn2+ efflux, even if the characterization of SLC30A10 function(s)
is only at the beginning. Nevertheless, SLC30A10 appears to be physiologically relevant as
SLC30A10 deficiencies lead to a Parkinson-like syndrome and affect Mn levels [146,148].

e Ferroportin: (or SLC40A1) is the major protein to export Fe2+ from the cell. It has also

been described as able to transport Mn2+ but its role in Mn efflux is still unclear [162].

The presence of all those transporters involved in Mn2+ regulation demonstrates the complexity
of Golgi Mn2+ homeostasis, which is maintained by a combination of local Golgi pumps and other

transporters distributed in the plasma membrane and all along the secretory pathway.

3.4. Other ions: Zn2+, Mg2+, and Cu2+

Zinc cellular homeostasis is highly complex and although Zn2+ concentration is around 0.2 pM in
the Golgi, several specific Zn2+ transporters exists in this organelle (Figure 18) [145,163]. Two

families of Zn2+ transporters coexists in the Golgi: the ZIP and the ZnT family, with ZIP being more
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involved in Golgi Zn2+ exit and ZnT in the Golgi Zn2+ uptake [145,147]. Besides, as presented

before, a lot of Mn transporters can transport a broad range of divalent ions, including Zn2+.

Zn2* Zn* Zn%+

GOLGI LUMEN

Zn2+

CYTOPLASM

Figure 18. Overview of Golgi Zn2+ homeostasis. This picture illustrates a static view of Zn2+ homeostasis because most
ZnT and ZIP transporters dynamically change their subcellular localization in response to various stimuli.

Little is known about Golgi Mg2+ homeostasis. Indeed, no specific Mg2+ transporters have been
identified in the GA so far. Only SLC41A1 has been proposed to be a Golgi Na+/Mg2+ exchanger
that catches cytosolic Na+ and releases Golgi Mg2+. However, SLC41A1 is also expressed at the

plasma membrane and its role in Golgi Mg2+ extrusion was not confirmed in human [164-166].

Concerning Golgi Cu2+ uptake, only ATP7A and ATP7B have been shown to be able to import
Cu2+ in the Golgi [167].
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[4] Mn2+ AND GLYCOSYLATION

In the previous chapters, we have shown that Mn2+ is an important ion for glycosylation. Besides,
Mn2+ homeostasis is crucial for the proper functioning of the cell. In fact, Mn2+ and glycosylation
have always been tightly linked. Many studies have been done in prokaryotes, but the large
differences between prokaryote and eukaryote glycosylation have led me to focus on Mn2+ and
glycosylation in eukaryotes. Moreover, in the eukaryotic reign, the most frequently used
organisms to study glycosylation are: Saccharomyces cerevisiae, Caenorhabtidis elegans,

Drosophila melanogaster and mammals (especially rodent, bovid, and human).

Due to technological advances and the complete sequencing of the human genome, the last
twenty years have seen the rise of glycosylation studies in human. Therefore, this chapter will

present an exhaustive overview of this link between Mn2+ and human glycosylation.

4.1. Overview of Mn2+ effect on glycosylation in human

4.1.1. Mn2+ and glycosylhydrolases and nucleotide sugar transporters

Little is known about GH requirement for ions. Besides, the only studies available in the literature
did not reveal any strict requirement for Mn2+. For example, the human lysosomal o-
mannosidase MAN2B1, involved in the catabolism of N-glycans during glycoprotein turnover,
was expressed in drosophila and characterized. Authors revealed that MAN2B1 was threefold
activated by 1mM Co2+, but only very slightly stimulated by Zn2+, Mg2+ and Mn2+ [168].
However, the other lysosomal class 2B a-1,6-mannosidase MAN2B2 has no clear sensitivity to
any metal ion. MAN2A1, the Golgi class Il a-mannosidase involved in the trimming of N-glycans,
is thought to have a requirement for Zn2+. Its lysosomal homolog MAN2A2 has also been
classified as Zn2+ dependent, by similarity with MAN2A1. MAN2C1, a cytosolic class Il a-
mannosidase involved in the trimming of free oligosaccharides, has been shown to contain Co2+
in its active site. Moreover, a 5-fold increase of its enzyme activity was observed in the presence
of 2mM Co2+ [169]. Several glycosylhydrolases have been shown to require Ca2+ as divalent
cation. It is for example the case for TMEM?2, a cell surface hyaluronidase [170]. MAN1A1, a Golgi
a-1,2 mannosidase, is also thought to require Ca2+, by similarity to the mouse ortholog that
requires Ca2+ as divalent ion [97]. By similarity, MAN1B1, MAN1C1 and MAN1A2, three a-

mannosidases involved in N-glycan trimming, are also classified as Ca2+ dependent
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mannosidases. Broadly speaking, glycosylhydrolases rely more on an optimal pH than divalent

ions.

To date and to my knowledge, no link between a requirement in divalent cation and nucleotide

sugar transporter have been reported.

4.1.2. Mn2+ and glycosyltransferases

4.1.2.1. Mn2+ as an activator of glycosyltransferases

Human GT can be classified into two large families depending on the folding they acquired:

- GT-A fold: GT-A consists of an a/B/a sandwich that resemble a Rossmann domain. GT-A
have a DXD motif in their structure that is known to coordinate to the phosphates in the
nucleotide sugar donor via divalent metal ion, and generally Mn2+. The only exception reported
to date is for C2GnT-L glycosyltransferase, an enzyme involved in mucin-type O-glycosylation in
leucocytes. This enzyme displays a GT-A fold but lacks a DXD motif in its sequence. It is then
thought that Arg378 and Lys401 stabilise the UDP with their positive charges, a role normally
played by the divalent cation [171].

- GT-B fold: GT-B consists of two separate Rossmann domains with a connecting linker
region and a catalytic site located between the domains. GT-B does not contain any DXD motif

and most of GT-B glycosyltransferases do not require divalent ion for their activity.

A list of all GT that requires Mn2+ as cofactor is available in Table 4.

4.1.2.1.1. Mn2+ and GT involved in N-glycosylation

The first link between Mn2+ and glycosylation in human date from 1974, when Khatra and
collaborators studied properties of the human milk galactosyltransferase [6]. They observed that
the synthesis of both lactose and N-acetyl lactosamine involved an enzymatic ordered sequential
reaction, with Mn2+ attaching first, then the UDP-Gal and finally the acceptor monosaccharide.
They also showed that the enzyme requires Mn2+ to be fully active. Besides, Mg2+ was unable
to activate the enzyme, thus demonstrating the specific Mn2+ requirement for the enzyme. This

enzyme, later named B-1,4-Galactosyltransferase-l (B4GALT1), is one of the most studied GT to

date. Knowledge has increased thanks to studies on its bovine ortholog, which shares a lot of
homology with the human counterpart [89,172], and by analysing crystal structure obtained from
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both human and bovine enzymes [90]. The precise mechanism of the catalytic mechanism

involving a Mn2+ divalent ion will be discussed in detail in section 4.2. These first observations

led scientists to test divalent metal ion requirement for each new GT identified. Since this first

discovery, several GT have been shown to require Mn2+ to be fully active.

Table 4. List of all glycosyltransferases known to require Mn2+ to be fully active. This table only lists GT requiring Mn2+ with
strong scientific evidences. GT involved in the same pathway are showed in the same color: gray for N-glycosylation, blue for O-

glycosylation, orange for GAG biosynthesis, yellow for glycolipids biosynthesis, no color for other or multiple pathways. GT that

are thought to require Mn2+ by similarity to ortholog or other members of the same enzyme family are listed in Table 5.

Divalent ion co-factor

Glycosylation

Enzyme Gene

pathway involved

Beta-1,4-Galactosyltransferase 1 B4GALT1 Mn2+ N-glycosylation
UDP-Glucose Glycoprotein . .
+ + -
T N UGGT1/UGGT2 Mn2+ or Ca2 N-glycoprotein folding
. GALNT1 .
Polypeptide N- O-glycosylation
Acetylgalactosaminyltransferase 1, 2 and 3 GALNT2 Mn2+ (mucin-type)
- v ’ GALNT3 i
Polypeptide N- O-glycosylation
ALNT1 Mn2+
Acetylgalactosaminyltransferase 10 G 0 n (mucin-type)
Beta-1,4-glucuronyltransferase 1 BAGAT1 Mn2+ O-mannosylation
Mn2+ (for
xylosyltransferase
LARGE Xylosyl- And Glucuronyltransferase activity); .
1 LARGE1 Mn2+, Mg2+ or Ca2+ (for O-mannosylation
glucuronyltransferase
activity)
;ARGE Xylosyl- And Glucuronyltransferase LARGE2 Mn2+ Giterr e EdET
Xyloside Xylosyltransferase 1 XXYLT1 Mn2+ > Mg2+ O-glucosylation
O-glycosylation
Fucosyltransferase 3 FUT3 Mn2+ . .
(terminal antigens)
> ) -
Fucosyltransferase 5 FUT5 Mn2+ > Ca2+, Co2+, 0 gl.ycosyla.tlon
Mg2+ (terminal antigens)
Mn2+, Mg2+ > Co2 O-gl lati
Fucosyltransferase 7 FUT7 sy Wil 2 e IO e
Ca2+ (terminal antigens)
Beta-1,4-N-{-\cetyI- BAGALNT2 Mn2+ O-gllycosyla.tlon
Galactosaminyltransferase 2 (terminal antigens)
Alpha 1-3-N- . .
Acetylgalactosaminyltransferase (GTA) And ABO Mn2+ fo;ck;E:lti?iee:zymatlc O—gly::jylztr:;ne(:;ood
Alpha 1-3-Galactosyltransferase (GTB) group &
Xylosyltransferase 1 XYLT1 Mn2+ Glycosaminoglycans
Chondroitin Sulfate Synthase 1 CHSY1 Mn2+, Co2+ and Cd2+ Glycosaminoglycans
Chondroitin Polymerizing .
CHPF Mn2+ > Co2 Gl I
Factor/Chondroitin Sulfate Synthase 2 ner>tost ycosaminoglycans
Chondroitin Sulfate Synthase 3 CHSY3 Co2+ > Cd2+ > Mn2+ Glycosaminoglycans
Beta-1,3-Glucuronyltransferase 3 B3GAT3 Mn2+ Glycosaminoglycans
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Beta-1,3-Glucuronyltransferase 1 B3GAT1 Mn2+ Glycosaminoglycans
Beta-1,4-Galactosyltransferase 7 B4GALT7 Mn2+ Glycosaminoglycans
Beta-1,4-N-Acetyl-

Galactosaminyltransferase 1 (GM2 BAGALNT1 Co2+ > Mn2+ > Ni2+ Glycolipids
synthase)

Beta-1,3-N-

Acetylgalactosaminyltransferase 1 B3GALNT1 Mn2+ Glycolipids

(Globoside Blood Group)

Mn2+ and Mg2+, each ion
Beta-1,4-Galactosyltransferase 6 BAGALT6 alone do not increase the Glycolipids
enzymatic activity

poly-N-
B3GNT2 Mn2+ acetyllactosamine
biosynthesis

UDP-GIcNAc:BetaGal Beta-1,3-N-
Acetylglucosaminyltransferase 2

Glycogenin 1 and Glycogenin 2 GYG1/GYG2 Mn2+ auto-glucosylation

UDP-Glucose Glycoprotein Glucosyltransferase 1 and (UGGT1 and 2), two homologous enzymes

involved in N-glycoproteins folding during ER quality control, were studied in details by Arnold
and collaborators [173]. They expressed the cDNA encoding the enzymes in Cos-1 cells, purified
the enzymes and measured the incorporation of radioactive glucose on specific acceptor protein.

Their results revealed that both enzymes have a preference for Mn2+ or Ca2+.

4.1.2.1.2. Mn2+ and GT involved in O-glycosylation

Polypeptide N-Acetylgalactosaminyltransferases (ppGalNAcT) are GT-A glycosyltransferases

that catalyse the first step of mucin-type O-linked glycosylation. A study on recombinant human
ppGalNAcT-1, ppGalNAcT-2 and ppGalNAcT-3 showed that these enzymes strictly required
Mn2+, since no activity was detected in absence of Mn2+ nor when Mn2+ was substituted by
Mg2+ or Ca2+ [174]. Later, it was shown that ppGalNAcT-2 required Mn2+ although it contains a
D224XH?%% motif, different from the classic DXD motif [15]. In 2006, Kubota and collaborators
deciphered the mechanism of Mn2+ activation for ppGalNAcT-10 [175]. They first observed that
substrate binding (Mn2+, UDP-GalNAc) triggered sequential conformational changes in two loops
in the catalytic center of the enzyme. ppGalNAcT-10 does not comprises a DXD motif, but similar
to ppGalNACT-2, it contains a D?¥’XH?3% motif. Crystal structures of the enzyme showed that
Mn2+ binds 6 ligands in an octahedral geometry: two oxygen atoms of the o and B phosphates

of UDP, Asp237, His239 and His370, and a water molecule. Therefore, it forms a complex binding
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model with UDP-GalNAc, Mn2+ and ppGalNAcT-10. Interestingly, these coordinating amino acid

(Asp237, His239 and His370) residues are completely conserved in all pp-GalNAc-Ts.

Beta-1,4-glucuronyltransferase 1 (B4GAT1), an enzyme involved in the O-mannosylation of a-

dystroglycan, also specifically required Mn2+ to be fully active [176]. LARGE1 and LARGE2, two

bifunctional glycosyltransferases involved in O-mannosylation with both xylosyltransferase and
B-1,3-glucuronyltransferase activities, can bind divalent ions, one for each enzymatic activity.
LARGE1 and LARGE2 xylosyltransferase activity strictly requires a divalent cation, and is most
largely increased by Mn2+. LARGE1 B-1,3-glucuronyltransferase activity is detected even in
absence of cation, but is doubled by Mn2+, Mg2+ or Ca2+ addition. LARGE2 pB-1,3-
glucuronyltransferase catalytic activity is increased 4-fold specifically in the presence of Mn2+

[177].

XXYLT1 is the a-1,3-xylosyltransferase 1 that adds a xylose residue to the O-linked Xyl-Glc

disaccharide attached to EGF-like repeats in the extracellular domain of NOTCH and factor IX.
XXYLT1 from HepG2 cell lines was purified and tested on the Xyl-Glc disaccharide acceptor, then
the products of the reaction were analysed using reversed-phase HPLC. They observed that Mn2+
induced a strong increase of the enzymatic activity, but Mg2+ was also able to activate the

enzyme with 52% activity compared to Mn2+ as cofactor [178].

Alpha 3/4 fucosyltransferase 3 (FUT3) is a Golgi GT that catalyses a-1,3 and a-1,4 fucosylation

during the final step of Lewis antigen biosynthesis (mainly Le?, Le® and sLe?). A soluble version of
the human enzyme, composed of amino acid Ala47 to Thr361 and comprising the catalytic
domain and a part of the stem, was expressed in Spodoptera frugiperda (Sf9) insect cells and
intensively studied [179]. Authors have shown that the enzyme was active in the absence of
divalent metal ions with still 35% of its maximal activity, but can be activated by several divalent
cations in-vitro. Mn2+ and Co2+ were the most effective activators leading to 2.7-and 2.8-fold
activation of FUT3, respectively. Mg2+ and Ca2+ also enhanced the reaction, leading to a 2.5-
and 2.1-fold activation, respectively. Mn2+ is thought to be the divalent metal ion activator in-
vivo since 50uM Mn2+ already induced a 1.3-fold activation of FUT3 and maximal activity was
observed in the range of 5-10 mM Mn2+ concentration, with a 6-fold activation. Adding Mn2+
increases the affinity of the enzyme for GDP-Fuc as they observed a 5-fold decrease of the

apparent Km value (3.3 to 0.7 mM). FUT3 possesses a D'62SD motif and the D162N mutant retains
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an enzymatic activity to that observed in the absence of divalent ion. Therefore, Mn2+ is an
activator of FUT3 but the enzyme does not strictly require Mn2+ to be functional. This
characteristic is in fact a key feature of the fucosyltransferase family. Alpha-(1,3)-

fucosyltransferase 5 (FUT5) is responsible for the terminal step in the biosynthesis of Le* and

sialylLeXantigens and requires Mn2+ to be fully active [98]. The Km for Mn2+ in their experimental
conditions was determined to be 6.1 mM, and other divalent metal ions were identified as
cofactors such as Ca2+ (63% activity compared to Mn2+) , Co2+ (56%), and Mg2+ (53%). Alpha-

(1,3)-fucosyltransferase 7 (FUT7), involved in the synthesis of Le* antigen, has also been shown

to be stimulated by the presence of Mn2+ and Mg2+, and to a lesser extent by Ca2+ and Co2+

[180].

Beta-1,4-N-Acetyl-Galactosaminyltransferase 2 (B4GALNT2) is involved in the synthesis of the

Sda antigen (GalNAcB-1,4-[Neu5Aca-2,3]-GalB). In 1986, Takeya and collaborators observed this
enzymatic activity in human blood plasma. They showed that they reached maximal activity when
the assay was done with 50 mM MnCI2 [181]. Later in 1989, Malagolini and collaborators showed
that when MnCl2 was removed from their assay to measure B4AGALNT2 activity in human colonic
cells, enzymatic activity was totally abolished [182]. These results demonstrated that Mn2+ is

required for BAGALNT2 to be functional.

Human blood group antigens A and B are produced by 2 closely related enzymes with

glycosyltransferase activity belonging to the histo-blood group ABO system transferase,

encoded by the ABO gene [183]:
- An a-1,3-N-acetylgalactosamine transferase (GTA), which catalyzes the transfer of a
GalNAc to the Gal residue of the acceptor H antigen (Fuca-1,2-GalB-0-R), converting the

H antigen into A antigen.
- An o-1,3-galactosyl transferase (GTB), which catalyzes the transfer of a Gal to the Gal

residue of the acceptor H-antigen, converting the H antigen into B antigen.

Both enzymes are GT-A folded retaining enzymes with a characteristic a characteristic 21'DVD?%3
motif belonging to the consensus DXD motif that coordinates to a Mn2+ ion shown to be critical
in donor binding and catalysis. A M214R mutant in GTB was shown to be less active than the wild-
type GTB. Indeed, kinetic analysis on recombinant M214R revealed a 1200-fold decrease of kcat
compared to normal GTB. The UDP-Gal ket was 5.1 s for WT versus 0.0042 s for M214R and
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the UDP-GalNAc ket was 0.42 st for WT versus 0.00016 s for M214R. In fact, the Arg214
prevents the coordination of Mn2+ in the nearby 21'DVD?!3 motif by causing displacement of the
Mn2+ by a water molecule [183]. In addition, the site stays unavailable even with 10mM MnCI2

addition.

4.1.2.1.3. Mn2+ and GT involved in GAG biosynthesis

Xylosyltransferase 1 (XYLT1) catalyses the first step in GAG biosynthesis by transferring Xyl from

UDP-Xyl to specific Ser residues. Studies of XYLT1 catalytic properties have shown that the
enzyme requires Mn2+ to bind the UDP of the UDP-Xyl [184]. Besides, XYLT1 comprises two DXD
motifs: 3“DED3'® and 7*°DWD’4’. However, mutations in the 3“DED3'® have no effect on
enzymatic activity [184,185]. On the opposite, the amino acid at the position 745 on the second
motif is crucial for XYLT1 function. Indeed, D745G mutation leads to loss of function of the
enzyme, but D745E mutant retains enzymatic activity, demonstrating the crucial need of an
acidic residue at this particular position. Two mutants D747G and D747E have also been
characterized. They displayed a reduced affinity as measured by an increase of their Ky (6.9uM
for D747G and 4.4uM for D747E compared to 0.9uM for the WT) but were still able to catalyse
the reaction. In addition, changing the W746 to neutral, basic or acid amino acid decreased Vmax
by a 6 fold without altering Km. However, nucleotide binding was not abolished in those mutants,
meaning that alterations in the amino acid sequence of this motif do not abolish the divalent
cation-dependent binding of UDP, but alter the rate of the enzymatic reaction. Taken together,
these data suggest that Min2+ is not critical for binding of the nucleotide but clearly enhance the

enzymatic reaction.

Several studies have been done on Chondroitin Sulfate Synthases [186,187]. Chondroitin Sulfate

Synthase 1 (CHSY1) is an enzyme involved in the elongation of CS, with both B-1,3-glucuronic

acid and B-1,4-N-acetylgalactosamine transferase activity. In vitro measurement of incorporation
of UDP-[**C]GIcUA and UDP-[3H]GalNAc on several acceptors have shown that divalent ions were
essential for the enzymatic activities and that this enzyme could be activated by Mn2+, Co2+ or
Cd2+ with more or less the same affinity. Precisely, Co2+ addition led to the highest level of B-
1,3-glucuronic acid activity, whereas Cd2+ and Mn2+ were 85% and 70% as effective as Co2+,
respectively. For B-1,4-N-acetylgalactosamine transferase activity, Mn2+ exhibited the highest

activity and Co2+ and Cd2+ were 70 and 53% as effective as Mn2+ [186]. Chondroitin Sulfate

Synthase 3 (CHSY3) is highly similar to CHSY1 and shares the same GT activities as CHSY1.
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Although CHSY3 exhibits enzymatic activities toward the non-reducing terminal residue of CS,
CHSY3 is expressed at much lower level than CHSY1 and its specific activity was about 10% of
CHSY1. CHSY3 also requires divalent ion to be fully functional but unlike CHSY1, Co2+ seems to
be the best activator of CHSY3. CHSY3 can also be activated by Mn2+ or Cd2+, but with less
efficiency, especially for the B-1,3-glucuronic acid transferase activity [186]. Finally, Chondroitin

Sulfate Synthase 2 (also hamed Chondroitin Polymerizing Factor) (CHPF), has been shown to

require Mn2+ but can also be slightly activated by Co2+. Divalent cations were essential for the

two glycosyltransferase activities, since 10 mM EDTA completely abolished both reactions.

Beta-1,3-glucuronyltransferase 3 (B3GAT3) is an enzyme involved in the synthesis of the

tetrasaccharide core of GAG. B3GAT3 is responsible for the addition of the GIcUA residue to
complete the tetrasaccharide core of GAG. B3GAT3 is composed of a DXD motif (D'°*DD°®) that
has been shown to be in direct interaction with UDP and Mn2+. Beta-1,3-glucuronyltransferase
1 (B3GAT1) is highly similar to B3GAT3 and is involved in the synthesis of HNK-1 antigen, a glycan
structure mostly found in neural cell adhesion molecules. B3GAT1 also required Mn2+ for
coordination in its D***DD*®® motif and no enzymatic activity was detected if any D of the motif

is mutated to an A [188].

Beta-1,4-galactosyltransferase 7 (BAGALT7) attaches the first galactose residue in the common

tetrasaccharide found in GAG. B4GALT7 possesses a D'%3XD!®> motif at the N-terminal hinge
region of the long loop that has been shown to be involved in Mn2+ binding [189]. Besides, the
D165E mutant displayed really weak binding to UDP-Gal compared to the WT. Authors also
showed using isothermal calorimetric study that specifically in the presence of Mn2+, the enzyme
changes its conformation to a so called closed conformation. B4GALT7 undergoes
conformational changes upon binding with Mn2+ and UDP, but not in the absence of Mn2+. They

observed that one Mn2+ ion and one UDP were located in the catalytic pocket of the enzyme.

4.1.2.1.4. Mn2+ and GT involved in glycolipids biosynthesis

Beta-1,4-Galactosyltransferase 6 (B4GALT6) is involved in the biosynthesis of the LacCer, a

precursor of GSL. In normal human proximal tubular cells, the enzyme was shown to require
metal ion and was inactive without metal ions [92]. Using membrane-bound enzyme source,

maximal activity was obtained in the presence of 1.0 mM Mn2+/Mg2+ (1:1). Surprisingly, each
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metal ion alone did not increased significantly the activity, suggesting the need of Mn2+ and

Mg2+ in 2 distinct binding sites.

GM2 synthase (Beta-1,4-N-Acetyl-Galactosaminyltransferase 1), an enzyme involved in the

early step of GSL biosynthesis, was studied by expressing the human cDNA into CHO cells and by
measuring the ability of the enzyme to bind UDP-beads. Using this approach, authors
demonstrated that the DXD motif is required for GM2 synthase activity but not critical for
nucleotide binding [190]. Indeed, the D356E and D357N mutants retained weak enzymatic
activity and nucleotide binding was not altered in the triple mutant D356N/D357N/D358N. They
concluded that this motif may function during catalysis in GM2 synthase rather than during the
binding to nucleotide sugar. Nevertheless, the enzyme was shown to be dependent to several
divalent ions. Indeed, in the presence of 3.5 mM of each metal ion, Co2+ was the better cofactor,
followed by Mn2+, which led to 70.1% enzymatic activity compared to Co2+. The enzyme could

also be to some extent activated by Ni2+, with 45.7% activity compared to the activation by Co2+.

Beta-1,3-N-Acetylgalactosaminyltransferase 1 (B3GALNT1) is involved in the synthesis of the

Gb4 by adding a GalNAc residue to the Gb3 (Figure 19). The cDNA coding the human enzyme was
injected into mice lacking endogenous B3GALNT1 but expressing the Forssman synthase, the
enzyme responsible for the conversion of Gb4 to Forssman antigen. Thus, they screened mice
cells with antibody anti Forssman antigen and purified B3GALNT1 from these cells. Authors have
shown that the enzyme strictly require Mn2+ by measuring the incorporation of UDP-[3H]-
GalNAc on glycolipids that were extracted and analysed by Thin Layer Chromatography (TLC)
immunoblotting [191,192].

Gb3 Gb4 Forssman antigen

B B4 __ o4 B B4 o4 B3 B B4 o4 B3 __ a3
— @O0 o VO OCL
B3GALNT1 Forssman
Synthase

Figure 19. Biosynthesis of the Forssman antigen.

4.1.2.1.5. Mn2+ and GT involved in other or multiple pathways

Other examples of Mn2+ requirement can be found in the literature, such as for the Beta-1,3-N-

acetylglucosaminyltransferase 2 (B3GNT2), an enzyme involved in the synthesis of poly-N-

acetyllactosamine structure with a preference for Gal(B-1,4)Glc(NAc)-based acceptors. Authors

have shown that B3GnT2 has an absolute requirement for Mn2+ and a pH optimum at 7.0 [193].

51

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Glycogenin (GYG) is an a-1,4 glucosyltransferase involved in the biosynthesis of glycogen, a

storage form of glucose and a polymer of a-1,4 and a-1,6 glucose residues. In fact, glycogenin is
able to self glucosylates on Tyr194 through the formation of a glucose 1-O-tyrosyl linkage [194].
Besides, glycogenin can catalyse the subsequent formation of a-1,4-glycosidic linkages, thus
initiating the biosynthesis of glycogen. Glycogenin is a retaining enzyme from GT family 8,
containing a DXD motif (D1°*AD1%) and requires Mn2+ to be fully functional [195]. Indeed, Mn2+
associates with UDP-GIc, then functions as a Lewis acid to stabilize the UDP leaving group and
facilitates the transfer of the Glc residue to an intermediate nucleophilic acceptor in the enzyme

active site. Finally, the Glc is delivered to Tyr194 [196].

4.1.2.1.6. GT potentially requiring Mn2+

Apart from these GT known to require Mn2+ for their activity, several other GT are thought to
require Mn2+ but no solid scientific evidences are available in the literature. Some of these
enzymes are listed in Table 5.

Table 5. List of glycosyltransferases thought to require Mn2+ to be fully active. This table lists GT that are thought to require

Mn2+ by similarity to ortholog or other members of the same enzyme family. GT involved in the same pathway are showed in
the same color: gray for N-glycosylation, blue for O-glycosylation, orange for GAG biosynthesis, yellow for glycolipids biosynthesis,

no color for other or multiple pathways.

Divalent ion co-factor

Glycosylation

pathway involved

Mannosyl (Alpha-1,3-)-Glycoprotein o .
Beta-1,2-N- MGAT1 Mn2+ by similarity to the rabbit Nealvess e
. ortholog
Acetylglucosaminyltransferase
ze;a'l'd"Ga'acmsy'tranSferase 23, | B4GALT2-5 | Mn2+ by similarity to BAGALTL | N-glycosylation
Mannosyl (Alpha-1,3-)-Glycoprotein
Beta-1,2-N- MGATA4A, 4B divalent ion (Mn2+ most likely) N-glvcosvlation
Acetylglucosaminyltransferase 4A, and 4C by similarity to MGAT1 glycosy
4B, 4C
Glycosyltransferase 6 Domain O-glycosylation
yeosy: GLT6D1 Mn2+ (ABO group
Containing 1 .
antigen)

. Mn2+ by similarity to the family .
Polypeptide N- . GALNT(X) of Polypeptide N- O-egCf)syIatlon
Acetylgalactosaminyltransferases . (mucin-type)

Acetylgalactosaminyltransferases
Beta-1,3-N- T .
+
acetylglucosaminyltransferase LFNG, MFNG, Mn2+ by similarity with other .
L L Beta-1,3-N- O-fucosylation
lunatic fringe, manic fringe and RFNG .
. . acetylglucosaminyltransferase

radical fringe
Protein O-Linked Mannose N- Mn2+ by similarity to B3GALNT1 .

POMGNT1 O- lat
Acetylglucosaminyltransferase 1 and B4GALNT1 mannosylation
Xylosyltransferase 2 XYLT2 Mn2+ by similarity with XYLT1 | Glycosaminoglycans
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Mn2+ by similarity to the mouse

Exostosin-1 and 2 EXT1/EXT2
ortholog

Glycosaminoglycans

Exostosin-like glycosyltransferases EXTL1/EXTL2/EX | Mn2+ by similarity to the mouse
1,2and 3 TL3 ortholog

Globoside Alpha-1,3-N-
Acetylgalactosaminyltransferase 1

Glycosaminoglycans

GBGT1 Mn2+ Glycolipids

Mn2+ by similarity to B4GALT

Alpha-1,3-Galactosyltransferase 2 A3GALT2 iy Glycolipids
Mn2+ by similarity with B3GAT1 .
Beta-1,3-Glucuronyltransferase 2 B3GAT2 and B3GAT3 multiple pathways

Beta-1,3-Galactosyltransferase 1 B3GALT1/B3GAL

and 2 . Mn2+ by similarity to BAGALT1 | multiple pathways

For example, human Mannosyl (a-1,3-)-Glycoprotein B-1,2-N-Acetylglucosaminyltransferase

(MGAT1 or GIcNACT-I) has a rabbit ortholog with high similarity, containing a E?*'DD?!3® motif

conserved in the human MGAT1. This motif makes critical interactions with bound UDP-GIcNAc

and Mn2+ [197]. MGATA4A, 4B and 4C are also thought to require Mn2+ by similarity to MGAT1.

Glycosyltransferase 6 domain-containing protein 1 (GLT6D1) is thought to require Mn2+ due to

study on the bovine ortholog GGTA1. GGTA1 catalyzes the transfer of a a-1,3 linked Gal residue,
on terminal lactosaminide (Gal-B-1,4-GIcNAc-R) disaccharide. Isothermal titration calorimetry
(ITC) revealed that one Mn2+ is required for donor susbtrate binding in the D?2°VD??” motif [198].

Globoside alpha-1,3-N-acetylgalactosaminyltransferase 1 (GBGT1 or Forssman synthase) has

been suggested to require Mn2+ due to the high similarity with bovine GGTA1.

Exostosin-1 and 2, and exostosin-like glycosyltransferases 1, 2 and 3, which are all involved in

the biosynthesis of GAG, are thought to require Mn2+ by similarity to their mouse ortholog [199].

All ppGalNAc-T and B4AGALT2-5 are also classified as Mn2+ dependent, by sequence similarity to

other members of the family.

Furthermore, Kaufman and collaborators have shown that Mn2+ depletion within the secretory
pathway inhibits O-linked and N-linked glycosylation in CHO cells [200]. They have used A23187,
an ionophore that chelates a lot of divalent ions, including Mn2+ with a high selectivity and Mg2+
and Ca2+ to some extent, to induce Mn2+ depletion. They observed that intralumenal Mn2+ is
required for O-glycosylation on erythropoietin (EPO) and macrophage colony stimulating factor

(M-CSF), 2 well characterized proteins carrying mucin-type O-glycans and few N-glycans. Only
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Mn2+ addition reverted the glycosylation defect, with a total normalization for O-glycosylation

and a partial normalization for N-glycosylation.

Finally, Mn2+ is also sometimes added in production systems to boost glycosylation of

recombinant proteins, thus increasing the yield of the production [201-204].

4.1.2.2. Other effects of Mn2+ on glycosyltransferases

Although known to be an activator for GT, Mn2+ can also have other effect on specific GT or

under certain conditions.

For example, Mn2+ indeed activates Chondroitin Sulfate Synthase 1, 2 and 3. Nevertheless,

above 10mM MnCI2, GIcUA transferase activity was decreased For both CHSY1 and CHSY3 [186].
Above 30mM Mncl2, GalNAc transferase activity decreased for both enzymes. Finally, above
10mM MnCI2, both enzymatic activities decreased for Chondroitin Sulfate Synthase 2 [187]. The

same observations were done on FUT3 and FUT5, where Mn2+ concentrations higher than

10mM had an inhibitory effect on fucosyltransferase activity, which could be due to the

hydrolysis of the GDP-Fuc by Mn2+ [98,179].

Protein O-Mannosyltransferase 1 and 2 (POMT1, POMT2), both catalyse the transfer of a Man

residue from dolichol phosphate mannose (Dol-P-Man) to Ser/Thr residues of certain proteins
such as a-dystoglycan (a-DG). Using GST-a-DG as the acceptor, Dol-P-[3H]-Man as the sugar
donor, and an enzyme extract containing both POMT1 and POMT2, Manya and collaborators
have measured the incorporated radioactivity on o-DG after purification on glutathione
sepharose column [205]. They observed that neither POMT1 nor POMT2 required divalent
cations as the presence of 10mM EDTA led to the best enzymatic activity. Interestingly, they
showed that both enzymes were slightly activated by Mg2+ but a 90% decrease of the activity
was observed in the presence of Ca2+ or Mn2+, suggesting a role of these ions in POMT

inhibition.

In 1990, a protein:glucosyltransferase activity was found in human platelet [206]. The enzyme
responsible for the formation of the glucoprotein was found to be inhibited 76% by Mn2+ (5 mM)
whereas at lower concentrations Mn2+ had no effect on the activity, pointing out to a role of
Mn2+ in GT inhibition. Surprisingly, sialyltransferases do not seem to rely on Mn2+ for their

catalytic activity. A study from 1977 has shown that EDTA treatment did not abolished enzymatic
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activities of sialyltransferase in the serum nor in the liver. They even observed that Mn2+ strongly
inhibited this activity [207]. More recently, studies on ST8Sia Il and ST8Sia V, involved in the

synthesis of polysialic chains, have no requirement of metal ions [208].

Finally, a strange role of Mn2+ that can possibly have an impact on glycosylation was discovered
in 2015. Authors have shown that Mn2+ induced oligomerization leading to lysosomal
degradation of several Golgi proteins [209]. They engineered Golgi proteins containing domains
that are able to self-interact and self-oligomerize after induction. Among the proteins tested
were MAN1A1l and B4GALT1l. When oligomerization occurred after Mn2+ induction, these
proteins leave the Golgi and are targeted to lysosomal degradation, via the non-canonical Golgi

to lysosome pathway.

Altogether, these results show that the role of Mn2+ in glycosylation is not completely

understood and far from being simple.

4.1.3. Mn2+ changes can affect all the glycosylation pathways

Interestingly, all the glycosylation pathways include Mn2+ dependent steps that can thus be
affected by Mn2+ changes in the cell (Figure 20). Besides, a large majority of Mn2+ dependent
GT are localised in the Golgi apparatus (26 out of 29 in Table 4), strengthening the importance of

Golgi Mn2+ homeostasis in glycosylation.

As presented in table 5 and figure 19, mucin-type O-glycosylation and GAG biosynthesis can be
the most severely affected pathways in case of Mn2+ homeostasis disruption. Indeed, XYLT1, the
enzyme that catalyses the first step in HS, CS and DS biosynthesis, strictly requires Mn2+ to be
fully active. Therefore, a lack of Mn2+ could prevent the synthesis of these 3 types of GAG. In
addition, several polypeptide N-Acetylgalactosaminyltransferases (GALNT), the enzymes that
catalyse the first step of mucin-type O-linked glycosylation, are known to be Mn2+ dependent.
However, the existence of more than 21 GALNT and their relative redundancy could temper the

glycosylation defect when Golgi Mn2+ is lacking.

Moreover, all the Mn2+ dependent enzymes presented in this section have different affinity for
Mn2+. Hypothetically, they could be ranked based on their affinity for Mn2+ to detect the most

severely affected pathway in case of Mn2+ homeostasis disturbance. However, all the kinetics

55

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

analyses available in the studies were performed in different conditions, thus making it

impossible to compare Mn2+ affinity for these GT.

N-glycans Glycosaminoglycans
CHSY
- ~ ~
B4GALTI { Y 510 { )
CHSY ™ on
MGATI1 aas
UGGT B3GAT3 B3GAT3 B3GATI1
B4GALT7 B4GALT7
XYLT1 XYLT1 R
Complex N-glycan ER quality control HS CS/DS CD57/HNK-1
antigen
O-glycans Glycolipids
N
Fut
BAGALNT2 LARGE1/LARGE2 p3
LARGE1/LARGE2 a3 B3GALNTI
y POMGNTI BAGALNTL
ppGalNAcT R B4GAT1 pa
. . B4GALT6
Mucin-type O-glycans Sda antigen 0O-mannose p2
'\J\,‘,P
. . a3 g h
A antigen B antigen p
B4 XXYLT1 GM2 Gha
ABO ABO FUTS/FUT7
a3
R POMGNTI =+
R R Sialyl Lewis X antigen 0-glucose
Blood group antigens a-dystroglycan O-
mannosylation

Figure 20. Glycosylation pathways involving Mn2+ dependent glycosyltransferases. Red lines show specific Mn2+ dependent
glycosylation steps. Glycosylation steps with putative Mn2+ requirement are depicted in red dashes. O-mannosylation of a-
dystroglycan requires a ribitol-phosphate linker. Linkage are not always shown for clarity.

4.2. Mechanism of Mn2+ as coordinator for glycosyltransferase catalytic activity

Much has been made on the role of the DXD amino acid sequence in the glycosylation process.
In general, for retaining GT-A folded enzymes, the two aspartate residues can interact with the
Mn2+ion, whereas only the last aspartate interacts with the metal cation in inverting GT-A folded
enzymes. The X of the motif is usually involved in the ribose binding of the nucleotide sugar donor
[5]. Although some insights into the mechanism of Mn2+ coordination for GT have been reviewed
in section 4.1, in this section, the mechanism will be addressed in details using f4GalT1 as an
example, with a focus on the role of the Mn2+ during the catalysis. Besides, B4GalT1 kinetic

pathway represents the general catalytic mechanism for all the inverting GT.
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4.2.1. Example with B4GalT1, the most studied glycosyltransferase

B4GalT1 (EC 2.4.1.38), in the presence of Mn2+, catalyses the transfer of Gal from UDP-Gal to the
the non-reducing end GIcNAc of complex N-glycans. In the presence of a-lactalbumin (alLA), the
acceptor specificity of f4GalT1 is switched from GIcNAc to Glc, thus resulting in the production
of lactose [210]. B4GalT1 is a GT-A folded enzyme containing a D?*8XD%>° motif located in the cleft
of the catalytic domain, which serves as a Mn2+ binding-site [211]. B4GalT1 has two flexible
loops, a long and a small one, which are able to undergo conformational changes. The long
flexible loop (residues 1341-H361) contains residues essential in the closed conformation for the
binding of the metal ion, sugar nucleotide, and the acceptor substrate. Among the GT known to

date, the catalytic mechanism of B4GalT1 has been the most extensively studied [90,210,211]

(Figure 21).
o T |
GT AGT-I\/ln GT*Mn*UDP-Gal GT*Mn*UDP+Gal-Glc*cLA GT*Mn*UDP | GT
*
GT*Mn-UDP-Gal-GlcclLA
GT*Mn-UDP-Gal-GlcclLA
v v
Mn2+ UDP-Gal Glc, alA Gal-Glc UDP-Mn
(lactose),
alA

Figure 21. Kinetic catalytic pathway of B4GalT1 in the presence of aLA and with Glc as the acceptor substrate. First, the
enzyme is in an open conformation that allow Mn2+ to bind followed by the donor substrate, UDP-Gal. Upon UDP-Gal binding
the enzyme undergoes conformational changes from open to closed configuration, exhibiting the acceptor and alLA binding
sites. alLA and Glc bind together synergistically to B4GalT1 to form a GT-Mn-UDP-Gal-Glc:aLa complex. During this transition
state the Gal residue is cleaved from UDP-Gal and exists as an intermediate oxocarbenium ion, indicated as Gal*. Then, the Gal
residue is attached to the Glc acceptor to form the lactose, and is then released from the enzyme along with alLA. Finally, UDP
bound with Mn2+ are released together from B4GalT1. Adapted from Ramakrishnan et al., 2006.

4.2.1.1. Mn2+ binding

First, the enzyme is in a so-called open conformation that allows the binding of one Mn2+ ion to
the D?%8XD?°° motif [90]. The metal ion binding site is located at the N-terminal hinge region of
the long flexible loop. Residues Asp250 and Met340 and four water molecules (W1-W4)
coordinate the metal ion in this open conformation (Figure 22A). In addition, a conserved water
molecule (W5) located in the catalytic pocket, bridges the two Asp residues of the D?*8XD?>° motif
through hydrogen bonding interactions with their side-chain. The binding of the metal ion is

essential and allows UDP-Gal to bind.
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4.2.1.2. UPD-Gal binding

Sugar nucleotide then binds to the metal-enzyme complex that is still in the open conformation.
Binding of UDP-Gal is impossible if Mn2+ did not bind first to the enzyme. The binding of UDP-
Gal induced some changes and bonding. The a-phosphate oxygen atom of the UDP forms a
coordination bond with the Mn2+, replacing water molecule W2. The B-phosphate oxygen atom
of the UDP forms a coordination bond with the Mn2+, replacing water molecule W3. UDP-Gal
binding will trigger a conformational change of the catalytic site, from open to close

conformation.

4.2.1.3. Conformational changes

Crystallographic studies on the catalytic domain of B4GalT1 (residues 130-398) have shown that
the conformational changes that the enzyme undergoes upon Mn2+/UDP-Gal binding involved

the two flexible loops.

The torsion angle of the side chain of His343 changes in a way that it coordinates with the metal
ion by replacing W1. With the metal ion now coordinating with residues Asp250, Met340, His343,
a water molecule, and two phosphate oxygen atoms of UDP, the long loop is no more flexible.
During the conformational changes of the flexible loops, the metal ion moves in such a way that

it coordinates with the W5 water molecule, replacing W4 (Figure 22B).

The Trp310 side chain in the small flexible loop, facing away from the binding pocket in an open
conformation, moves to face towards the binding pocket. The Trp310 keeps UDP-Gal from being
released by making hydrogen bonds with it, and is also involved in the binding of acceptor

substrates.

The large loop then undergoes a major conformational change where its carboxyl-terminal hinge
region changes from a coil to a helix structure. This allow the loop to cover the pocket with the
bound UDP-Gal preventing its escape from the binding cavity and also creates the acceptor
binding site. During conformational changes, even the Mn2+ coordination undergoes significant

modifications to form a correct and active ground-state structure to facilitate enzyme catalysis.

Altogether, these conformational changes play an important role in the initiation of the catalytic

mechanism of the enzyme.
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4.2.1.4. Acceptor substrate binding and catalysis

After these conformational changes, the acceptor substrates (here Glc and alLA) can bind to the
GT-Mn-UDP-Gal complex and the catalysis can start. The catalysis begins with the cleavage of the
UDP-Gal to UDP + Gal. This step includes the existence of an extremely short-lived oxocarbenium
intermediate. Then, the Gal residue is attached to the Glc acceptor to form the lactose. The
disaccharide product and oA are both ejected from the enzyme. B4GalT1 then returns to an
open conformation state, releases UDP and Mn2+, allowing the reaction to start again. The water
molecule W5, by hydrogen bonding interactions with the cleaved B-phosphate oxygen atom of
UDP, plays an important role during catalysis in ensuring that the catalytic activity proceeds only
forward. Moreover, Met340 is crucial in bonding with Mn2+ during the catalytic cycle of the
enzyme. Indeed, when Met340 was mutated to His, the enzyme could not efficiently revert to

the open conformation essential for efficient catalysis.
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Enzyme + Mn
Open conformation
H340 H340

D248 D248

Enzyme + Mn + UDP-Gal
Closed conformation
H340

UDP-Gal

UDP-Gal

Figure 22. Changes in Mn2+ coordination during UDP-Gal binding to B4GalT1. The coordination bonds with Mn2+ are shown
as thin continuous lines and the hydrogen bonds are shown as dotted lines. The final electron density maps comprising
Mn2+, the water molecules and the residues of interest are shown as blue lines. (A) Only one Mn2+ is found at the metal-
binding site interacting with the H340 and D250 residues. There are also four water molecules, W1-W4, bound to the Mn2+,
arranged in an octahedral coordination. The structural water molecule, W5 is found about 3.8A° from the Mn2+.
Interestingly, the metal-binding residue H343 does not coordinate with Mn2+. (B) Crystal structure of f4GalT1 in complex
with Mn2+ and UDP-Gal, where the enzyme is found in the closed conformation. The Trp310 side-chain is found inside the
catalytic pocket and forms a hydrogen bond with the B-phosphate of the UDP. This results in moving the B-phosphate group
towards the Mn2+, forming a coordination bond by replacing W3 by the B-phosphate group of UDP. During conformational
changes, the sixth coordination bond with W4 is exchanged for a bond with W5. Adapted from Ramakrishnan et al., 2006.

[5] CONGENITAL DISORDERS OF GLYCOSYLATION
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5.1. General introduction

Defects in genes involved in the glycosylation process have been identified in human rare
inherited diseases named Congenital Disorders of Glycosylation (CDG) [8—11]. The first CDG
patient was identified by Professor Jaeken in 1980. A couple of twin sisters had psychomotor
retardation and multiple serum glycoproteins abnormalities. These patients were later found
deficient in phoshomannomutase (PMM2), an enzyme involved in the conversion of Man-6-P to
Man-1-P during the biosynthesis of GDP-mannose, an essential nucleotide sugar for the synthesis
of the oligosaccharidic precursor in the ER during N-glycosylation [212—214]. CDG mostly affect
N-glycosylation but can also affect other glycosylation types or even multiple pathways. To date,
more than 110 different CDGs have been identified that now encompass defects in the synthesis
of all glycosylation pathways [215]. Moreover, CDG have been localised to all cellular
compartments where glycoconjugates can be synthesized (Figure 23). Due to the importance of
the ER and the Golgi in glycosylation, CDG in genes coding for ER or Golgi proteins are logically
the most abundant ones. However, CDG are still rare diseases and the number of patients is

around 1000, with PMM2-CDG representing more than 700 patients [216,217].

‘ Plasma membrane (10) |

& [ER@S) | [ eraic (3) | [ Golgi (33) | j

Figure 23. Subcellular localisation of CDG known to date. The number of CDG for each compartment is indicated between
brackets. This figure does not include dystroglycanopathies that can be sometimes classified as CDG. Adapted from Peanne and
Jaeken, 2017.

Due to the diversity of genes identified in CDG, the clinical spectrum for CDG is broad and all
organs can be affected [218-223]. CDG can lead to neurological, immunological, skeletal
abnormalities, but also liver, endocrine and skin manifestations. Because of the essential nature
of glycosylation, the clinical phenotype of CDG patients ranges from mild mental retardation with
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hypoglycemia, protein-losing enteropathy or cardiomyopathy, to profound psychomotor

retardation, seizures and blindness in severely affected individuals [216,224].

5.2. A new era in CDGs

Because of the number of enzymes involved in the glycosylation process, it is not surprising that
the majority of CDG is caused by mutations in genes encoding protein directly involved the
machinery (GT, GH and NST). However, a large number of factors can also modulate glycosylation
(see chapter 2.5). Therefore, any disturbance in one of these factors can lead to aberrant protein
glycosylation. As a consequence, novel deficiencies have recently emerged, marking a new erain
the CDG field. They include deficiencies in vesicular trafficking and/or glycoprotein sorting [225-
229]. These new CDGs have been intensively reviewed in the literature [3,230-235]. Another
growing class of CDG affects Golgi homeostasis [7,12]. While the impact of such defects on Golgi
glycosylation is harder to apprehend, one could think that these defects disturb several factors
involved in the regulation of glycosylation (ie pH, divalent cations...) then leading to glycosylation

deficiencies. These diseases will be discussed later in section 5.5.

5.3. Identification of CDG patients

The first step to identify CDG patients is to look at the clinical symptoms. Indeed, CDG should be
suspected if a patient present any unexplained neurological syndrome, especially when
associated with other organs defects. Still, few CDG do not lead to neurological involvement,

then one should also screen for CDG any patient with unexplained syndrome [236].

Diagnosis of CDG mostly relies on biochemical analyses. The first test classically used in
laboratory is the iso-electrofocalisation (IEF) of the serum transferrin. IEF is an electrophoresis
approach based on the separation of proteins according to their isoelectric point. Transferrin is
a protein with two N-glycosylation sites, which are occupied most of the time by bi-antennary
complex N-glycans (Figure 24). Tetrasialotransferrin (4S) is thus the main serotransferrin isoform.
However, those N-glycans can also sometimes be more branched than depicted here. The

terminal sialic acid residues carried by complex N-glycans confer positive charges to transferrin.
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Therefore, serotransferrin can be analysed by IEF and the migration profile reflects the N-

glycosylation efficiency.

Normal transferrin
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Figure 24. Serum transferrin N-glycans structure. Normal transferrin mostly carries 4 sialic acids (4S). The glycan structures
representing the different serum transferrin isoforms are shown (4S: tetrasialotransferrin, 3S: trisialotransferrrin, 2S:
disialotransferrin, 1S: monosialotransferrin, 0S: asialotransferrin). Type | pattern reflect an ER glycosylation defect and type Il
pattern a Golgi glycosylation defect. Serotransferrin from CDG patients can also rarely present a type Il pattern that combines

the type | and type Il pattern.
Thanks to this test, two different CDG groups can be distinguished (Figure 25) [224,237]:

e Type | CDG (CDG-I): these patients present a type | pattern of the serotransferrin, with a

decrease of 4S and an increase of 2S and 0S isoforms. CDG-I affect ER glycosylation and thus the
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synthesis of the precursor. As a result, the in bulk transfer of the precursor will be affected and

there will be a loss of glycan on one or two glycosylation sites of the serotransferrin.

e Type Il CDG (CDG-I): these patients present a type Il pattern of the serotransferrin, with
a decrease of 4S and a slight increase of all hyposialylated isoforms and especially 3S. CDG-Il are
due to defects in the glycan processing in the Golgi, leading to abnormal glycan structures on

glycoproteins.

control CDG-I CDG-II

6S —
55 —
45 —
35 —
25 —
1s —

Figure 25. Identification of CDG patients by serotransferrin IEF. Serotransferrin N-glycans can also have more branches (mostly
tri-antennary structures) resulting in the presence of 6S and 5S structures. CDG-| pattern shows an increase of 2S and 0S with
a decrease of 4S. CDG-Il pattern is heterogeneous, with classically a decrease of 4S and an increase of all hyposialylated
isoforms. The intensity and the thickness of the band represent its quantity.

However, IEF is a low resolution method with a lot of disadvantages. Indeed, the transferrin
glycosylation pattern of some CDG-Il appears perfectly normal and some transferrin variants can
impair the diagnosis, thus revealing the limitations of this method [238-240]. Moreover,
serotransferrin is a circulating blood protein secreted by the liver. Thus, IEF of serotransferrin
cannot identify defects in genes coding for proteins that are not expressed in liver. To overcome
these limitations, more powerful techniques like electrospray ionization mass spectrometry (ESI-
MS) and capillary zone electrophoresis of transferrin or total N-glycans from serum can also be
used for CDG diagnosis. However, these methods only detect patients with N-glycosylation
defects [241,242]. Recently, a high resolution nano LC-MS analysis was proposed as a
glycoprofiling tool to directly diagnose a CDG, but known CDG can only be identified [243,244].
Apolipoprotein C-1ll (ApoC-lIl) IEF and mass spectrometry analyses can also be used for CDG
diagnosis. ApoC-lll is a serum protein with core 1 mucin-type O-glycan carrying one or two sialic
acid residues. ApoC-lll can thus be used to screen CDG patients having errors in the biosynthesis

of mucin type O-glycan. To date, no rapid screening method for the identification of defects in
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GL or GAG biosynthesis is available. In any case, all these tests must be followed by genetics
analyses (exome sequencing, homozygosity mapping...) to precisely identify the gene and the

mutation(s) involved.

Due to the increasing number of CDG identified, the nomenclature as CDG-I and CDG-II followed
by a letter was replaced and simplified in 2009. Jaeken and co-authors proposed to use CDG

followed by the affected gene name [245]. For instance, CDG-la is now designed as PMM2-CDG.

5.4. Treatments

CDG are severe diseases that affect child development. Therefore, finding treatment for CDG is
the next critical step. However, once diagnosed, treatment still cannot cure developmental

problems and neurological damages.

A treatment with oral mannose supplementation is available for MPI-CDG [246,247]. However,
intravenous mannose therapy in patients unable to be fed orally can cause side effects such as
seizures and severe depression of consciousness [248]. As the liver is the most affected organ in
this CDG and no neurological features were observed, a liver transplantation revealed to be
successful for MPI-CDG [249]. Liver transplantation was also proposed for CCDC115-CDG [250].
Oral uridine treatment was proposed for CAD-CDG [251]. D-galactose supplementation has been
shown to benefit patients with PGM1-CDG [252]. Interestingly, galactose has also been
successful for SLC39A8-CDG [7] and SLC35A2-CDG [253]. Although it is clear that the treatment
rescued the impaired galactosylation, the mechanism remained poorly understood. Only heart
transplantation was proposed for DOLK1-CDG [254]. Oral-fucose supplementation seems to
control infections for SLC35C1-CDG [255]. A treatment with oral butyrate controls seizures in
PIGM-CDG [256]. Bone marrow transplantation corrects neutropenia and lymphopenia in
PGM3-CDG [257]. For the CDG with a myasthenic syndrome (DPAGT1-CDG, ALG2-CDG, ALG14-
CDG, GFPT1-CDG and GMPPB-CDG), cholinesterase inhibitors were proposed as treatment. For
GNE-CDG, supplementation with sialic acid may stabilize muscle strength [258]. For PMM2-CDG,

a treatment with pharmacological chaperones is promising [259].

5.5. Golgi homeostasis defects leading to CDG

The term homeostasis include many variables. Regarding Golgi glycosylation and homeostasis,

three main variables should be carefully maintained (Figure 26):
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- protein homeostasis: indeed, the amount of proteins in the Golgi, especially for GT, GH

and NST, can severely alter the glycosylation process.

- lipid homeostasis: the structural organization of the Golgi apparatus in stacks and

cisternae is very dependent on lipid composition and therefore can be disrupted if lipid
homeostasis is not controlled.

- ion homeostasis: as presented earlier, ion homeostasis must also be carefully handled to

ensure a proper glycosylation.

ion

Glycosylation Glycosylation

oK Glycosylation not OK

protein lipid not OK

Figure 26. Simplified view of the effect of Golgi homeostasis changes on glycosylation. In the first case, the homeostasis is well
maintained and the glycosylation process can occur without any problems. In the second case, the ion concentration is
decreased leading to an abnormal glycosylation. In the third case, lipid concentration is increased, leading to alterations in the
lipid composition of Golgi membranes and potentially disrupting Golgi structural organization, and then leading to an abnormal
glycosylation. Note that some ions such as Mn2+ are more likely to induce glycosylation changes than others.

Although extremely simplified, the view presented here has the advantage to show the
importance of a controlled and regulated Golgi homeostasis in glycosylation. Therefore, slight

disturbance in this homeostasis can lead to several heterogeneous diseases.

This section will review the defects in Golgi homeostasis leading to CDG, with the most known
ones being linked to vesicular deficiencies. Then, defects in ionic homeostasis leading to this new
era of CDG will be reviewed. A more detailed focus will be done on ion homeostasis and especially

Mn2+ homeostasis defects leading to diseases.

5.5.1. Trafficking defects leading to CDG

Vesicular trafficking is crucial to maintain an equilibrium between the three variables presented
before (Figure 26). Indeed, any disturbance in vesicular trafficking can lead to a redistribution of
proteins, lipids and ions in the cell. Therefore, it is not surprising that vesicular trafficking defects
can lead to CDG. The most described CDG linked to vesicular trafficking defects are the case of

COG-CDG, which opened a totally new field in CDG.

5.5.1.1. COG

66

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

COG is a multimeric cytoplasmic complex of 8 subunits (Cogl to Cog8) known to be involved in
the tethering of vesicles at the target compartments such as the Golgi apparatus. In 2004, two
siblings presented with perinatal asphyxia, dysmorphia (low-set ears, micrognathia, short neck,
loose and wrinkled skin), a generalized hypotonia, hepatosplenomegaly, and they developed
jaundice shortly after birth [225]. Both patients died from recurrent infections and cardiac
insufficiency, the male at age 5 weeks and the female at age 10 weeks. Those patients had a type-
Il serotransferrin pattern and a general defect in sialylation. In-vitro enzymatic assays showed a
decrease activity of core | GalT and ST3Gal-1, meaning that N- and O-glycosylation were impaired.
The rate of transport of CMP-Sia and UDP-Gal were also decreased. Finally, FRAP analyses
demonstrated that ST3Gal-1 trafficking was specifically slowed down in patient fibroblasts
compared to control. COG7 was undetectable in patient skin fibroblasts and genomic DNA
sequencing revealed the presence of a homozygous intronic mutation (IVS1+4 A=>C). They were
the first COG-CDG patients to be characterized. Since then, all COG subunit excepted Cog3 have
been described in CDG, thus broadening the spectrum of clinical phenotypes in COG-CDG [225-
228,260-262]. Nevertheless, all patients described so far present defects in multiple
glycosylation pathways (N- and O-glycoproteins), in the Golgi apparatus ultrastructure, in
retrograde intra-Golgi trafficking and in the stability or the localization of several Golgi resident
proteins. However, the molecular mechanism responsible for the observed glycosylation defects
in those patients has not been clearly determined yet for each case. Broadly speaking, the COG
complex has been suggested to be involved in the proper localization of several glycosylation

enzymes, including MGAT1, MGAT2, MAN2A1, BAGALT1, and ST6GAL1 [263,264].

5.5.1.2. VPS13B

This gene encodes the Vacuolar protein sorting-associated protein 13B (VPS13B), a
transmembrane protein required for GA integrity. Mutations in VPS13B are known to cause the
Cohen syndrome, a disease that was first described in 1973 [265]. The typical patient phenotype
is a truncal obesity, microcephaly, slender extremities, joint hyperlaxity, intellectual disability,
and chorioretinal dystrophy with myopia, a phenotype that looks very like CDG phenotypes. Golgi
morphology is also strongly disrupted in all of those patients. Therefore, Duplomb, Duvet et al
have recently hypothesised that VPS13B deficiency could lead to glycosylation defects
responsible for the main clinical manifestations observed in Cohen syndrome [266]. Although no

glycosylation defects were observed on transferrin or al-antitrypsin due to the absence of liver
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involvement in the pathology, total N-glycans analysis from serum showed a strong accumulation
of agalactosylated and asialylated structures. in peripheral blood mononuclear cells, ICAM-1 and
LAMP-2, two heavily glycosylated proteins, were also shown to be hypoglycosylated. Finally, they
found that lysosomes were abnormally enlarged in patient fibroblasts, suggesting a crucial role
of VPS13B in endosomal/lysosomal trafficking. In conclusion, Cohen syndrome can be also

classified as a CDG.

5.5.1.3. TRAPPC11

TRAPPC11 encodes a protein with the same name, which is a subunit of the TRAPPIII complex.
This complex is thought to be involved in the anterograde transport from the ER to the ERGIC, in
the vesicle export from the Golgi apparatus and in autophagy [267]. In 2016, while authors
wanted to work on ER stress using a zebrafish foie gras (foigr) mutant, they unexpectedly found
arole of TRAPPC11 in glycosylation [268]. Indeed, TRAPPC11 specific depletion, and not the other
factors of the TRAPPIIl complex, reduced the synthesis of lipid-linked oligosaccharides in the ER.
Moreover, TRAPPC11 knockdown in human Hela cell lines led to protein hypoglycosylation.
More recently, TRAPPC11 mutations have been found in a CDG patient with hypotonia, seizures,
dysmorphism, cholestasis, nephropathy and osteopathy [269]. Patient fibroblasts were treated
with Brefeldin A (BFA), an fungal metabolite known to be able to collapse the GA into the ER,
thereby merging all Golgi stacks in a reversible manner [270,271]. Complete disassembly of the
Golgi was observed both in control and patient cells upon BFA treatment. After BFA removal,
patient cells displayed a delayed in the reassembly of the GA, revealing an anterograde ER to
Golgi trafficking defect. Besides, the patient also presented a type Il serotransferrin pattern and
an increase of non-sialylated forms of ApoC-lll, demonstrating defects in both N- and O-
glycosylation pathways. TRAPPC11 mutations have been described in other patients in the past

but no glycosylation analyses were performed in these patients [215].

5.5.2. lon homeostasis defects leading to CDG

The field of ion homeostasis disturbance in CDG is relatively new. It was first described in 2008
by Kornak and collaborators in a cutis laxa syndrome caused by mutations in the vesicular H+-
ATPase subunit ATP6VOA?2 that was later classified as a CDG [12]. These findings about Golgi pH

disruption leading to CDG opened a new field of investigation.
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5.5.2.1. H+ homeostasis defects

552.1.1. V-type H+ATPase deficiencies

V-type H+ATPase is composed of 2 multisubunit domains: VO, directly responsible for proton
translocation, and V1, involved in the hydrolysis of the ATP. This pump has been shown to be
localised in several compartments, including endosomes, lysosomes and Golgi [272]. Thus, V-

type H+-ATPase is crucial for the maintenance of the pH homeostasis of all these organelles.

ATP6VOA2 encodes the a2 subunit of the V-type H+-ATPase. Loss of function mutations were
identified in several families with autosomal recessive cutis laxa (ARCL) type Il [12]. In terms of
clinical presentation, patients have a wrinkled skin, varying degrees of growth and
developmental delay and central nervous system abnormalities. They also displayed typical facial
appearance with downslanding palpebral dissures. All individuals displayed a type Il
serotranferrin pattern, an ApoC-lll IEF with elevated monosialo isoform and decrease disialo
isoform, showing a combined defect of N- and O-glycosylation that was confirmed by mass
spectrometry analyses. The link between cutis laxa and defective glycosylation was first
established in 2005, without knowing the affected gene [273]. Besides, Golgi trafficking was also
impaired in patient fibroblasts, without affecting overall Golgi morphology. Indeed, following BFA
treatment, significant delay in the retrograde Golgi to ER trafficking was observed. Altogether,
this demonstrates a crucial importance of the a2 subunit in Golgi function, especially in

glycosylation. Mutations in ATP6V0OA?2 leading to glycosylation defects are now classified as CDG.

The underlying mechanism of the glycosylation defect is still unclear but two non-exclusive
hypotheses emerged:
- pHincrease can lead to mislocalization of one or several glycosyltransferases as described
by several publications [86,87].
- pHincrease can also affect glycosyltransferases activities, because exactly like any other

enzymes, they require an optimal pH to be fully active.

ATP6V1A encodes the A subunit of the V1 domain of the V-type H+-ATPase. Whole-exome
sequencing identified homozygous mutations in ATP6V1A in three unrelated patients, two
patients carrying Gly72Asp mutations and one patient with a Arg338Cys mutation. Patients

presented with mild to severe ARCL with neurological impairment and cardiac involvement
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(aorta dilatation, hypertrophic cardiomyopathy, septal defects and cardiac failure) [274]. These
cardiac features distinguished ATP6V1A-CDG from ATP6VOA2-CDG. Besides, all patients

displayed a type Il serotransferrin pattern with a consistent loss a 1 sialic acid.

ATP6V1E1 gene encodes the E1 subunit of the V1 domain of the heteromultimeric V-ATPase
complex. Mutations in ATP6V1E1 were identified in four patients from 2 different families with
ARCL type Il with similar phenotype as ATP6V1A-CDG, but without neurological involvement

[274]. Besides, a type Il Serotranferrin pattern in IEF was observed in these patients.

ATP6AP1 encodes an accessory regulatory subunit of the V-type H+ATPase named ATP6AP1 or
Ac45 [275]. In a cohort of unsolved CDG patients, eleven male patients from 6 families have been
reported with mutations in the X-linked ATP6AP1 gene [276]. Patients displayed an
immunodeficiency syndrome with liver and neurological involvement, associated with abnormal
N- and O-glycosylation. Type |l serotransferrin pattern was observed in all studied patients, and
mucin type O-glycosylation of serum Apo-Clll was abnormal in most patients, showing a

decreased sialylation.

5.5.2.1.2. TMEM199

TMEM199 (MIM #616815) encodes TMEM199 (previously called C170rf32), a newly discovered
protein involved in Golgi homeostasis [277]. Since TMEM199 is the human ortholog of yeast V-
ATPase assembly factor Vph2p (also known as Vmal2p), known to play a role in the yeast H+-
ATPase functioning, it was thus suggested that TMEM199 could play a role in pH homeostasis via
the V-type H+ATPase. TMEM199 partially colocalizes with giantin, a Golgi marker, also with ERGIC
marker and COPI vesicles. However, no colocalisation were observed with COPIl nor ER markers.
Therefore, TMEM199 is considered to be localized to both ERGIC and Golgi compartments.
Recently, four patients from three different families have been described with TMEM199-CDG
(MIM #616829). Overall, the clinical phenotype is mild and limited to a liver disorder with hepatic
steatosis, elevated aminotransferases and alkaline phosphatase, hypercholesterolemia with
elevated LDL-C, low serum ceruloplasmin levels. Glycosylation analysis showed a type Il
serotransferrin pattern with an increase of di- and trisialo isoforms and a decrease of tetrasialo
isoform. Nanochip C8 QTOF analysis of intact transferrin confirmed the loss of sialic acid and also
revealed a decrease of galactosylation. Metabolic labelling with alkyne-tagged synthetic sugar

analogs [278,279] confirmed a clear reduction in sialic acid incorporation in all patients. Apo-ClI|
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IEF revealed a mucin type O-glycosylation defects in 3 out of 4 patients, showing that TMEM199-
CDG leads to a combined N- and O-glycosylation defect. Although its function is still not

completely clear, TMEM199 is suggested to play a role in Golgi homeostasis.

5.5.2.1.3. CCDC115

CCDC115 (MIM #613734) encodes CCDC115 (Coiled-Coil Domain-Containing 115), a newly
discovered protein suggested to be involved in Golgi homeostasis [277]. CCDC115 shares some
homology with the yeast V-ATPase assembly factor Vma22p, known to play a role in the pump
functioning. It was thus suggested that CCDC115 could play a role in pH homeostasis at the Golgi
level via V-type H+ATPase. Like TMEM199, CCDC115 is localized to ERGIC and Golgi
compartments. Eight patients from five different families have been described with CCDC115-
CDG (MIM #616828). Seven homozygous mutations (p.Leu31Ser being the most frequent
mutation) and one compound heterozygous mutations were found. Patients presented with liver
disease (hepatic steatosis, hepatomegaly, fibrosis, cirrhosis) and variable brain involvement
(hypotonia, intellectual disability, epilepsy, behaviour problems). Patient sera displayed elevated
aminotransferases, alkaline phosphatase, hypercholesterolemia with elevated LDL-C, low serum
ceruloplasmin levels. Glycosylation analysis showed a type Il serotransferrin pattern with an
increase of di- and trisialo isoforms and a decrease of tetrasialo isoform in all patients. MALDI-
LTQ analysis of intact transferrin confirmed the loss of sialic acid and also revealed a decrease of
galactosylation. Metabolic labelling with alkyne-tagged synthetic sugar analogs [278,279]
confirmed a clear reduction in sialic acid incorporation in all patients. Apo-Clll IEF revealed a
mucin type O-glycosylation defects in all patients, revealing a combined N- and O-glycosylation

defect.

5.5.2.2. SLC39A8: a Mn2+ homeostasis disorder leading to CDG

As described in chapter 3, SLC39A8 encodes SLC39A8 (also named ZIP8), a Zn2+/Mn2+

transporter at the plasma membrane (MIM #608732).

In 2015, Park et al have described the first SLC39A8-CDG patient [7]. A young girl from unrelated
German parents was born with short limbs. At the age of 4 months, she presented with dwarfism,
cranial asymmetry and malformation of the viscerocranium. Besides, she had brain atrophy but

with a normal cerebellum. At the age of 7 months, a liver disease occurred with elevated
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transaminase. Mn2+ levels were below the limit of detection both in blood and urine, strongly
suggesting a lack of Mn2+ reabsorption in kidney. Whole-exome sequencing revealed a
compound heterozygous mutation in SLC39A8: p.Gly38Arg (c.112 G>C), coming from the father,
and p.lle340Asn (c.1019 T>A), from the mother. The I1340N mutation is located in a highly
conserved residue in transmembrane domain V, which is a part of the ion channel. Glycosylation
analysis showed a type Il serotransferrin pattern with only 10% of tetrasialo isoform. ESI-MS-TOF
detailed analysis of transferrin confirmed the loss of sialic acid but also showed a strong lack of
galactose on transferrin N-glycans. Since galactosylation of N-glycans was affected, authors
hypothesised that reduced Mn2+ levels impaired B-1,4-galactosyltransferase | activity, known to
be a Mn2+-dependent glycosyltransferase. Therefore, the patient was put on oral galactose
treatment (up to 3.75 g/kg per day), to increase the pool of UDP-Gal, the nucleotide sugar
substrate of B-1,4-galactosyltransferase I. Although serotransferrin glycosylation was corrected,
the clinical efficacy of this treatment is however not clear yet. This therapeutic approach with
galactose supplementation can indeed only treat symptoms attributable to hypogalactosylation

and does not correct malfunction of other manganese-dependent enzymes.

Recently, this patient has been subjected to Mn treatment for more than a year [280]. They have
chosen to use MnSO4 monohydrated because of its high solubility. At the beginning of MnSO4
treatment substitution, the girl was 8 months old and already under galactose therapy. They
progressively increased MnSOs monohydrated dosage and decreased galactose treatment. At
the end, galactose treatment was ended and the patient was treated with 200mg/day of MnSO4
monohydrated. The transferrin glycosylation was not altered, meaning that Mn2+ can easily
replace galactose to normalize transferrin glycosylation. They also observed a normalization of
all biochemical parameters that were abnormal. Elevated hypoxanthine and alkaline
phosphatase levels decreased to reach normal levels after 31 and 87 days of manganese
supplementation, respectively. The levels stayed normal since then. They observed an increase
of blood Mn that now ranges in the normal concentrations in blood (7-11 ng/mL) and Mn
concentration in cerebrospinal fluid reached 1.8 pg/L, comparable to the concentrations
obtained in healthy children. In terms of clinical improvement, the patient stopped having
seizures, her ability to swallow increased, and vision and hearing also improved. Motor
development was generally favourable although psychomotor disability is still present. Patient

presents a reduced hyperextension, since she is now able to grip toys, to control her head and
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she can bring her hands to her mouth. In addition, no accumulation of Mn in the brain and no

symptoms of manganism were observed after brain MRI.

Another SLC39A8-CDG patient has been subjected to Mn therapy. This 19 years old woman
carries three different mutations in SLC39A8 (c.[97G > A;1004G >C]; [610G >T]) but has a milder
phenotype. Blood manganese levels increased to physiological values when treated with
600mg/day of MnSO4 monohydrated. Transferrin glycosylation was improved, as observed by a
decrease of trisialo isoform (from 12% to around 5%) and an increase of pentasialo (from 1-2 to
6-8%). Tetrasialo isoform was not altered. The patient presented improved motor abilities and

muscle strength. Ataxia was also reduced.

Manganese supplementation represents a better therapeutic approach than galactose therapy
by its ability to correct all biochemical abnormalities that have been detected so far. However,
compared to the normal daily intake of 1-2mg manganese in adults, the therapeutic dose is much

higher. Therefore, manganese therapy should be monitored carefully to prevent manganism.

In total, 10 patients (from eight families) were identified with SLC39A8 mutations [215]. The most
commonly found mutation is the p.Gly38Arg but other mutations were observed: p.Val33Met,
p.Gly204Cys, p.Ser335Thr and p.Cys113Ser [281,282]. Individuals with p.Gly38Arg mutations
seems to be less affected, with detectable levels of manganese and thus less severe glycosylation
defects. However, all individuals share severe psychomotor retardation, seizures, strabismus and
impaired growth. They all have Mn levels reduced in blood, a type Il serotransferrin pattern and
a loss of galactosylated structure was observed in ESI-MS-TOF. In conclusion, SLC39A8-CDG is a

glycosylation disorder of Mn homeostasis disturbance.

5.5.2.3. TMEM165

In 2012, TMEM165 was identified as a gene involved in a new subgroup of CDG [113] (MIM
#614727). A full overview of TMEM165 is presented in chapter 6.
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[6] TMEM165: a new player in Golgi glycosylation

6.1. TMEM165: genomic organization

TMEM165 (Transmembrane Protein 165) is a gene located on chromosome 412 and spans over
57 kb. TMEM 165 is highly conserved in evolution as homologous sequences can be found in 919
different species of bacteria and 409 eukaryotes [283]. Besides, no pseudo-genes for TMEM165
in human genome were found. The coding sequence of TMEM165 is divided into 6 exons (Figure
27) that leads to a 1312 bp fragment corresponding to the mRNA of the most abundant
TMEM165 transcript. This mRNA is then translated to the 324 amino acids TMEM165 proteins

described below.

1 207 208 433 434 60% 610 792 793 898 899 975

1 2 3 46 _— 1 2 3|1 4 [5]6

TMEMI165 transcript
ATG TAA

Figure 27. Schematic representation of the predicted genomic structure of TMEM165. Coding exons are shown in blue boxes,
and introns (not drawn to scale) are represented by lines. The numbering above each exon is based on coding nucleotides.
Adapted from Foulquier et al., 2012.

However, EST database analysis highlighted the existence of TMEM165 splice transcript isoforms.
Two particular isoforms, named Short-Form (SF) and Long-Form (LF) were identified [284]. These
variants give rise to proteins isoforms of 129 and 259 amino acids, respectively. SF is a 129 amino
acids protein translated from a 732 bp mRNA fragment containing exon E1, E5 and E6 of
TMEM165 gene. SF is expressed at low levels (from 0.5 to 6% compared to the full length
TMEM165) in all human cells and tissues tested. LF transcript is a 1124 bp fragment contains
Exon E1, E3’, E4, E5 and E6 of TMEM165 gene. Interestingly, the splicing of the gene for this
transcript excludes exon E2 and includes an additional exon E3’ (a 88 bp shorter version of exon
E3). LF transcript was only found in the temporal lobe of human cerebral cortex. This transcript
leads to a 259 amino acids sequence. Due to the tissue specific or the extremely low expression

of these isoforms, only the most abundant TMEM165 will be detailed in the next sections.

6.2. TMEM165: the protein

6.2.1. The UPF0O016 family

TMEM165 belongs to a family of uncharacterized proteins named UPFO016 (Pfam accession

number: PF01169). Although uncharacterized, all members of this family share strong sequence
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homologies. Besides, members of UPF0016 can be found in almost all organisms, from
archaebacteria to human. This family can be divided into 12 subfamilies, with prokaryotes
representing subfamilies | to VI and eukaryotes representing subfamilies VII to XIl. In addition,
plants seems to present the highest diversity in this family, as they possess from 2 to 5 paralogs

per genome [283], while only one member for most of the eukaryotic organism was found.

This family is defined by the presence of one or two copies of this consensus pattern: E-®-G D-
(KR)-(TS), ® being any hydrophobic residue. Due to the presence of several acidic residue in these
motifs, members of the UPF0016 family are presumably cation exchangers, even if their precise
functions are unknown. Another feature of the family is the presence of 6 conserved putative
transmembrane domains (TMD), which are suggested to be involved in the stability, the folding,
the localization or even the function of this family of proteins. Some members of UPF0016 such
as TMEM165 also possess a central hydrophilic loop, which is heterogeneous among the family
but always contains several acidic residues. On the opposite, there is a strong heterogeneity at
the N-terminus level. Its length can vary and some subfamilies members (ie plant subfamily VIII)
even lack N-terminal extension. Besides, a site for peptide signal cleavage was identified in the

N-terminus tail.

Eukaryotic members of this family contains two copies of the E-®-G-D-(KR)-(TS) motifs that are
predicted to adopt an antiparallel orientation in the membrane. Moreover, TMHMM prediction
leads to a common topology of UPFO016 eukaryotic members in almost all organisms, excepted

for some plants (Figure 28).

cytosol

lumen

Figure 28. TMHMM predicted a common topology of UPF0016 family members in Metazoa. Adapted from Demaegd et al.,
2014. The signal peptide is depicted as a pale grey dotted box.

6.2.2. TMEM165 topology, domains and structure-function relationship
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TMEM165 is a 34,9 kDa protein composed of 324 amino acids. TMEM165 expression is ubiquitous
and TMEM165 has been described as a Golgi-localized protein that can also be found on
endosomes, lysosomes and plasma membrane [113,285]. TMEM165 sequence analysis showed

some specific sequences/domains characteristic of the UPFO016 family (Figure 29):

e two copies of the E-D-G-D-(KR)-(TS) motifs. The first one is a ELGDK(T) motif in the second
TMD, thus facing the cytosol. The second one is a EWGDR(S) motif in the 5" TMD, facing
the Golgi lumen. These domains are composed of several acidic amino acids and are

thought to form the pore used for ion transport.
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Figure 29. TMEM165 full sequence, topology and conserved domains (A) Prediction of TMEM165 topology and
his conserved domains. Dulary, Potelle et al., 2016. (B) TMEM165 full protein sequence (Foulquier et al., 2012).
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e A huge central hydrophilic loop, with a lot of acidic amino acids, especially glutamic acids
(E). Structural prediction have shown that this loop is organized as a coiled-coil domain,

suggesting that the loop is likely involved in protein/protein interactions and/or folding.

Apart from these domains that are conserved in the UPF0016 family, TMEM165 possesses other

specific domains:

e A Y124NRL127 sequence, located in the first small cytoplasmic loop. This sequence belongs
to the YXX® consensus sequence described as a sorting motif for lysosomal targeting

[286]. Therefore, TMEM165 is able to be sorted at the TGN to be targeted to lysosomes.

o A Lyol2i0 sequence in the central hydrophilic loop, originally thought to be another
lysosomal targeting signal. Indeed, [DE]XXXL[LI] motif was described as a non-canonical
lysosomal targeting signal but for TMEM165, the number of residues between D and LL
is actually higher than the motif described. It has been shown that mutations in this motif
did not alter TMEM165 localization [285]. This motif is thus not a lysosomal targeting

sequence.

6.2.3. TMEM165 orthologs

As described before, TMEM165 is a well conserved protein throughout evolution thus strongly
suggesting that TMEM165 function is crucial and ancient. Although a lot of orthologs can be

found in databases, only few are studied in details.

TMEM165 mouse ortholog is a 323 amino acid protein with 92% identity with human TMEM165.
Zebrafish tmem165 is predicted to encode a 305 amino acids protein with 79% identity to human
TMEM165. A mouse and a zebrafish model to study TMEM165 function exist and will be

discussed later in section 6.3.4.

6.2.3.1. PAM71

the UPF0016 protein family in Arabidopsis thaliana comprises five members, with PAM71
(Photosynthesis Affected Mutant 71) sharing the most identity with human TMEM165 [287,288].

PAM71 is composed of 370 amino acids and shares 30% identity with its human counterpart.
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Besides, PAM71 has been localized to the thylakoid membranes of the chloroplast. PAM71
deletion in Arabidopsis thaliana affects the photosystem Il of the Oxygen Evolving Complex (OEC)
and therefore the light dependent photosynthesis [288]. PAM71 mutants present a disturbance
in the Ca2+/Mn2+ partitioning in chloroplasts. Indeed, using radioisotopes (**Ca2+ and >*Mn2+)
and intact chloroplasts from WT and PAM71 mutants, authors have measured the amount of
radioactivity found in the lumen of thylakoids after Mn2+ or Ca2+ uptake during illumination.
They observed that PAM71 mutant thylakoids accumulated about 70% of Ca2+, while only 30%
for the WT. On the opposite, that PAM71 mutant thylakoids accumulated about 58% of Mn2+,
while more than 80% for the WT. These results show that in absence of PAM71, Ca2+
accumulates in the thylakoid lumen and Mn2+ in the chloroplast stroma. Therefore, this suggests
that PAM71 is a Ca2+/Mn2+ antiporter in the thylakoid membrane that imports Mn2+ from the
stroma into the thylakoid lumen and exports Ca2+ from the thylakoid lumen to the chloroplast

stroma.

Moreover, photosynthesis defects observed in the PAM71 mutant have been shown to be
primarily due to Mn2+ deficiency, as Mn2+ supplementation restores the photosynthesis in

PAM71 mutants. Therefore, PAM71 has been proposed to be mainly involved in Mn2+ tolerance.

In addition, PAM71 was stably expressed in a pmrlA yeast strain. Pmrlp is a Golgi
Ca2+/Mn2+ATPase that pumps Ca2+ and Mn2+ from the cytosol into the Golgi, and when Pmrip
is defective, yeast cells are more sensitive to high concentrations of Mn2+. Interestingly, PAM71
expression in pmrlA yeast strain suppressed this sensitivity to high Mn2+ concentrations, thus
reinforcing the role of PAM71 in Mn2+ tolerance. The role of PAM71 in Mn2+ homeostasis makes
sense since Mn2+ is required in the thylakoid lumen to build up the inorganic Mn4CaOs cluster,
which is the catalytic center for water oxidation crucial for the Oxygen Evolving Complex. In
conclusion, PAM71 is an integral thylakoid membrane protein that is involved in manganese

uptake into the thylakoid lumen.
6.2.3.2. synPAM71

Following the work on PAM71, Gandini and others published a study on synPAM71, the PAM71
ortholog in a cyanobacteria strain named Synechocystis sp. PCC6803 [289,290]. They observed

that ASynPAM71 strain displays a Min-sensitive phenotype and a defect in photosystem Il. They
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also demonstrated that loss of SynPAM71 induced symptoms of Mn toxicity and thus proposed

that SynPAM71 is a putative Mn exporter localised at the plasma membrane of Synechocystis.

6.2.3.3. Gdtlp

One of the most studied TMEM165 ortholog is the yeast protein Gdtlp (Gcrl dependent
translation factor 1). Gdtlp is a 280 amino acid membrane protein sharing 38% identity with its
human counterpart. Two major differences between TMEM165 and Gdtlp can be observed.
Indeed, the first 55 amino acid residues containing the first transmembrane domain is absent in
Gdtlp. Besides, whereas TMEM165 is mostly localized in late Golgi compartment (trans and
TGN), Gdtlp localizes in the cis- and medial Golgi of yeast [283,291]. Gdtlp is thought to be
involved in Ca2+ homeostasis at the Golgi level [291]. Indeed, it was demonstrated that gdt1A
yeast cells display a strong growth defect when cultured in the presence of 700mM of CacCl,.
Patch-clamp experiments also showed that gdtl1p is involved in the regulation of the Ca2+ uptake
from the cytosol in a yeast strain deleted of Pmrlp, the Golgi Ca2+/Mn2+-ATPase known to be
responsible for the Ca2+ supply in the secretory pathway. Besides, Colinet and collaborators have
recently shown that acidic conversed residues of the conserved motifs in Gdt1lp are required for
the calcium transport [292]. In addition to putatively regulate Ca2+ homeostasis, Gdtlp was
reported to be likely involved in Golgi pH homeostasis. To support this hypothesis, authors have
demonstrated a pH dependent Ca2+ uptake activity using a heterologous expression of Gdtlp in

Lactococus lactis [293].

6.3. TMEM165-CDG

In 2012, TMEM165 was identified as a gene involved in a new subgroup of CDG [113] (MIM
#614727). To date, 6 patients have been reported as TMEM165-CDG. They all present a type-I|

serotransferrin isoelectrofocalisation pattern.

6.3.1. Clinical presentation

As described before, CDG phenotype are diverse and most of the time non-specific. TMEM165-
CDG patients present a broad range of clinical features. Some of them are found in most of the
CDG, for example growth retardation, dysmorphy and failure to thrive. Among the first five
TMEM165-CDG patient described, four of them present a major skeletal dysplasia

(spondyloepimetaphyseal dysplasia) with spine curvature, joint laxity and short stature. This
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skeletal phenotype is a key feature of TMEM165-CDG, as it is not found in other CDG described
to date [294]. The last reported patient did not show any clear skeletal abnormalities. However,
this patient died at the age of 5 months due to complications and we can presumably think that

he was too young to develop a strong skeletal dysplasia [295].

6.3.2. Patient mutations overview

4 different mutations have been found among the 6 reported patients. These mutations are
reported in table 6 and their localization on the protein are shown in Figure 30. The first mutation
presented in the table is found in three different patients. Two of them are siblings, one is now
24 years old and the other one died at the age of 14 months. The third patient is unrelated to the
other two patients and is 9 years old. This mutation causes the activation of a cryptic splice donor
site as indicated in table 7, which leads to the production of two different transcripts: the wild-
type one and an additional one resulting in the replacement of exon 4 with a 117 bp intronic
sequence. If translated, this transcript would lead to a protein shortened by 94 aa and with 27
aa changed at the C-terminus. The three other mutations are missense mutations leading to point

mutation on the protein.

Table 6. TMEM165-CDG patient mutations.

number
of
patients

Mutations Type of mutation TMEM165 protein changes reference

homozygous,
activation of a cryptic
splice donor site

production of two different protein: the
wild-type one and a truncated protein with 3
a 27 aa change at the C-terminal part

Foulquier et
al., 2012

€.792+182G>A

c.377G>A

homozygous, missense
mutation

p.Argl26His

Foulquier et
al., 2012

c.377C>Tand
c.910G>A

compound
heterozygous, 2
missense mutations

p.Argl26Cys + p.Gly304Arg

Foulquier et
al., 2012

c.323A>G

homozygous, missense
mutation

p.Glul08Gly

Althoff et al.,
2015
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Figure 30. Predicted transmembrane TMEM165 topology showing the protein mutations identified in the six TMEM165-CDG
patients discovered so far. The seven predicted transmembrane helices are mapped in rectangles spanning the membrane (in
gray). Numbers indicate the positions of amino acid residues on the predicted topology model. The topology model was
predicted using the TMHMM v2.0 server tool. From Dulary, Potelle et al., 2016.

6.3.3. Cellular phenotype

In these TMEM165-CDG patients, TMEM165 protein expression is either almost totally abolished
(first mutation) or strongly reduced (all the other mutations). However, TMEM165 Golgi
localization is not altered. Nevertheless, patients skin fibroblasts present a dilated Golgi
apparatus and a fragmented TGN [113]. Besides, an overall overacidification of their endosomes

and lysosomes was observed [112].

Golgi glycosylation analyses were performed in patient serum and skin fibroblasts. N-
glycosylation analysis revealed a defect in Golgi glycosylation maturation and notably a
galactosylation defect and an increase of high-mannose type N-glycans [113,295,296]. O-glycan
analyses revealed no major O-glycosylation defects, although Xia and collaborators observed an
increase of T antigen (GalB-1,3-GalNAca-Ser/Thr) and a decrease of ST antigen (Siaa-2,3-Galp-
1,3-GalNAca-Ser/Thr) [113,296]. No differences in the ApoC-IIl migration profile compared to
control fibroblasts was observed [113]. No glycosaminoglycans nor glycolipids analysis on patient

fibroblasts were performed.
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6.3.4. TMEM165-CDG animal models

6.3.4.1. Zebrafish (Danio rerio) model

A tmem165 homolog exists in zebrafish with 35% identity at the nucleotide level compared to
human TMEM165. Zebrafish tmem165 is predicted to encode a protein with 79% identity to
human TMEM165. The zebrafish protein is predicted to have the same amount of TMD as the
human counterpart, and the highly conserved motifs are identical to the human one (ELGDK,
EWGDR and YNRL). Besides, tmem165 expression is constant during early development.
Therefore, authors have recently developed a tmem165 deficient zebrafish model using a

morpholino based approach to reduce tmem165 levels [297].

Morphants embryos appear normal during the first 2 days of development. After 3 days post-
fertilization (dpf), morphants appear 8% shorter than WT embryos. They also present a
misshapen head and abnormalities in the ventral jaw structures. 87% of the TMEM165
morphants presented a misshapen and slightly retracted Meckel’s cartilage, and ceratohyal
cartilages were inversely positioned relative to each other (Figure 31). Besides, cartilage were
30% shorter and contained 41% less cells than in the WT embryos. In conclusion, tmem165

morphants present strong alterations in craniofacial morphology.

Cntrl 4d tmem165 MO

Figure 31. Inhibition of tmem165 expression in zebrafish embryos results in defects in cartilage morphogenesis. Ventral (top
panels) and lateral (bottom panels) views of 4 dpf control and tmem165 morphant embryos stained with Alcian Blue revealed
altered size and shape of Meckel’s cartilage, as well as the palatoquadrate and ceratohyal cartilages. Bammens et al., 2015.

82

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Moreover, 71% of the morphants have a reduced staining, pointing to a decreased CS
proteoglycans expression in Meckel’s and ceratohyal cartilage. In addition, they observed that

CS proteoglycans have smaller GAG chains in morphants compared to control.

They also visualized chondrocyte differentiation using in-situ hybridization (ISH) to measure the
expression of several markers:

- Type ll collagen (col2ala), a marker of early differentiation

- Aggrecan, a marker of intermediate differentiation

- Sox9, a transcription factor known to inhibit later stages of chondrocyte differentiation

Interestingly, they observed at 4dpf an increase of col2ala, a decrease of aggrecan and an
increase of sox9. In conclusion, this abnormal cartilage morphology revealed a disruption in

chondrogenic maturation program.

Authors have also measured osteoblasts differentiation using type X collagen (col10al), a marker
highly expressed in osteoblasts. Col10al was almost undetectable in several morphant structures
(dermal parasphenoid and opercle bones). They also showed that osterix, an osteoblast
maturation factor, was strongly reduced in multiple morphant structures. Altogether, these
results show a problem in osteoblasts differentiation in addition to the chondrocyte
differentiation defect. Therefore, TMEM165 seems to reduce bone formation by disrupting
osteoblasts maturation. In addition, alizarin red staining revealed a decrease in calcium deposit

in bones.

Finally, authors have also analysed N-glycosylation of the morphants compared to control at
4dpf. The total amount of N-glycan was slightly decreased in morphants. They also present a
decrease in high mannose trimmed N-glycans, a decrease in MansGIlcNAcs3 and a reduced levels
of a broad range of complex N-glycans with or without fucose. Despite the clear skeletal
phenotype, the glycosylation defect seems light compared to human. In addition, no differences

in O-linked glycans were observed.

To sum up, authors have developed the first TMEM165-CDG animal model that mirrors the

morphological and most biochemical phenotypes observed in patients.

6.3.4.2. Mouse (Mus musculus) model
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A C57BL/6 TMEM165 +/lacz mouse model is available online in the Infrafrontier website (EMMA
strain number 05166). These mice harboured only one Tmem165lacz null allele. They displayed
an increased mean corpuscular volume and a slightly abnormal iris morphology. No skeletal
defects were observed. Therefore, these mice need to be crossed to produce embryos
respectively designated as wild-type controls (Tmem165+/+), heterozygous (Tmem165+/-), or

homozygous (Tmem165-/-).
6.4. TMEM165 functions

As presented before, TMEM165 belongs to the UPFO016 family whose members are thought to
be cation exchangers. In addition, the antiparallel orientation of the ELGDK and EWGDR motifs
tend to suggest that TMEM165 is a cation antiporter. In addition to the predicted functions of
TMEM165 deduced from the analyses of the protein primary sequence, several early
experiments led to hypotheses about TMEM165 functions. It was then proposed that TMEM 165
was a putative Ca2+/H+ antiporter, able to import Ca2+ in exchange for intraluminal Golgi

protons (Figure 32).

C82+

cytosol

Golgi lumen
H+

Figure 32. TMEM165 putative model as a Ca2+/H+ antiporter. At the beginning of my PhD, TMEM165 was thought to be
able to import cytosolic Ca2+ into the Golgi lumen and to export H+ from the Golgi lumen to the cytosol.

However, although TMEM165 orthologs PAM71 and synPAM71 were recently shown to be linked
to Mn2+ homeostasis, no experiments have been performed to address the role of TMEM165 in

Mn2+ homeostasis.

6.4.1. Insights into the role of TMEM165 in Ca2+ homeostasis

The possible involvement of TMEM165 in Ca2+ homeostasis originated from studies on gdtlp,
the yeast ortholog. Indeed, authors have shown that gdtlp was involved in Ca2+ uptake [291].
Moreover, it was demonstrated that gdtlA yeast cells display a strong growth defect when
cultured in the presence of 500-700mM of CaCls. Interestingly, expressing a truncated version of
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TMEM165, lacking the first 55 amino acid residues that are absent in yeast gdtlp, partially
restored yeast growth in presence of high calcium concentrations. Based on these results, it was
suggested that TMEM165 and gdtlp have similar functions in their respective organisms, and

that both are involved in Ca2+ homeostasis at the Golgi level where they are localised.

In addition, authors have overexpressed TMEM165 tagged with Red Fluorescent Protein (RFP) in
Hela cells. They showed that a fraction of the total TMEM165-RFP was localized to the plasma
membrane after overexpression. Then, they performed whole-cell patch-clamp analyses and
observed that TMEM165 was linked to ion transport and probably Ca2+ since the addition of
EGTA decreased plasma membrane current. Moreover, using Fura2 as a cytosolic calcium probe,
they observed that thapsigargin-induced Ca2+ release was reduced in cells overexpressing

TMEM165, showing that TMEM165 was also involved in cytosolic calcium homeostasis [291].

Finally, it was recently shown that TMEM165 expression increased during lactation [298]. Indeed,
TMEM165 expression increased in mouse mammary tissues several days before parturition and
reached the maximal level of expression during the two weeks after parturition. Since Ca2+
concentration can reach up to 80mM in milk, the cellular Ca2+ homeostasis during lactation must
therefore be even more controlled to avoid any Ca2+ toxicity. The increased level of expression
of TMEM165 during lactation thus suggests a role in the maintenance of Ca2+ homeostasis in

such condition.

6.4.2. Insights into the role of TMEM165 in H+ homeostasis

Several experiments supported a role of TMEM165 in H+ homeostasis. First, deficiency or
absence of TMEM165 was shown to decrease the pH of endosomal and lysosomal compartments
[291]. Indeed, authors have shown using lysosensor green DND189 that lysosomal pH became
more acidic in 3 out the 5 TMEM165-CDG patient fibroblasts and in HelLa siTMEM165 cells.

However, no link between TMEM165 and Golgi H+ homeostasis was demonstrated.

The expression pattern of TMEM165 during lactation is also a clue for its role in H+ homeostasis.
Indeed, during lactation, the synthesis of lactose in the mammary gland involves the formation
of two H+ in the Golgi apparatus. The first one is created during the transfer of Gal onto Glc, and
the second one is generated during the hydrolysis of UDP from UDP-gal to UMP and Pi. Besides,

since the concentration of lactose in milk can reach up to 100 mM, the number of protons
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generated is incredibly high. Moreover, as explained in the chapter 3, there is no Golgi H+ leak
channel deciphered to date. Therefore, TMEM165 could play this role as a H+ leak channel to get

rid of the accumulation of H+ in the Golgi, especially when the glycosylation rate is high for

example during lactation.
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OBJECTIVES OF THE PHD PROJECT

The recent discovery of TMEM165-CDG patients added a new layer of complexity both to the
field of Golgi glycosylation and to the research on CDG. Despite the intensive work done by our
lab and others, a lot of unanswered questions remain and need to be addressed: what is the link
between TMEM165 and glycosylation? How does TMEM165 deficiency affect Golgi
glycosylation? What is the contribution of TMEM165 in Golgi homeostasis? What are the cellular

and molecular functions of TMEM 1657

While it is tempting to hypothesize that modifications of the Golgi Ca2+ and pH homeostasis
could explain the glycosylation defects observed in TMEM165-deficient patients, the molecular
mechanisms by which TMEM165 defects affect Golgi glycosylation is absolutely not known so

far.

Thus, the first and main objective of my thesis is to decipher the molecular mechanisms leading

to a glycosylation defect in TMEM165-CDG patients.

The second objective aims at characterizing the cellular and molecular functions of TMEM165.
We will assess TMEM165 contribution to the overall Golgi ionic homeostasis. Moreover, there is

no direct evidence that TMEM165 is indeed an ion transporter.

As a whole, this project aims at deciphering the role(s) of TMEM165 in Golgi glycosylation and
potentially provide therapeutic targets for TMEM165-CDG patients. Besides, understanding the
molecular mechanisms of CDG due to homeostasis defects will potentially lead to many novel

breakthroughs regarding Golgi glycosylation regulation.

87

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

RESULTS

[1] GLYCOSYLATION ABNORMALITIES IN GDT1P/TMEM165 DEFICIENT CELLS RESULT FROM A
DEFECT IN GOLGI MANGANESE HOMEOSTASIS

1.1. Introduction

In 2012, Foulquier and collaborators reported a novel type of CDG due to Golgi homeostasis
disturbances: TMEM165-CDG [113] (OMIM entry #614727). The affected patients present a
broad range of clinical features, including growth retardation, dysmorphism and failure to thrive,
which are frequent symptoms in CDG. They also present the key feature of TMEM165-CDG,
which is a major skeletal dysplasia (spondyloepimetaphyseal dysplasia) with spine curvature,

joint laxity and short stature.

At the cellular level, patient skin fibroblasts displayed a dilated Golgi apparatus, a fragmented
TGN and an overall overacidification of their endosomes and lysosomes. TMEM165-CDG
patients displayed a type Il serotransferrin pattern and a slight sialylation and galactosylation

defect on their N-glycans from sera.

Proposed to be a Golgi Ca2+/H+ exchanger able to catch cytoplasmic calcium and to release
Golgi intraluminal protons, the function of TMEM165 was however not yet deciphered.
Therefore, TMEM165 was a new actor in Golgi glycosylation but its precise cellular and molecular

roles were not yet known.

However, authors did not exhaustively analysed the glycosylation in TMEM165-CDG patients.
Besides, although they suggested that TMEM165 deficiencies could disrupt pH homeostasis thus
leading to glycosylation defects, they were unable to directly prove the link between TMEM165
deficiency and the glycosylation defect. Therefore, the goal of this first study was to understand
and fully characterize the glycosylation defect observed in TMEM165-CDG patients. A lot of
unanswered questions also remains to be elucidated: what is the link between TMEM165 and
glycosylation? How does TMEM165 deficiency affect Golgi glycosylation? What is the
contribution of TMEM165 in Golgi homeostasis? What are the cellular and molecular functions

of TMEM1657?

To try to address all these issues, we have used different cell models. First, we took advantage of

the yeast model, routinely used in our lab. There is indeed a TMEM165 ortholog in yeast named
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gdtlp and yeast model has always been a valuable tool to study glycosylation. To study yeast N-
glycosylation, we have used a peculiar glycoprotein named invertase. There are 2 types of
invertase: one is constitutive, cytosolic and not glycosylated; the other one is secreted and
extensively N-glycosylated. Since N-glycosylation is the only PTM carried by the secreted
invertase, this protein is a good reporter of Golgi N-glycosylation efficiency in vivo. The method
consists in doing a zymogram of invertase in native gel that will reflect the glycosylation of the
secreted invertase. We will use wild-type (WT), strain deleted of GDT1 (gdt14), PMR1 (pmr1A)
or both (gdt1ApmrilA) in this study. Pmrlp is a Ca2+/Mn2+ Golgi ATPase and the ortholog of
human SPCA1. Pmr1A yeast strain has already been well characterized in the literature and shows
growth defect in Ca2+ depleted media. Pmr1A growth defect in absence of Ca2+ can be alleviated
by Ca2+ supplementation. Besides, a strong glycosylation defect on invertase was also observed

in pmr1A yeast strain, which can be normalised by Mn2+ supplementation.

To fully characterize the glycosylation defect in TMEM165-CDG patients, it is tempting to use the
available patient skin fibroblasts. However, only five patients were available at that time, and
they are very heterogeneous in terms of clinical and cellular phenotype. They have a different
genetic background, carry different TMEM165 mutations and the expression level of TMEM165
is variable among patients, making these fibroblasts not a reliable model to establish the link
between TMEM165 deficiency and glycosylation. Therefore we had to generate mammalian
stable cell lines depleted in TMEM165 for the study. We then transfected HeLa and HEK293 cells
with the pGIPZ Lentiviral shRNA plasmid (Thermo Scientific) containing either shRNA sequences
targeting TMEM165 mRNA or no sequences. Selection was done with puromycine 3ug/mL to get
rid of cells that have not got inserted the plasmide in their genome. We then stopped the

selection and measured TMEM165 expression in the newly generated polyclonal cell lines.

To study glycosylation in mammalian cells, two different approaches were applied. The first one
consists in analysing the migration profile in western-blot of LAMP2 (Lysosomal-Associated
Membrane Protein 2) and TGN46 (Trans-Golgi Network protein 46), two heavily glycosylated
proteins. Although these proteins are classically used to analyse the N-glycosylation, it is

important to note that:

- LAMP2 has 16 N-glycosylation sites and 10 O-glycosylation sites
- TGNA46 has 9 N-glycosylation sites and 13 O-glycosylation sites.
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This approach remains qualitative but has the advantage to be easyly performed. The second
approach more relies on mass spectrometry of total N-glycans extracted from cells. This method

is quantitative and gives us data about N-glycan structures differences.

Finally, we have assessed Golgi Mn2+ homeostasis in our cells. To do so, we took advantage of
the Golgi protein GPP130 that is known to be a specific Golgi Mn2+ sensor [299]. In mammalian
cell lines, it has been shown by several authors that the stability of GPP130 was strictly dependent
on Golgi Mn2+ concentration. Indeed, in the presence of 500uM MnClI2, GPP130 was shown to
be targeted to lysosomal degradation via a Rab7 dependent mechanism. Besides, GPP130
lumenal stem domain has been shown to be required for this Mn2+ induced degradation,

showing that GPP130 strictly responds to Golgi Mn2+ changes.
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1.2. Publication

Glycosylation abnormalities in Gdtlp/TMEM165 deficient cells result

from a defect in Golgi manganese homeostasis
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Abstract

Congenital disorders of glycosylation (CDG) are severe inherited diseases in which aberrant
protein glycosylation is a hallmark. From this genetically and clinically heterogeneous group, a
significant subgroup due to Golgi homeostasis defects is emerging. We previously identified
TMEM165 as a Golgi protein involved in CDG. Extremely conserved in the eukaryotic reign, the
molecular mechanism by which TMEM165 deficiencies lead to Golgi glycosylation abnormalities
is enigmatic. As GDT1 is the ortholog of TMEM165 in yeast, both gdt1A null mutant yeasts and
TMEM165 depleted cells were used. We highlighted that the observed Golgi glycosylation
defects due to Gdt1p/TMEM165 deficiency result from Golgi manganese homeostasis defect. We
discovered that in both yeasts and mammalian Gdtlp/TMEM165 deficient cells, Mn2+
supplementation could restore a normal glycosylation. We also showed that the GPP130 Mn2+
sensitivity was altered in TMEM165 depleted cells. This study not only provides novel insights
into the molecular causes of glycosylation defects observed in TMEM165-deficient cells but also

suggest that TMEM165 is a key determinant for the regulation of Golgi Mn2+ homeostasis.

Introduction

Congenital Disorders of Glycosylation (CDG) are a rapidly growing disease family due to genetic
defects of protein and lipid glycosylation [1-4]. In protein N-glycosylation, two different CDG
groups can be distinguished. In CDG-l, the molecular defects affect the oligosaccharidic
precursor assembly pathway in the endoplasmic reticulum, leading to the presence of
unoccupied N-glycosylation sites. CDG-Il are due to defects in the glycan processing in the Golgi,
giving rise to the presence of abnormal glycan structures on glycoproteins [5,6]. To date, the
CDG family comprises nearly hundred disorders [7]. Most are due to defects in the specific
glycosylation machinery, such as SLC35A1 [MIM 605634], B4GALT1 [MIM 137060] and MGAT2
[MIM 602616]) [8-10]. However, in the CDG-Il group, defects have lately been discovered in
proteins that are not only involved in glycosylation but also in other cellular functions. Among
these are CDG caused by altered vesicular Golgi trafficking and/or Golgi pH homeostasis marking

a new era in the CDG field [11-16].

In 2012, we reported a novel disorder in this group namely TMEM165-CDG [17] (OMIM
entry #614727). These patients present a peculiar phenotype including major skeletal dysplasia

and hyposialylation and hypogalactosylation of N-glycosylproteins [17,18]. TMEM165 is a
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transmembrane protein of 324 amino acids belonging to a well conserved but uncharacterized
family of membrane proteins named UPF0016 (Uncharacterized Protein Family 0016; Pfam
PF01169). We demonstrated that TMEM165 is a novel Golgi protein that can also be found in
endocytic pathways (late endosomes and lysosomes) [19]. We indirectly demonstrated that
defects in TMEM165 affect both cytosolic Ca2+ and lysosomal pH homeostasis [20]. Based on
these results, we then hypothesized that TMEM165 could be a Golgi-localized Ca2+/H+
antiporter regulating both Golgi Ca2+ and pH homeostasis [20]. Extremely conserved in the
eukaryotic reign, GDT1 is the yeast ortholog of TMEM165. We showed that the gdt1A mutant
presents a strong growth defect phenotype in presence of high concentrations of calcium
chloride (500-700 mM). In yeast, the Ca2+ Golgi homeostasis mainly results from the activity of
Pmrlp, a Golgi P-type ATPase essential to import Ca2+ but also Mn2+ in the Golgi lumen [21—-
23]. Its activity then maintains very low Ca2+ and Mn2+ concentrations into the cytosol.
Interestingly, it has been shown that PMR1 inactivation leads to strong Golgi glycosylation and

trafficking defects [24].

The aim of this study is to decipher the molecular mechanism by which a lack of
TMEM165 affects Golgi glycosylation. We used gdt1 null mutant yeasts and TMEM165 depleted
mammalian cells to unravel this mechanism, and present evidence that in both yeasts and
mammalian cells, the Golgi glycosylation defects due to a lack of Gdt1p/TMEM165, result from

defective Golgi manganese homeostasis.

RESULTS

Mn2+ suppresses the Golgi glycosylation defect of gdt1A4 null mutants cultured in presence of

high Ca2+ concentrations

We previously reported that gdtiA null mutants presented a strong growth defect in the
presence of high calcium chloride concentrations such as 700mM [25]. To assess whether this
growth deficiency was correlated to an abnormal N-linked glycosylation, the gel mobility of
secreted invertase, a protein exclusively N-glycosylated and thus a good reporter of Golgi N-
glycosylation efficiency in vivo was analyzed in the absence and in the presence of increasing
Ca2+ concentrations (fig. 1A). In yeast, pmrlp is a Golgi Ca2+/Mn2+ P-type ATPase that is

involved in maintaining normal Golgi functions, such as glycosylation [21-23]. Thus, PmriA
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strains, known to produce and secrete an aberrant form of invertase, lacking high mannose

residues, were taken as positive controls throughout our experiments [21,23].

While invertase isolated from pmrlA strain migrates on native gels significantly faster
than invertase isolated from a wild-type strain, no significant differences in the absence of Ca2+
were observed between gdt1A and wild type strains. Strikingly and in the presence of increasing
Ca2+ concentrations, invertase secreted from gdt1A strain migrates faster. In wild type strains,
increasing Ca2+ concentrations had no effects on invertase mobility (data not shown). As seen in
other studies, the increased mobility observed in pmrlp mutant cells cultured in the absence of
Ca2+ can partially be reversed in the presence of Ca2+ [22]. These data demonstrate that high
environmental Ca2+ concentrations in gdt1A lead to strong N-glycosylation deficiencies while in

pmrlA, the observed Golgi N-glycosylation defects are markedly restored by Ca2+.

In order to understand how high Ca2+ concentrations in gdt1A could lead to glycosylation
abnormalities, we hypothesized that excess of Ca2+ might interfere with glycosylation processes
requiring other metal ions including Mn2+ known to be a cofactor of certain Golgi
glycosyltransferases [26]. To test this hypothesis, the invertase mobility was assessed by
supplementing the culture medium with ImM MnCI2 (fig. 1B). While this treatment does not
affect the invertase mobility in wild type strain, Mn2+ treatment completely restores the
increased invertase mobility in gdt1A strains cultured in presence of both Ca2+ and Mn2+. As
previously reported, the Mn2+ supplementation in pmriA mutant also greatly improves the
invertase mobility [22]. This complementation is highly specific for Mn2+ as other tested ions do
not rescue the glycosylation phenotype (supplementary figure 1). In order to understand the link
between gdtlp and pmrlp, invertase mobility was analyzed in the gdt1A/pmr1A double knock-
out. In normal conditions, the invertase mobility is strongly affected and very similar to the one

observed in the pmrlA strains.
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Figure 1: Mn2+ restores the Golgi glycosylation defect of gdt1A null mutants cultured in presence of high Ca2+ concentrations.

(A) High Ca2+ concentrations strongly affect invertase glycosylation in gdt1A strains and partially suppresses the glycosylation
defect in pmr1A strains. N-glycosylated invertase secreted by wild-type, gdt1A and pmr1A mutants with or without the addition
of the indicated CaCl2 concentrations in the medium. (B) Mn2+ suppresses the glycosylation defect of the gdt1A strains cultured
with 0,5M CaCl2. N-glycosylated invertase secreted by wild-type, gdt1A strains, pmr1A and gdt1A/pmrlA strains with or without
the addition of 0,5M CaCl2, with or without the addition of Mn2+, or with the addition of both 0,5M Cacl2 and 1mM MnCI2. (C)
gdtlp is involved in the suppression of the glycosylation defect in the pmrlA strains cultured in high Ca2+ concentration. N-
glycosylated invertase secreted by wild-type, gdt1A strains, and pmrlA and gdt1A/pmr1A strains with or without the addition of
0,5M CaCl2 or 10mM CaCl2.

While Mn2+ slightly suppressed this Golgi N-glycosylation defect, Ca2+ did not. Very
interestingly, this result seems to show that gdtlp is then crucial for the suppression of the
glycosylation defect in the pmr1A strains supplemented with Ca2+. However, since 0,5M CaCl2
already leads to a strong invertase mobility defect in gdt1A strains, a 10mM CaCl2 concentration
was used. In these conditions, no glycosylation defect was observed in gdt1A strains, while in
pmrlA strains 10mM CaCl2 was sufficient to suppress the glycosylation defect (fig 1A and 1C).
However, this low concentration was not sufficient to rescue the invertase mobility in the

gdtiA/pmrlA double knock-out, demonstrating a crucial need for gdtlp in this rescue (fig 1C).

These unexpected findings not only demonstrate that the observed Golgi N-glycosylation

defect in gdt1A strains cultured in the presence of high Ca2+ concentrations can be suppressed
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by the addition of Mn2+ but also that gdtlp is directly involved in the suppression of the
glycosylation defect in the pmri1A strains supplemented with Ca2+. Altogether, one can ask the

role of gdtlp in Golgi Mn2+ homeostasis.

Golgi manganese homeostasis is modified in TMEM165 deficient cell line

In order to unravel the link between TMEM165, Golgi Mn2+ homeostasis and Golgi glycosylation
defects, TMEM165 expression was depleted using shRNA strategy in HelLa and HEK 293 cells. In
order to avoid the issue of clonal variation, polyclonal populations of stably-expressing cells were
generated and used for the study. ShRNA depletion of TMEM165 in HelLa and HEK 293 cells was
very efficient as 95% of TMEM165 was depleted compared to control cells (fig. 2A, 2C). This
decrease was also confirmed by immunofluorescence staining. As shown in Fig 2B and 2D,

TMEM165 is absent in TMEM165 depleted cells.

To then assess the Mn2+ Golgi homeostasis in TMEM165 depleted cells, we took
advantage of the Golgi protein GPP130 that is known to be a specific Golgi Mn2+ sensor [27,28].
In mammalian cell lines, it has been shown by several authors that the stability of GPP130 was
strictly dependent on Golgi Mn2+ concentration. In presence of 500uM MnCI2, GPP130 was
shown to be targeted to lysosomal degradation via a Rab7 dependent mechanism [28]. The
stability of GPP130 was studied with and without MnCl2 treatment by western blot and
immunofluorescence in shTMEM165 Hela and HEK293 cells (fig. 3 and 4). In accordance with the
literature, we showed that the level of GPP130 was significantly reduced when control cells were
cultured with Mn2+ (fig. 3A, 4A and quantification in 3B, 4B). Interestingly, this Mn2+-induced
degradation is strongly delayed in TMEM165 depleted cells. Quantification indicated that
GPP130 loss exceeded 60% in control Hela cells after 4h Mn2+ treatment while only a 20%
decrease is seen in sShTMEM165 Hela cells. We can notice that in HEK293 cells, the effects of
Mn2+ on GPP130 stability are less pronounced as GPP130 loss exceeded only 40% in control
HEK293 cells after 16h of Mn2+ treatment. Similarly to shTMEM165 Hela cells, the Mn2+
treatment had no effects on GPP130 stability in sShTMEM165 HEK293 cells. Immunofluorescence
staining followed by confocal microscopy confirmed the western blot results for both HelLa and
HEK293 cells (fig. 3C, 4C and quantification in fig. 3D, 4D). Altogether, these data highly suggest
that the Golgi Mn2+ homeostasis is impaired in TMEM165 depleted cells.
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Figure 2: Generation and characterization of ShTMEM165 HelLa and HEK293 cells. (A) Steady state cellular level of TMEM165.
Hela cells were mock (control) or depleted in TMEM165 (shTMEM165). Total cell lysates were prepared, subjected to SDS-PAGE
and Western blot with the indicated antibodies. Right panel represents quantification of TMEM165. (B) Control and shTMEM165
Hela cells were fixed and labeled with antibodies against TMEM165 and GM130 before confocal microscopy visualization. (C)
Steady state cellular level of TMEM165. HEK293 cells were mock (control) or depleted in TMEM165 (shTMEM165). Total cell
lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. Lower panel represents
quantification of TMEM165. (D) Control and shTMEM165 HEK293 cells were fixed and labeled with antibodies against TMEM 165
before confocal microscopy visualization. Lower panel shows the GFP, coded by the pGIPZ Lentiviral shRNA plasmid (Thermo
Scientific) used for the generation of our cell lines.
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Figure 3. Mn2+ does not alter the stability of GPP130 in TMEM165 deficient Hela cell lines (A) Steady state cellular level of
GPP130. Control and shTMEM165 Hela cells were treated or not with MnCI2 500 uM during 4h. Total cell lysates were prepared,
subjected to SDS-PAGE and Western blot with the indicated antibodies. (B) Quantification of GPP130 protein after normalization
with actin (N = 3; *** = P value < 0,001). (C) Control and shTMEM165 Hela cells were incubated with MnCI2 500 uM during 4h
or 100uM during 16h, fixed and labeled with antibodies against GPP130 (upper panels) and GM130 (lower panels) before confocal
microscopy visualization. (D) Quantification of the associated GPP130 fluorescence intensity (Number of experiments (N) = 3;
number of cells (n) = 50; *** = P value < 0,001).

As shown by Mukhopadhyay and collaborators, high concentrations of extracellular Mn2+
induces rapid redistribution of GPP130 in vesicles before their lysosomal degradation. As Hela
cells were shown to be more sensitive to Mn2+ treatment, we decided to investigate the

differential impact of Mn2+ on the vesicular redistribution of GPP130 in shTMEM165 Hela cells
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compared to control cells. The redistribution of GPP130 was followed by immunofluorescence in
response to different times of Mn2+ exposure (fig. 5). In the absence of Mn2+, GPP130 is Golgi
localized in both control and shTMEM165 Hela cells (fig. 5A and 5C).

A B
n.s ok %k %
c 140
g 120 .
control shTMEM165 = g 100
(<))
MnC2 100uM 16h - + -+ 28 ®
8 4
g g e
GPP130 — —— 2 2
- il
& 20
. o
Actin s e e E— 0
ctrl shTMEM165 ctrl shTMEM165
no treatment MnCI2
C No treatment MnCI2 100uM 16h
control shTMEM165 control shTMEM165

D n.s % % %k
| [

- 140

K

7] 120
o < m 1 {
M8 E
= £5
o o 80
T

c ®© mctrl
C o 5 60 1
[ s Y — O shTMEM165
v v 0
Sgg @

° S—

=1 20

frey

0

no treatment MnCI2

Figure 4. Mn2+ does not alter the stability of GPP130 in TMEM165 deficient HEK293 cell lines (A) Steady state cellular level of
GPP130. Control and shTMEM165 HEK293 cells were treated or not with MnCl2 100 uM during 16h. Total cell lysates were
prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. (B) Quantification of GPP130 protein after
normalization with actin (N = 2; *** = P value < 0,001). (C) Control and shTMEM165 HEK293 cells were incubated with MnCI2 100
UM during 16h, fixed and labeled with antibodies against GPP130 (upper panels) and GM130 (lower panels) before confocal
microscopy visualization. DAPI staining was performed and shows the nucleus (D) Quantification of the associated GPP130
fluorescence intensity (Number of experiments (N) = 2; number of cells (n) = 50; *** = P value < 0,001).
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After 1h and 2h of Mn2+ treatment in control cells, GPP130 is delocalized in punctate structures
(about 20 GPP130 positive structures per cell have been quantified) decreasing to less than 10
positive structures per cell after 4h of Mn2+ treatment. Remarkably and after Mn2+ exposure,
the number of positive GPP130 punctuate structures in shTMEM165 cells is extremely low (about
5 per cell). This confirms the western blot result and demonstrates the insensitivity of GPP130 to
Mn2+ treatment in shTMEM165 Hela cells. As the GPP130 luminal stem domain has been
demonstrated to confer this Mn2+ sensitivity, our results highly suggest that TMEM165 is

required to regulate Golgi Mn2+ homeostasis.
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Figure 5. Alteration of the Mn2+ associated GPP130 vesicularization in shTMEM165 cells. (A) Control and shTMEM165 Hela
cells were incubated with MnCI2 500 uM during the indicated times, fixed and labeled with antibodies against GPP130 (upper
panels) and GM130 (lower panels) before confocal microscopy visualization. (B) Magnification of the 1h panel presented in A.
Cells were immunostained with anti-GPP130 (left panels) and anti-GM130 antibodies (right panels). Arrows indicate few
examples of GPP130 positive vesicles. (C) Quantification of the average number of GPP130 positive vesicles per cell in control
and shTMEM165 Hela cells (N = 2; n = 50; *** = P value < 0,001).

TMEM165 knockdown provokes a glycosylation defect that can be suppressed by manganese

supplementation

As we previously showed that Golgi glycosylation deficiency in gdt1A strains can be suppressed
by the addition of MnCI2 in the medium, we wanted to investigate in TMEM165 depleted cells

(i) the glycosylation defect and (ii) the impact of Mn2+ supplementation on the suppression of
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the glycosylation defect. To evaluate these two aspects, we first determined the steady-state
glycosylation status of LAMP2, an extensively N- glycosylated lysosomal resident protein and
TGN46, a glycoprotein known to be N- and O-glycosylated. For this, control and shTMEM165
Hela and HEK293 cells were treated or not with MnCI2 (fig. 6). While a subtle change in the
LAMP2 mobility arguing for slight heterogeneity in glycosylation could be observed between
control and shTMEM165 Hela cells (fig. 6A), a more pronounced decrease in TGN46 molecular
weight was observed compared to control cells (fig. 6A). Remarkably, when Mn2+ was added to
the cell culture, the altered gel mobility of LAMP2 and TGN46 was completely suppressed in
shTMEM165 Hela cells. Comparable with the shTMEM165 Hela results, a stronger increase in
both LAMP2 and TGN46 gel mobility was observed in shTMEM165 HEK293 cells (fig. 6B). Very
interestingly, the observed increased gel mobility was also supressed for these two glycoproteins
after Mn2+ treatment. To appreciate the specific effect of the Mn2+, shTMEM165 HEK293 cells
were treated with MnSO4. Similarly to MnCl2, MnSO4 completely suppresses the observed
heterogeneity in gel mobility (supplementary figure 2). To confirm that Mn2+ rescues the
glycosylation process, shTMEM165 HEK293 cells treated or not with Mn2+, were subjected to
PNGase F treatment (supplementary figure 3). We found that deglycosylation of LAMP2
produced a 40KDa polypeptide for both (supplementary figure 3A). For TGN46 and in absence of
Mn2+, PNGase F treatment leads only to a slight increase in gel mobility arguing that among the
potential N-glycosylation sites of TGN46, only few of them are N-glycosylated (supplementary
figure 3B). We interestingly, found that deglycosylation of TGN46 from shTMEM165 HEK293 cells
treated with Mn2+ produces a band with a higher molecular weight than the one obtained in
untreated shTMEM165 cells. Altogether these results suggest that Mn2+ rescues the N-
glycosylation for LAMP2 and likely the O-glycosylation for TGN46. It is important to note that the
glycosylation defect observed for both LAMP2 and TGN46 in shTMEM165 HEK293 cells does not

lead to an aberrant subcellular localization for these two proteins (supplementary figure 4).

To confirm the Mn2+ effects, mass spectrometry analysis of N-glycans was performed in control
and shTMEM165 HEK293 cells treated or not with Mn2+ (fig. 7). The structures detected at mass-
per-charge (m/z) ratios above 2966 were found absent in ShTMEM165 HEK293 cells compared

to control cells then demonstrating a severe Golgi processing defect.
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Figure 6. Mn2+ suppresses the observed LAMP2 and TGN46 altered gel mobility in TMEM165 depleted cells. (A) Steady state
cellular level and gel mobility of LAMP2 and TGN46 in control and shTMEM165 Hela cells. (B) Steady state cellular level and gel
mobility of LAMP2 and TGN46 in control and shTMEM165 HEK293 cells. Control and shTMEM165 cells were cultured in absence
or presence of MnCI2 (100uM) during 18h, cell lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated

antibodies.

Remarkably, the structures detected at mass-per-charge (m/z) ratios 1345, 1416, 1591, 1836,

1907, 2040, 2081, 2285, 2326, 2850 and 2891 were found in increased abundance in shTMEM165

cells in comparison to those observed in control cells. These results highlight a strong

galactosylation, a moderate GlIcNAcylation defect and a very slight sialylation defect in

shTMEM165 HEK293 cells. While Mn2+ treatment have no obvious effects on control HEK293
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Figure 7. Mn2+ suppresses the observed galactosylation defect in TMEM165 depleted cells. (A) MALDI-TOF-MS spectra of the
permethylated N-glycans from control HEK293 cells. (B) MALDI-TOF-MS spectra of the permethylated N-glycans from control
HEK293 cells treated with Mn2+ 100uM for 36h. (C) MALDI-TOF-MS spectra of the permethylated N-glycans from shTMEM165
HEK293 cells. (D) MALDI-TOF-MS spectra of the permethylated N-glycans from shTMEM165 HEK293 cells treated with Mn2+
100uM for 36h. The proposed glycan structures are in accordance with the Golgi biosynthetic pathway. The symbols representing
sugar residues are as follows: closed square, N-acetylglucosamine; open circle, mannose; closed circle, galactose; open diamond,
sialic acid; and closed triangle, fucose. Linkages between sugar residues have been removed for simplicity.
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cells, such treatment largely suppresses the observed glycosylation defects, mainly the
galactosylation defect, as observed by the decreased abundance of the structures (m/z) 1836
and 2081. This demonstrates that a defect in TMEM165 impairs the function of Golgi Mn2+
dependent enzymes, mainly the B-1,4-galactosyltransferase I. As Mn2+ supplementation could
be considered as a treatment option, different Mn2+ concentrations (1uM to 50uM) have been
tested. Interestingly we observe that only 1uM was sufficient to completely suppress the
glycosylation defect observed in shTMEM165 HEK293 cells for both TGN46 and LAMP?2 (fig. 8).
Altogether and in agreement with the yeast results, we demonstrated that (i) the underlying
pathomechanism of TMEM165 deficiency is linked to Golgi Mn2+ homeostasis defect and (ii) that

the impaired Golgi glycosylation could totally be rescued by the addition of Mn2+.

HEK293

control shTMEM165

MnCI2 36h (uM) 0 1 5 10 25 5 O 1 5 10 25 50

130 —

P rw® wmrmew
100 — - LAMP2

70 — '

100 —

TGN46
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L S —" ———— e — ‘ B-Actin (42 kDa)

Figure 8. One micromolar MnCI2 is sufficient to suppress the glycosylation defect observed in shTMEM165 HEK293 cells for
both TGN46 and LAMP2. Steady state cellular level and gel mobility of LAMP2 and TGN46 in control and shTMEM165 HEK293
cells. Cells were cultured in absence or presence of MnCl2 during 36h, cell lysates were prepared, subjected to SDS-PAGE and
Western blot with the indicated antibodies.
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DISCUSSION

TMEM165 deficiency was recently found to lead to a type-ll CDG associated with defective Golgi
N-glycosylation. TMEM165/Gdt1p is extremely conserved during evolution, and has no known
direct molecular function. TMEM165/Gdtlp is not directly involved in the Golgi glycosylation
process, as it is neither a sugar transporter nor a Golgi glycosyltransferase. Previous work has
shown that a lack of Gdtlp leads to a sensitivity to high Ca2+ concentrations and we have
demonstrated that TMEM165 is involved in pH homeostasis [20]. These results led us to
hypothesize that Gdtlp/TMEM165 could be a Ca+/H+ antiporter involved in the Golgi Ca2+
entrance and exit of H+. In this study, we showed that high environmental Ca2+ concentrations
in gdtiA led to strong N-glycosylation deficiencies while in pmrlA, the observed Golgi N-
glycosylation defects were markedly suppressed in the presence of Ca2+. This antagonistic effect
then implied different functions for these two proteins. Interestingly, previous work has also
shown that the observed Golgi glycosylation defects in pmr1A were not due to the lack of Ca2+
uptake but mainly to a lack of Mn2+ uptake. Moreover, adding Mn2+ to the culture medium can
rescue the N-glycosylation defect of the pmriA strains (22). We therefore hypothesized that the
observed glycosylation defect in gdtiA could also be linked to a decrease in Mn2+ Golgi
homeostasis. In that case, the addition of Mn2+ to the culture medium could be sufficient to
complement the glycosylation deficiency observed in the presence of high Ca2+ concentrations.
In order to explore this hypothesis, Mn2+ and other cations were tested in gdtiA yeasts.
Interestingly, 1ImM MnCI2 was sufficient to completely suppress the glycosylation deficiency

seen in the presence of high calcium concentration.

Why is the glycosylation deficiency only seen in the presence of high calcium
concentration in gdt1A yeasts? One part of the answer certainly resides in the fact that Pmrlp is
a Ca2+/Mn2+ transporter. It is then tempting to hypothesize that a high Ca2+ concentration
could prevent the import of Mn2+ via Pmrlp into the Golgi via a dilution phenomenon. In the
absence of Gdtlp, the import of Mn2+ into the Golgi compartment would not be sufficient to
generate the Mn2+ homeostasis required for Golgi glycosyltransferases activities. The Mn2+
dependent catalytic activity is indeed a characteristic of many Golgi glycosyltransferases in yeasts
such as MNN1, MNN2 and MNNS5 [29,30]. Therefore and in presence of high Ca2+ concentration,

their activities would be likely altered in absence of Gdt1p.
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The other possibility that we cannot completely exclude is a direct competition between Ca2+
and Mn2+ inside the Golgi lumen. In that case, Gdt1p would function as an extruder of Ca2+ from
the Golgi lumen to lower the competition between Ca2+ and Mn2+. The Mn2+ import into the
Golgi could also be indirect. Two Mn2+ transporters exist in the yeast secretory pathway, Smflp
and Smf2p that allows the Mn2+ import in the ER and TGN/endosomes respectively. One can
then imagine that the lack of Gdtlp disturbs the functions and/or localization of these
transporters in the presence of high Ca2+ concentration then causing indirectly a deficiency of
Golgi Mn2+ import [31]. Interestingly, we also showed that gdtlp is directly involved in the
suppression of the glycosylation defect in the pmrlA strains supplemented with Ca2+. This
suggests that the presence of Ca2+ increases the Golgi Mn2+ uptake, and that this molecular
process is mediated by gdtlp. From these yeast data, we could propose a model where Gdtlp
would act as an antiporter or cotransporter of Mn2+/Ca2+. As an abnormal lysosomal pH has
been highlighted in TMEM165 deficient CDG patients, we could imagine that the used counterion

for Mn2+ entry would be different, H+ for mammalian cells and Ca2+ for yeasts.

As the regulation of Mn2+ homeostasis is highly conserved between yeasts and higher
eukaryotes, we assessed the impact of Mn2+ on Golgi glycosylation in TMEM165 depleted cells
(HeLa and HEK293). We first wanted to highlight that the Golgi Mn2+ homeostasis was impaired
in TMEM165 depleted cells by using GPP130 as an intra-Golgi Mn2+ sensor. We clearly showed
that in TMEM165 depleted cells, compared to control cells, the GPP130 Mn2+ sensitivity was
altered. As the luminal stem domain was sufficient to confer Mn2+ sensitivity to the protein, our
results support a model where the Golgi Mn2+ homeostasis would be disrupted in TMEM165
depleted cells. Interestingly, we observed that the effect of sShTMEM165 on GPP130 degradation
was stronger in Hela as compared to HEK293 cells. The Mn2+ concentration inside the Golgi is
mainly depending of two factors (i) the uptake of Mn2+ from the cytosol into the Golgi (mainly
depending of the Ca2+/Mn2+-ATPase and certainly other transporters) and (ii) the intake of
Mn2+ from the extracellular medium into the cytosol (depending of the plasma membrane
expression of Mn2+ transporters). As increased Mn2+ concentration in the culture medium has
a stronger effect on GPP130 degradation in Hela cells as compared to HEK293 cells, one can
suppose that the Mn2+ intake is very efficient in HeLa compared to HEK293 cells. This could also

explain why the glycosylation defect is very subtle in Hela cells compared to HEK293 cells.

The impact of Mn2+ on Golgi glycosylation was assessed by mass spectrometry and by

following the migration profile of two highly glycosylated proteins. While the migration was
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shown to be altered for both LAMP2 and TGN46 in both shTMEM165 Hela and HEK293 cells, the
Mn2+ treatment did completely restore a protein mobility comparable to that observed in
control cells Analysis of N-linked glycans from glycoproteins using MALDI-TOF mainly showed the
accumulation of agalactosylated glycan structures in TMEM165 depleted HEK293 cells arguing
for a severe galactosylation defect. In line with the western blot results, Mn2+ treatment almost
totally suppressed the observed glycosylation defect. This galactosylation defect is very
interesting and seems to be a general characteristic of the cellular Mn2+ impairment. The recent
discovery of CDG-patients presenting strong galactosylation defects on serotransferrin and
carrying SLC39A8 mutations, a Zn2+/Mn2+ transporter, emphasizes the link between Golgi Mn2+
homeostasis and Golgi galactosylation efficiency process [32]. Two Golgi galactosyltransferases
are known to transfer Gal residues from UDP-Gal to terminal N-acetylglucosamine (GIcNAc)
residues, the UDP-Gal:N-acetylglucosamine B-1,4-galactosyltransferase | (B4GALT1; EC 2.4.1.22)
that synthesizes N-acetyl lactosamine structures on glycoproteins and the UDP-Gal:N-
acetylglucosamine [-1,4-galactosyltransferase 1l (B4GALT2; EC 2.4.1.22) that both act on
glycoproteins and glycolipids. From a general point of view, these enzymes as well as the Golgi
glycosyltransferases using UDP-sugars as a donor substrate, absolutely require Mn2+ for their
activities. This could also explain why the GIcNAcylation process is also impaired in TMEM165

depleted HEK293 cells.

Altogether these experiments confirmed that in both yeasts and mammalian cells, the
glycosylation abnormalities due to Gdtlp/TMEM165 defects are rescued by the addition of
Mn2+.

In conclusion, we demonstrated that the observed Golgi glycosylation deficiencies in
Gdt1lp/TMEM165 deficient cells result from a defective Golgi Mn2+ homeostasis. This study
provides novel insights into the mechanism of the galactosylation defect observed in TMEM165-
deficient cells. These findings also support the potential use of therapeutic trials of Mn2+ in

TMEM165 deficient patients.

Material and Methods
Yeast strains and media
Yeast strains originating from BY4741 background used for the experiments are listed

Wild-type (WT) Mata his3A1 leu2A0 ura3A0
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pmrlA Mata his3A1 leu2A0 ura3A0 pmrlA::KanMX4
gdtiA Mata his3A1 leu2A0 ura3A0 gdti1A::KanMX4
gdtiA /pmriA Mata his3A1 leu2A0 ura3A0 gdtl1A::KanMX4 pmrlA::KanMX4

Yeast were cultured at 30°C. Cultures in liquid media are done under a light shaking. Rich media,
named YEP media, contains yeast extract (10 g.L?, Difco), Bacto-peptone (20 g.L?, Difco). YPD
media is a YEP media supplemented with 2% D-glucose (Sigma-Aldrich). YPRis YEP supplemented
with 2% raffinose (Euromedex). Selection antibiotics were added at 100 pg.mL? for

nourseothricine and 200 pg.mL™* for G418.

Invertase glycosylation analysis

Before any analysis, a preculture in YPD media is done and a volume equivalent to 15 OD600m
units is centrifugated for 3 minutes at 3500 rpm. The supernatant is discarded and the pellet is
resuspended in YPR media to induce invertase expression. Calcium, manganese and other ions
were added at this step at the indicated concentration. After a 20h culture in YPR, yeasts were
centrifugated for 5 minutes at 3500 rpm. Supernatant was discarded and the pellet was kept

frozen at -20°C. Invertase glycosylation analysis was performed as described by Ballou et al [33]

Antibodies and other reagents

Anti-TMEM165 and anti-B Actin antibodies were from Sigma—Aldrich (St Louis, MO, USA). Anti-
GM130 antibody was from BD Biosciences (Franklin lakes, NJ, USA). Anti-GPP130 antibody was
purchased from Covance (Princeton, NJ, USA). Goat anti-rabbit or goat anti-mouse
immunoglobulins HRP conjugated were purchased from Dako (Glostrup, Denmark). Polyclonal
goat anti-rabbit or goat anti-mouse conjugated with Alexa Fluor were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). PNGase F was from Roche Diagnostics (GmbH, Penzberg,

Germany). Other chemicals were from Sigma-Aldrich unless otherwise specified.

Cell culture and transfections

All cell lines were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% fetal bovine serum (Lonza, Basel, Switzerland), at 37°C in humidity-saturated 5% CO;

atmosphere. We generated polyclonal Hela and HEK293 stable cell lines knockdown for
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TMEM165 by the shRNA technique. Cells were transfected with the pGIPZ Lentiviral shRNA
plasmid (Thermo Fisher Scientific) containing either shRNA sequences targeting TMEM165 mRNA
or no sequences. The selection was done with puromycine. Thus, we generated two polyclonal
cell lines, named control cell line and shTMEM165 for the cell line depleted in TMEM165. For
manganese treatment, MnCl2 was added for the times and concentrations described in each

figures.

Immunofluorescence staining

Cells were seeded on coverslips for 12 to 24h, washed once in Dulbecco's Phosphate Buffer Saline
(DPBS, Lonza) and fixed either with 4% paraformaldehyde (PAF) in PBS pH 7.3, for 30 min at room
temperature or with ice-cold methanol for 10 minutes at room temperature. Coverslips were
then washed three times with PBS. Only if the fixation had been done with PAF, cells were
permeabilized with 0.5% Triton X-100 in PBS for 15 min then washed three times with PBS.
Coverslips were then put in saturation for 1h in blocking buffer [0.2% gelatin, 2% Bovin Serum
Albumin (BSA), 2% Fetal Bovine Serum (FBS) (Lonza) in PBS], followed by the incubation for 1h
with primary antibody diluted at 1:100 in blocking buffer. After washing with PBS, cells were
incubated for 1h with Alexa 488-, Alexa 568- or Alexa 700-conjugated secondary antibody (Life
Technologies) diluted at 1:600 in blocking buffer. After three washing with PBS, coverslips were
mounted on glass slides with Mowiol. Fluorescence was detected through an inverted Leica TCS-
SP5 confocal microscope. Acquisition were done using the LAS AF LITE software 2.6.3 (Leica

Microsystem, Wetzlar, Germany).

Image Analyses

Immunofluorescence images were analyzed using TisGolgi, an homemade imagel [36]
(http://imagej.nih.gov/ij) plugin developed by TISBio and available upon request. Basically, the
program automatically detects and discriminates Golgi and vesicles, based on morphological
parameters such as size and sphericity. Then, the program calculates for each image the number

of detected objects, their size and mean fluorescence intensity.

PNGase F deglycosylation assay
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50pg of cell lysate are vacuum dried with SpeedVac™. Samples are then dissolved in 200uL
ammonium bicarbonate 50mM buffer. 5uL of a solution containing 10% SDS and 10% (-
mercaptoethanol in ammonium bicarbonate 50mM is added to the samples. Heat for 10min at
100°C. Cool down the samples at room temperature and add 175uL of ammonium bicarbonate
50mM buffer. Add 25 pL of a solution containing 10% NP-40 in ammonium bicarbonate 50mM.
To perform the deglycosylation treatment, add 1,5 PNGase F unit to each sample and put the
samples at 37°C overnight. Samples are then vaccum dried with SpeedVac™ and then dissolved
in NUPAGE LDS sample buffer (Invitrogen) pH 8.4 supplemented with 4% B-mercaptoethanol
(Fluka).

Western Blotting

Cells were scraped in DPBS and then centrifuged at 4500 rpm for 3 min. Supernatant was
discarded and cells were then resuspended in RIPA buffer [Tris/HCI 50mM pH 7.9, NaCl 120mM,
NP40 0.5%, EDTA 1mM, NasVOs 1mM, NaF 5mM] 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 min at 20 000g. The
supernatant containing protein was estimated with the micro BCA Protein Assay Kit (Thermo
Scientific). 20 ug of total protein lysate were put in NUPAGE LDS sample buffer (Invitrogen) pH
8.4 supplemented with 4% B-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 membrane were blocked in blocking buffer
(5% milk powder in TBS-T [1X TBS with 0.05% Tween20]) for 1 hr at room temperature, then
incubated overnight with the primary antibodies 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 or goat anti-mouse antibodies (Dako; used at a dilution of 1:10,000) in blocking
buffer for 1 hr 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).

Glycan analysis by mass spectrometry
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Cells were sonicated in extraction buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA and 1% CHAPS,
pH 7.4) and then dialysed in 6—8 kDa cut-off dialysis tubing in an ammonium bicarbonate solution
(50 mM, pH 8.3) for 48 h 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 purification. Permethylation of the freeze-dried glycans and MALDI-TOF-MS of

permethylated glycans were performed as described elsewhere [35].

Statistical Analysis

Comparisons between groups were performed using Student t-test for 2 variables with equal or

different variances, depending on the result of the F-test.
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Supplementary figures
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Supplementary figure 1: Sole Mn2+ suppresses the observed glycosylation defect in the gdt1A strains cultured with 0,5M
CaCl2. N-glycosylated invertase secreted by gdt1A strains. Strains were cultured with 0,5M CaCl2 and 1mM for every other
compound.
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Supplementary figure 2. MnSO4 also suppresses the observed LAMP2 and TGN46 altered gel mobility. Steady state cellular
level and gel mobility of LAMP2 and TGN46 in control and shTMEM165 HEK293 cells. Control and shTMEM165 cells were cultured
in absence or presence of MnSO4 (100uM) during 18h, cell lysates were prepared, subjected to SDS-PAGE and Western blot with
the indicated antibodies.
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Supplementary figure 3. PNGase F treatment in shTMEM165 HEK293 cells, treated or not with Mn2+. Cell lysates from
shTMEM165 HEK293 cells were treated with PNGase F as described in Materials and Methods. Cell lysates were then subjected
to SDS-PAGE and Western blot with the indicated antibodies.

control shTMEM165

Supplementary figure 4. The observed LAMP2 and TNG46 glycosylation defect in shTMEM165 HEK293 does not lead to an
aberrant subcellular localization of LAMP2 and TGN46. Control and shTMEM165 HEK293 cells were fixed and labeled with
antibodies against TGN46 (upper panels) and LAMP2 (middle panels) before confocal microscopy visualization. DAPI staining was
performed and shows the nucleus. The lower panel shows the merge between LAMP2 and TGN46 staining.

115

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

1.3. Complementary results

To complete the results of figure 8, we have also recently shown that 100nM MnCI2 was even

sufficient to completely supress the LAMP2 glycosylation defect in HEK KO TMEM165 (Figure 33).

control KO

MnCI2 (36h) nM 0 10 100 250 500 O 10 100 250 500
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Figure 33. 100nM MnCI2 is sufficient to suppress the LAMP2 glycosylation defect observed in KO TMEM165 HEK293 cells.
Steady state cellular level and gel mobility of LAMP2 in control and KO TMEM165 HEK293 cells. Cells were cultured in absence
or presence of MnClI2 during 36h, cell lysates were prepared, subjected to SDS-PAGE and analysed by Western blot with the
indicated antibodies. HEK293 cells knock-out for TMEM165 by Crispr-Cas9 were kindly provided by Pr. Lupashin (University of
Arkansas for Mecidal Sciences, USA).

To go further into the glycosylation analyses, we have also used a metabolic labelling technique
with unnatural sialic acid derivatives to monitor sialylation in our cells. This technique is based
on the one described by several authors [278,279]. Cells were treated with 500uM N-(4-
pentynoyl) mannosamine (ManNAl) for the indicated time. This unnatural sugar contains a well
tolerated alkyne functional group and is then incorporated into the sialic acid biosynthesis
pathway to finally be added onto glycoconjugates in the Golgi apparatus. After incorporation of
the modified sugar, a bioorthonogal click chemistry reaction named copper-catalyzed azide
alkyne cycloaddition (CuAAC) is performed with a fluorophore containing an azide functional
group (here an azido-fluor 568) to reveal the newly synthetised glycoconjugates carrying the
unnatural sugar. This reaction is based on the formation of a covalent bond between the alkyne
function carried by the sugar and the azide function on the fluorophore. Thus, we obtain a
fluorescent signal proportional to the quantity of unnatural sugar added to glycoconjugates. By
applying this methodology, we have observed that sialylation is delayed in TMEM165 deficient
cell lines (Figure 34). After 8h of labeling, we have observed a dense perinuclear staining in Hela
control cells, which intensifies after 16h of metabolic labeling. It colocalizes with the Golgi marker

GM130 and thus correspond to the incorporation of the sugar on glycoconjugates in the Golgi
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apparatus. Strikingly, the staining was very weak in HeLa shTMEM165 after 8h of labeling and
only a slight increase was observed after 16h of labeling demonstrating a strong sialylation defect

or delay in TMEM165 deficient cells. Interestingly, 100uM MnCI2 supplementation suppresses

this sialylation defect in HeLa shTMEM165 cells (Figure 35).
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Figure 34. TMEM165 knockdown causes a general sialylation defect. (A) Cells were labeled with ManNAI for 8 or 16h. Click
chemistry reaction was then done and the staining was visualized by confocal microscopy. Arrows points to a slight membrane
staining. (B) Cells were labeled with ManNAI and immunostained with an antibody anti-GM130. (C) Quantification of the Golgi
fluorescence intensity. Five independent experiments were done and quantification was done on more than 100 cells each time.
*** = p value < 0,001.

control MnCl, 100uM

Figure 35. The glycosylation defect in HeLa shTMEM165 is suppressed by the addition of MnCl2. (A) Cells were treated or not
by MnCI2 100 uM for 36h, then labeled with ManNAI for 8 in the same MnCI2 concentration. Click chemistry reaction was then
done and the staining was visualized by confocal microscopy. (B) Quantification of the Golgi fluorescence intensity. Three
independent experiments were done and quantification was done on more than 100 cells each time. *** = P value < 0,001.
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1.4. Discussion

1.4.1. Gdtlp

In this study, we observed that the gdt1A mutant presents an N-glycosylation defect only when
cultured in the presence of high Ca2+ concentrations (500mM). Since Pmrlp can import both
Ca2+ and Mn2+ into the Golgi, we hypothesize that a high Ca2+ concentration could favour Ca2+
uptake and limit Mn2+ entry via Pmrlp. Although high Ca2+ concentration does not leads to a
glycosylation defect in a wild-type strain, we suggested that in a gdt1A strain, the import of Mn2+
into the Golgi compartment would not be sufficient to maintain the Mn2+ homeostasis required
for Golgi GT activities. This Mn2+ homeostasis disturbance would then ultimately lead to the

glycosylation defect observed in the gdt1A strain.

In constrast, the observed Golgi N-glycosylation defects in pmrlA strain were markedly
suppressed in the presence of Ca2+. On the opposite, Ca2+ failed to rescue the glycosylation
defect in the gdt1ApmriA double mutant, strongly suggesting that the glycosylation rescue by

Ca2+in the pmrlA mutant comes from the sole activity of gdtlp.

Interestingly, previous works have also shown that the glycosylation defect observed in the
pmrlA strain resulted from a lack of Mn2+ uptake, since Mn2+ supplementation was able to
completely normalize the glycosylation. Surprisingly, the addition of ImM MnCI2 in the cultured
media of gdtlA strain was also sufficient to suppress the glycosylation defect seen in the
presence of high Ca2+ concentration. We therefore concluded that the glycosylation defect in

gdtlA is linked to a disturbance in Golgi Mn2+ homeostasis.

We finally propose a model where Gdt1p would act as a Mn2+/Ca2+ antiporter, importing Mn2+

into the Golgi and releasing Ca2+ from the Golgi.

1.4.2. TMEM165

Since the gdtlA mutant displayed an N-glycosylation defect in high Ca2+ concentrations, we
wanted to investigate Golgi glycosylation in TMEM165 depleted cells. We first showed that both
LAMP2 and TGN46 glycosylation were strongly affected. Analysis of N-glycans using MALDI-TOF
mainly demonstrated a general and severe galactosylation defect. This galactosylation defect

seems to be a key feature of Mn2+ homeostasis impairment. Indeed, the recent discovery of
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SLC39A8-CDG patients presenting strong galactosylation defects emphasizes the link between

Mn2+ homeostasis and Golgi galactosylation efficiency [7].

Interestingly, Mn2+ treatment almost totally suppressed the observed glycosylation defect. As
presented in the complementary results section, only 100nM was sufficient to completely
suppress the glycosylation defect observed on LAMP2 in KO TMEM165 HEK293 cells, raising the
possibility of a therapeutic treatment with Mn2+ in TMEM165-CDG patients. However, mass
spectrometry analyses with such low concentrations (100nM to 100uM) should also be done to
test whether these concentrations are sufficient to completely suppress the general

glycosylation defect.

We also decided to assess the Mn2+ Golgi homeostasis in TMEM165 depleted human cells using
GPP130 as Golgi Mn2+ sensor (Figure 36). We highlighted that the Golgi Mn2+ homeostasis was
impaired in TMEM165 depleted cells, suggesting a Mn2+ entry problem at the Golgi level in
TMEM165 depleted cells and therefore questioning TMEM165 putative function as a Ca2+/H+
antiporter. To date and to my knowledge, this is the second scientific paper using GPP130 as a
tool to decipher a pathological mechanism. Although indirect, this first approach has been helpful
to understand the underlying mechanism of TMEM165-CDG and familial Parkinsonism due to

SLC30A10 mutations [300].

GPP130  Nter(1)
cytosol

- Golgi lumen
NMnZ2+ sensitive

domain (34-175)
stem

Acidic domain

C-ter
(696)

Figure 36. GPP130 topology and domains. GPP130 is a 696 amino acids protein containing a short cytosolic domain, and a
long lumenal domain composed of a stem region and an acidic domain near the C-terminus. The Mn2+ sensitive domain,
depicted with a blue star, has been mapped to amino acids 34 to 175 of the stem region.
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In conclusion, we have demonstrated that the underlying pathological mechanism of TMEM165
deficiency is linked to Golgi Mn2+ homeostasis defect and that the impaired Golgi glycosylation

could totally be rescued by the addition of Mn2+.

One main question remains: how does extracellular Mn2+ supplementation rescue the
glycosylation in KO TMEM165 cells? Indeed, extracellular Mn2+ could theoretically reach the
Golgi stack lumen in two alternate ways: (i) it might be internalized by endocytosis and
subsequently reach the Golgi lumen through endosome-to-TGN retrograde trafficking [301,302];
(ii) alternately, it might cross the plasma membrane and eventually the Golgi stack membrane
through specific channels or transporters. We cannot exclude that Mn2+ uptake in the ER also
play a role in this rescue. This question will be addressed in the next few months in the lab using

LAMP?2 glycosylation rescue induced by Mn2+ as readout.

1.4.3. The yeast model to study Golgi glycosylation

Yeast and human Golgi glycosylation are very divergent, suggesting that yeast is at first glance
not a good model to study Golgi glycosylation and to transfer the knowledge in human. Although
it is true most of the time, we demonstrated here the importance of the yeast model to study
human Golgi glycosylation defect linked to homeostasis disturbance. Indeed, the regulation of
cellular homeostasis is similar in human and in yeast and many Golgi glycosyltransferases in
yeasts also require Mn2+ to be fully active. The results obtained on gdtlp helped to orient the
study on TMEM165 and therefore reinforced the usefulness of the yeast model in order to
understand the pathophysiology of CDG caused by disturbance in actors indirectly involved in

glycosylation, such as Golgi ion homeostasis.

1.5. Abstract in French

Les anomalies congénitales de la glycosylation (CDG) sont des maladies héréditaires séveres et
rares dans lesquelles une glycosylation anormale des protéines est observée. Dans ce groupe de
pathologies génétiquement et cliniqguement hétérogene, un nouveau sous-groupe dd a des
défauts de I'homéostasie de I'appareil de Golgi vient d’émerger. Notre équipe a identifié en 2012
TMEM165 comme étant une protéine golgienne impliquée dans les CDG. TMEM165 est une
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protéine extrémement conservée dans le regne eucaryote, mais les mécanismes moléculaires
par lesquels une perte de fonction de TMEM165 conduit a des défauts de glycosylation golgienne
sont énigmatiques. Comme GDT1 est I'orthologue de TMEM165 chez la levure, des souches de
levures dans lesquelles GDT1 a été retiré ainsi que des cellules de mammiféres dans lesquelles
TMEM165 est absent ont été utilisées. Nous avons souligné que les défauts de glycosylation dues
a une déficience de Gdtlp/TMEM165 résultaient en fait d'un défaut d'homéostasie du
manganese au niveau de |'appareil Golgi. Nous avons découvert que dans les levures et les
cellules déficientes en Gdtlp/TMEM165, une supplémentation en Mn2+ pouvait rétablir une
glycosylation normale. Nous avons également montré que la sensibilité de GPP130 au Mn2+
intra-golgien était diminuée dans les cellules déficientes en TMEM165. Cette étude fournit non
seulement de nouvelles informations sur les causes moléculaires des défauts de glycosylation
observées dans les cellules déficientes en TMEM165, mais suggere également que TMEM165 est

un acteur clé dans la régulation de I'homéostasie golgienne du Mn2+.
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[2] GALACTOSE SUPPLEMENTATION IN TMEM165-CDG  PATIENTS RESCUES THE
GLYCOSYLATION DEFECTS

2.1. Introduction

In 2012, Foulquier and collaborators reported five TMEM165-CDG patients with abnormal N-
glycans partially lacking galactose and sialic acid residues. We later fully characterized the
glycosylation defect in TMEM165 deficient cell lines [303]. Detailed structural N-linked glycan
analysis showed a dramatic hypogalactosylation of N-glycans, thus indicating that a loss of
TMEM165 impairs the function of the B-1,4-galactosyltransferase I, a Mn2+ Golgi-dependent
glycosyltransferase required for the biosynthesis of complex N-glycan. We also demonstrated
that the defect was due to a disturbance in Golgi Mn2+ homeostasis. Interestingly, the

glycosylation defect could be suppressed by Mn2+ addition in the cell media.

Recently, galactose oral supplementation has been successful for treating patients with another
CDG subtype that is caused by pathogenic variants in SLC39A8, a plasma membrane Zn2+/Mn2+
transporter. SLC39A8-CDG patients also present with severe hypogalactosylation. Galactose
therapy in these patients clearly improved glycosylation, but the mechanism remained poorly

understood.

Overall, only few CDG subtypes show improved glycosylation following dietary supplementation
with monosaccharides. For example, a treatment with oral mannose supplementation is
available for MPI-CDG [246] and D-galactose supplementation has been shown to benefit

patients with PGM1-CDG and SLC39A8-CDG [7,252].

In this study, we investigated whether galactose supplementation could be beneficial in
TMEM165 deficiency. We chose galactose instead of Mn2+ because galactose therapy is easier
to setup than Mn2+ therapy and galactose supplementation is already used for several CDG
subtypes. The aim of this work was to characterize the effects of galactose supplementation on
Golgi glycosylation in TMEM165-depleted HEK293 cells, as well as in two TMEM165-CDG patients
and in their cultured skin fibroblasts. HEK293 cells knock-out for TMEM165 by Crispr-Cas9 were

kindly provided by Pr. Lupashin (University of Arkansas for Mecidal Sciences, USA).
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To study glycosylation in TMEM165 depleted cells, we have analysed the migration profile in
western-blot of LAMP2, as decribed in the first publication. In parallel, mass spectrometry of total
N-glycans and GSL extracted from cells was performed. For TMEM165-CDG patient fibroblasts,
mass spectrometry of total N-glycans was assessed. Besides, InterCellular Adhesion Molecule 1
(ICAM-1) is a heavily N-glycosylated protein whose expression levels at the plasma membrane
depends on its glycosylation. ICAM-1 is therefore a good marker of glycosylation and its
expression was assessed by immunofluorescence and western blot. Biochemical parameters

were measured in two TMEM165-CDG patients by clinicians.

2.2. Publication
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Context: TMEM165 deficiency is a severe multisystem disease that manifests with metabolic,
endocrine, and skeletal involvement. It leads to one type of congenital disorders of glycosylation
(CDG), a rapidly growing group of inherited diseases in which the glycosylation process is altered.
Patients have decreased galactosylation by serum glycan analysis. There are >100 CDGs, but only

specific types are treatable.

Objective: Galactose has been shown to be beneficial in other CDG types with abnormal
galactosylation. The aim of this study was to characterize the effects of galactose
supplementation on Golgi glycosylation in TMEM165-depleted HEK293 cells, as well as in 2
patients with TMEM165-CDG and in their cultured skin fibroblast cells

Design and Setting: Glycosylation was assessed by mass spectrometry, western blot analysis, and

transferrin isoelectrofocusing.

Patients and Interventions: Both unrelated patients with TMEM165-CDG with the same deep
intronic homozygous mutation (c.792+182G.A) were allocated to receive D-galactose in a daily

dose of 1 g/kg.

Results: We analyzed N-linked glycans and glycolipids in knockout TMEM165 HEK293 cells,

revealing severe hypogalactosylation and GalNAc transfer defects. Although these defects were

completely corrected by the addition of Mn2+, we demonstrated that the observed N-
glycosylation defect could also be overcome by galactose supplementation. We then
demonstrated that oral galactose supplementation in patients with TMEM165-deficient CDG
improved biochemical and clinical parameters including a substantial increase in the negatively
charged transferrin isoforms, and a decrease in hypogalactosylated total N-glycan structures,

endocrine function, and coagulation parameters.

Conclusion: To our knowledge, this is the first description of abnormal glycosylation of lipids in
the TMEM165 defect and the first report of successful dietary treatment in TMEM165 deficiency.

We recommend the use of oral D-galactose therapy in TMEM165-CDG.

For this study, SP completely performed and analysed figure 1. SP provided help to Willy Morelle
for figure 2 to 5. SP helped with proofreading and editing the paper.
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INTRODUCTION

In 2012, we reported pathogenic variants in TMEM165 in 5 patients with abnormal N-
glycans partially lacking galactose and sialic acid, establishing TMEM165 deficiency as a new
subtype of congenital disorder of glycosylation (CDG; TMEM165-CDG) (1) (phenotypic OMIM
#614727). The most severely affected individuals present with severe skeletal symptoms (1, 2).
TMEM165 is highly conserved during evolution, but its biological function remains controversial.
We recently demonstrated that TMEM165 deficiency disrupts Golgi manganese (Mn2+)
homeostasis, resulting in Golgi glycosylation defect and hypoglycosylation, which can be
subsequently rescued by Mn2+ supplementation (3). Detailed structural N-linked glycan analysis
in TMEM165-deficient cells showed a dramatic increase of agalactosylated glycan structures. This
indicated that a lack of TMEM165 impairs the function of B-1,4-galactosyltransferase, a Mn2+
Golgi-dependent glycosyltransferase required for the biosynthesis of sialylated complex N-glycan
structures (4-6).

Currently, only a handful of CDG subtypes shows improved glycosylation following dietary
supplementation with monosaccharides. MPI-CDG was the first CDG subtype discovered to be
treatable with a few grams of oral mannose (7). Another monosaccharide, D-galactose, has been
shown to benefit patients with PGM1-CDG (8).

Interestingly, galactose has also been successful for treating patients with another CDG
subtype that is caused by pathogenic variants in SLC39A8, a Zn2+/Mn2+ transporter. Patients
with defective SLC39A8 present with severe hypogalactosylation of serum transferrin (8),
demonstrating the crucial requirement of adequate Golgi Mn2+ homeostasis in normal Golgi
glycosylation processes. Although it is clear that galactose therapy in these patients rescued the
impaired galactosylation, the mechanism remained poorly understood.

In this study, we investigated whether galactose supplementation could be beneficial in
TMEM165 deficiency. The aim of this work was to characterize the effects of galactose
supplementation on Golgi glycosylation in TMEM165-depleted HEK293 cells, as well as in 2
TMEM165-CDG patients and their cultured skin fibroblast cells.

PATIENTS AND METHODS

Cell culture and transfections
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All cell lines were maintained in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (Lonza, Basel, Switzerland), at 37°C in humidity-
saturated 5% CO, atmosphere. For manganese treatment, MnCI2 was added for the times and

concentrations described in each figures.

Skin fibroblast cultures

Skin fibroblasts derived from skin biopsies were maintained in Eagle's minimum essential
medium (American Type Culture Collection, Manassas, VA) in a humidified 37 °C incubator.
Culture media was supplemented with 10% Fetal Bovine Serum and 1% 100 U Penicillin / 0.1
mg/mL streptomycin. TMEM165 deficient fibroblasts were cultured in the presence of additional

galactose in the medium.

In-vitro galactose feeding

Eagle’s minimum essential culture medium was supplemented with 0 mM, 0.75 mM, 2
mM, 5 mM, or 10 mM D-galactose 18 to 24 hours after seeding the cells. D-galactose powder
(Sigma-Aldrich, St. Louis, MO) was dissolved in phosphate-buffered saline (PBS) to create a stock
solution of 100 mM, which was subsequently diluted to the desired concentration in the culture
medium. Cells were fed for 5 to 7 days, with culture medium refreshed every 2 days. On the final

day of the feeding experiment, cells were harvested by scraping.

ICAM-1: immunofluorescence staining

Immunohistochemistry was performed on cells seeded on glass coverslips and cultured
for 5 days. Samples were fixed with 4% formaldehyde (Sigma-Aldrich) for 10 minutes, and
permeabilized with 0.1% saponin (weight-to-volume ratio) and 0.1% bovine serum albumin
(weight-to-volume ratio). They were blocked in 5% (volume-to-volume ratio [v/v]) normal
donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA) and incubated with

primary antibody against ICAM-1 (1:750; catalog no. MA5-13021; Thermo Fisher Scientific,
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Waltham, MA) at 4°C for 3 nights, followed by incubation with biotinylated donkey anti-mouse
immunoglobulin G antibody (1:800; catalog no. 715-065-151; Jackson ImmunoResearch
Laboratories) and streptavidin-conjuguated Cy3 (1 mg/mL; catalog no. 016-160-084; Jackson
Immuno- Research Laboratories) at room temperature for 1.5 hours. The samples were mounted
with VectorShield Mounting Medium containing 4’,6-diamidino-2-phenylindole (Vector
Laboratories, Burlingame, CA). Images were obtained using an Olympus BX51 System microscope
with an Olympus DP80 color camera (Olympus, Tokyo, Japan). Particle analysis and manual
counting were performed with Fiji (http://imagej.nih.gov/ij) using the Cell Counter plug-in
(version 2.0.0-rc-49/1.51a) (9).

LAMP2: actin western blot

Cells were scraped in Dulbecco’s PBS and then centrifuged at 4500 rpm for 3 minutes.
Supernatant was discarded and cells were resuspended in radioimmunoprecipitation assay
buffer (Tris/HCI, 50 mM; pH 7.9; NaCl, 120 mM; NP40 0.5%; EDTA, 1 mM; Na3V04, 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 at 20,000g. The supernatant containing protein was estimated
with the micro BCA Protein Assay Kit (Thermo Fisher Scientific). Total protein lysate (20 pg) was
put in NUPAGE lithium dodecyl sulfate sample buffer (Invitrogen), pH 8.4, supplemented with 4%
b-mercaptoethanol (Fluka). Samples were heated for 10 minutes at 95°C and then separated on
4% to 12% Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membrane Hybond ECL (GE
Healthcare, Little Chalfont, United Kingdom). The membranes were blocked in blocking buffer
(5% milk powder in tris-buffered saline and Polysorbate 20 (TBS-T; 1X TBS with 0.05% Tween20
for 1 hour at room temperature, then incubated overnight with the primary antibodies in
blocking buffer, and washed 3 times for 5 minutes in TBS-T. The membranes were then incubated
with the peroxidase-conjugated secondary goat anti-rabbit or goat antimouse antibodies
(1:10,000 dilution; DakoSanta Clara, CA) in blocking buffer for 1 hour at room temperature and
later washed 3 times for 5 minutes in TBS-T. Signal was detected with chemiluminescence
reagent (ECL 2 Western Blotting Substrate; Thermo Fisher Scientific) on imaging film (GE

Healthcare).
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ICAM-1: B-integrin Western Blot

Protein expression of ICAM-1 in patients and healthy control subjects was assessed by
western blotting. Hydrophobic protein was extracted and enriched by CelLytic MEM Protein
Extraction kit (Sigma-Aldrich). Enriched hydrophobic protein (25 pg) of enriched hydrophobic
protein was resolved on 10% Bis-Tris Gel (Invitrogen) at 200 V for 55 minutes. After sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE), samples were transferred to a
0.45-um nitrocellulose membrane at 30 V for 2.5 hours on ice. Both running and transfer buffer
were supplemented with antioxidant per manufacturer’s recommendation (Invitrogen). The
membrane was rocked for 1 hour in membrane blocking solution (Invitrogen) at room
temperature and incubated overnight with the primary antibodies at 4°C, followed by 6 10-
minute washes with 1x PBS supplemented with 0.2% Tween 20 (Sigma-Aldrich). Incubation with
secondary antibodies at room temperature for 1 hour was followed by 6 10-minute washes with
0.2% Tween-PBS. Signal was detected by Licor Odyssey ClLx IR Imaging System (LI-COR
Biosciences, Lincoln, NE). Signal intensity was quantified by Odyssey software (version 2.0).

Primary antibodies were polyclonal rabbit anti-ICAM-1 (1: 4000; catalog no. sc-7891;
Santa Cruz Biotechnology, Dallas, TX) and monoclonal mouse anti-integrin-b1 (catalog no. sc-
374429; Santa Cruz Biotechnology). Secondary antibodies were DyLight 800-conjugated goat
anti-rabbit (1:10000; catalog no. SA5-35571; Thermo Fisher Scientific) and DyLight 680-
conjugated goat anti-mouse (1:10,000; catalog no. SA5-10082; Thermo Fisher Scientific).

Antibodies were diluted in membrane blocking solution.

Extraction of glycolipids and mass spectrometry analysis

Cells were washed twice with ice-cold PBS; resuspended in 500 uL of water, and sonicated
on ice. The material was then dried under N2 and extracted by CHCI3/CH30H (2:1, v/v),
CHCI3/CH30H (1:1, v/v) and CHCI3/CH30H/H20 (1:2:0.8, v/v/v). The supernatants were pooled,
dried, and subjected to a mild saponification in 0.1M NaOH in CHCI3/H20 (1:1, v/v) at 37°C for 2
hours and then evaporated to dryness. Samples were purified by using a C18 cartridge (Waters,
Milford, MA) equilibrated in a CH30H/H20 solvent. The glycosphingolipids (GSLs) were eluted by
CH30H and CHCI3/CH30H (1:1, v/v) and CHCI3/CH30H (2:1, v/v). Permethylation of the
freezedried GSL and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF-MS) of permethylated GSL were performed as described elsewhere (10).
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Extraction of cellular and sera N-glycans and mass spectrometry analysis

Cells were sonicated in extraction buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, and 1%
3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate [CHAPS], pH 7.4) and then
dialyzed in 6- to 8-kDa cut-off dialysis tubing in an ammonium bicarbonate solution (50 mM, pH
8.3) for 48 hours at 4°C and lyophilized. The proteins/glycoproteins were reduced and
carboxyamidomethylated, and then underwent sequential tryptic and peptide N-glycosidase F
digestion and Sep-Pak purification. Permethylation of the freeze-dried glycans and MALDI-TOF-
MS of permethylated glycans were performed as described elsewhere (10). For sera N-glycan
analysis, 20 uL of serum was dried and denatured using B-mercaptoethanol and SDS at 100°C
during 20 minutes. After adding Nonidet P40, the N-deglycosylation was performed using
peptide N-glycosidase F PNGase F. After purification, the permethylation of the freezedried
glycans and MALDI-TOF-MS of permethylated glycans were performed as described elsewhere
(10).

Patients

In 2 previously described patients, a galactose supplementation trial was initiated (patient
1 and patient 3) (11). Both unrelated patients have the same deep intronic homozygous mutation
(c.792+182G.A). The protocol was approved by the institutional review board (IRB; Tulane
University Hayward Genetics Center IRB no. 517339-4; Clinicaltrials.gov NCT02955264).

Patient 1 (a 9-year-old boy) has dysmorphism and a severe multisystem disease with
neurologic, pulmonary, gastrointestinal, endocrine, and hematological involvement (Table 1), as
well as severe skeletal involvement with generalized osteopenia; hypoplasia of the skull base;
anterior beaking of T12-L2; broad radial, ulnar, femoral, and tibial metaphyses; and
underdeveloped epiphyses.

Patient 2 (a 25-year-old man) has a similar multisystem involvement but to a lesser
degree. He has significant endocrine and coagulation anomalies (Table 1). He can walk (with

crepitus) and has a normal language (11).

D-galactose supplementation in patients

130

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

All procedures were approved by the Tulane University School of Medicine IRB (Tulane
IRB no. 517339-3). Two patients with genetically confirmed TMEM165 defect in this
observational pilot study received oral D-galactose supplementation (Necese) over 18 weeks. D-
Galactose intake was increased in increments, as follows: weeks 0 to 6, 0.5 g/kg/d; weeks 7 to
12, 1.0 g/kg/d; weeks 13 to 18, 1.5 g/kg/d. The purpose of the escalating dosing schedule was to
minimize gastrointestinal irritation and metabolic side effects. Laboratory studies in blood (i.e.,
glucose, lactic acid, ammonia, and galactose-1-phosphate) and in urine (i.e., galactitol excretion)
were conducted before the study and at every time point during the study to monitor tolerability
to increasing intake of galactose.

Patients were instructed to continue their regular diet in addition to daily oral galactose
supplementation. The maximum daily dose of galactose either patient received was 50.0 g (this
amount is within the recommended daily intake). Prior studies investigating focal segmental
glomerulosclerosis have demonstrated 50.0 g/d of galactose can be safely consumed and
tolerated by patients (12).

Before beginning galactose therapy, clinical and metabolic baselines were established. At
each time point in the study, each patient underwent a clinical examination, including an
assessment for clinical changes, adverse effects, or any concerns regarding the therapy. Blood
analysis was performed every 6 weeks to assess glycosylation (isoelectric focusing of serum
transferrin and glycomic analysis in blood by mass spectrometry). Additionally, known
glycoproteins, such as thyroid hormones, growth hormone, and coagulation and anticoagulation
factors, were measured. Other biochemical parameters, including liver function enzymes and

creatine kinase, were monitored. Urinary galactose levels were measured as a safety parameter.

RESULTS

Galactose supplementation rescued galactosylation deficiency in TMEM165-depleted cells

Because galactose supplementation in patients with PGM1-CDG and SLC39A8-CDG led to
substantial galactosylation improvement, we first investigated the effects of galactose
supplementation on Golgi glycosylation in TMEM165-depleted cells. Therefore, TMEM165
knockout (KO) HEK293 cells were generated by the genomic editing technique CRISPR-Cas9
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(Supplemental Fig. 1), followed by studies on the steady-state glycosylation status of LAMP2,
which is an extensively N-glycosylated lysosomal resident protein. Control and KOTMEM165
HEK293 cells were cultured without or with galactose supplementation in the culture medium
(Fig. 1). Consistent with previous reports, a dramatic change in the LAMP2 gel mobility was
observed in TMEM165 KO HEK293 cells, indicating a severely defective glycosylation [Fig. 1(A)]
(3). As expected, MnSO4 and MnCI2 treatment completely restored normal LAMP2 gel mobility
in TMEM165 KO HEK293 cells. Remarkably, 1 mM galactose supplementation achieved the same
effect. Other monosaccharides, such as GIcNAc and GIcNH2, were also tested, but none had any
effect on the gel mobility of LAMP2 in TMEM165 KO HEK293 cells. These results strongly suggest
that D-galactose is the sole monosaccharide capable of rescuing the abnormal LAMP2 gel
mobility.

To further characterize the effect of galactose on N-glycosylation, mass spectrometry
analysis of total N-glycans was performed in control and TMEM165 KO HEK293 cells that were
treated without or with galactose (Fig. 2). Consistent with previous studies, a pronounced
hypogalactosylation was seen in TMEM165 KO HEK293 cells, with the accumulation of
agalactosylated glycan structures detected at mass-per-charge (m/z) ratios 1836, 2081, and
2326. Although these structures were also found in control cells, the level was detected on a
much lower level that is consistent with normal metabolic intermediates generated during
normal glycosylation. Of note, the structures detected at m/z ratios greater than 3095 were
completely absent in TMEM165 KO HEK293 cells. Altogether, the accumulating glycan structures
observed in TMEM165 KO HEK293 cells pointed to a severe galactosylation defect. Although
galactose treatment slightly decreased the processing intermediates in control HEK293 cells, its
effect on the galactosylation defect observed in TMEM165 KO HEK293 cells was much more
pronounced, as indicated by the decreased abundance of the structures with m/z ratios of 1836,
2081, and 2326. After galactose supplementation, N-glycosylation completely normalized. This
demonstrated that galactose treatment not only considerably improved N-glycosylation in

TMEM165 KO HEK293 cells but also increased N-glycosylation in control cells.
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Figure 1. Galactose specifically suppresses the observed LAMP2 glycosylation defect in TMEM165 KO cells. (A) Steady-state
cellular level and gel mobility of LAMP2. Control and TMEM165 KO HEK293 cells were cultured in absence or presence of
galactose (1 mM), MnCI2 (100 uM), or MnSO4 (100 uM) for 18 hours; cell lysates were prepared, subjected to SDS-PAGE, and
western blot with the indicated antibodies. (B) Steady-state cellular level and gel mobility of LAMP2. Control and TMEM165 KO
HEK293 cells were cultured in absence or presence of galactose (1 mM), glucosamine (5 mM), or N-acetylglucosamine (5 mM)
for 36 hours. Cell lysates were prepared, subjected to SDS-PAGE, and western blot with the indicated antibodies.
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Table 1. Hematological and Clinical Parameters in Patients with TMEM165 Receiving Galactose Therapy

Patient 1 Patient 2

Baseline Week 6 Week 12 Week 18 Baseline Week 6 Week 12 Week 18

Creatine kinase, IU/L (nl, <190 IU/L) 14707 820° 710%P 1184° 1223%¢  1253° 1186° 904°
PT, s (nl, 9.4-12.5 s) 12.7° 11.5¢ 11.3¢ 12.19 132 12.4 13.3? 13.7°
APTT, 5 (25-36.5 5) 35.0 35.8 315 27.2 40.2%° 25.49 387 34,27
Factor IX, % (nl, 70%—130%) 59.2% 63.12 66.1° 65.3° 75° 74.8 672 71.8
Factar X, %(nl, 70%—130%) 83 84.9 89.4 82.7 89.4 § 64.8° 512 55.12
Antithrombin, % (nl, 70%—130%) 78 96 88 88 612 87¢ 799 859
LH, U/L (nl, 1.7-8.6 U/L) <0.1° <0.1° <0.1° 0.1° 2.0 3.1 1.8 23
FSH, UL (nl, 1.2-7.7 U/) 0.5° 0.6 0.3° 0.5° 0.8° 0.8° 0.6 0.6
IGF-1, pg/L (nl, 47-251 pg/l) <357 569 479 649 123 103 125 118
IGFBP3, pg/L (nl, 1995-4904 pg/L) 1848° 21729 21499 21299 3219 2494 2931 Pending
TSH, mIU/L (nl, 0.27-4.2 mlU/L) 5.33° 4.54° 2.98¢ 417° 5.37%¢€ 4.58° 4.26° 5.83%
Free T4, pmol/L (nl, 12-22 pmol/L) 20.5 19 216 22.4° 20.5¢ 18.7 17.8 2111
AST, U/L (<37 U/L) 4072+ 4097 54922 4942° 3192 2879 2657 2459
ALT, UL (nl, <51 U/L) 78° 75° 1319 94? 66>¢ 56° 51¢ 4379
HDL cholesterol, U/L (nl, =40 U/L) 45 45 38? 41 27°¢ 24° 23° 24°

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; LH, luteinizing hormone; nl, normal limit; PT, prothrombin time.
?Qutside reference range.

“Hemolysis.

5 April 2016.

dCorrected.

€16 October 2015.

Next, we investigated whether other glycoconjugates were also affected and potentially rescued
by galactose supplementation in TMEM165 KO HEK293 cells. Therefore, glycolipids were
analyzed by MALDI-MS. As expected, the difference in gangliosides’ profiles between control
cells and TMEM165 KO HEK293 cells was clear. Although control cells expressed a complex
pattern of GSLs, including GM3 (m/z 1372/1484), GM2 (m/z 1617/1729), GM1 (m/z 1821/1933),
GD2 (m/z 1978/2090), and GD1 (m/z 2182/2294) species, KO TMEM165 HEK293 cells only
showed traces of GM3 and GM2 species (Fig. 3). This indicated a severe glycolipid glycosylation
defect that was secondary to a galactosylation defect. Although galactose supplementation did
not change the glycolipid glycosylation profile in control cells, glycolipid glycosylation was found
partially restored in TMEM165 KO HEK293 cells upon galactose supplementation. The GM3
species were certainly restored but, surprisingly, the GM2 species were not. This result strongly
suggested (1) a lack of TMEM165 affected the B-1,4-N-acetylgalactosaminyltransferase
(GM2/GD2 synthase) and (2) that galactose supplementation could not rescue the activity of the
B-1,4 N-acetylgalactosaminyltransferase. If this was true, then Mn2+ treatment would be
expected to rescue both GM3 and GM2 levels in TMEM165 KO HEK293 cells. To test this
hypothesis, glycolipid glycosylation was analyzed in TMEM165 KO HEK293 cells treated with
Mn2+. Although KO cells presented a drastic change of GM3 and GM2 species compared with
control cells, Mn2+ supplementation rescued the synthesis of both GM3 and of GM2 species (Fig.
4). This clearly showed that the transfer of GalNAc on glycolipids was also impaired in the absence

of TMEM165.
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Figure 2. Galactose supplementation suppresses the observed galactosylation defect on N-glycans in TMEM165 KO cells. (A)
MALDI-TOF-MS spectra of the permethylated N-glycans from control HEK293 cells. (B) MALDI-TOF-MS spectra of the
permethylated N-glycans from control HEK293 cells treated with galactose (1 mM, 36 hours). (C) MALDI-TOF-MS spectra of the
permethylated N-glycans from TMEM165 KO HEK293 cells. (D) MALDI-TOF-MS spectra of the permethylated N-glycans from
TMEM165 KO HEK293 cells treated with Galactose (1 mM, 36 hours). The symbols representing sugar residues are as follows:
closed square, N-acetylglucosamine; open circle, mannose; closed circle, galactose; open diamond, sialic acid; and closed triangle,

fucose. Linkages between sugar residues have been removed for simplicity.
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ICAM-1 levels increased significantly in vitro on galactose treatment of TMEM165-CDG patient

cells

Immunohistochemistry showed a significant decrease in glycosylated InterCellular Adhesion
Molecule 1 (ICAM-1) in cultured skin fibroblasts derived from patient 1 carrying the homozygous
€.792+182G.A mutation (Supplemental Fig. 2). ICAM-1 has eight N-glycosylation sites and its cell
surface expression is known to be markedly diminished in CDG cells. This finding is consistent
with the global decrease of cell surface glycoprotein associated with TMEM165 deficiency.
Following five days of galactose supplementation in culture media, a slight but significant
improvement of ICAM-1 protein expression was observed by immunohistochemistry
(Supplemental Fig. 2). This supports the beneficial effect of galactose supplementation in
TMEM165 deficiency. The up-regulation of ICAM-1 cell surface expression was significant at
2.0mM and 10 mM D-galactose supplementation, with a 2.5 fold and 3.5 fold increase (P = 0.006
and 0.02), respectively. ICAM-1 western blot after 7 days of galactose supplementation also

showed a 3.9-, 2-, and 2.8-fold increase at 0.75, 2.0 and 5 mM, respectively (data not shown).

Galactose supplementation is well tolerated and improves biochemical parameters in patients

with TMEM165-CDG

Both patients were compliant with D-galactose supplementation during the study.
Neither patient had diarrhea or vomiting during the trial. No other adverse effects or galactosuria
were reported.

Improved well-being and increased activity levels were reported in both patients. Both,
although carrying the same homozygous TMEM165 variant, showed substantial variability
between laboratory parameters. The few overlapping abnormalities included increased baseline
levels of blood creatine kinase, transaminases, prothrombin time, and thyroid-stimulating
hormone. Furthermore, patient 1 had decreased factor IX activity and IGF1 and IGFBP3 levels.
These levels were normal in the 16-year-older, adult patient, patient 2. He had decreased
activated thromboplastin time (APTT) and antithrombin. Manganese levels were normal in blood

samples.

136

© 2017 Tous droits réservés. lilliad.univ-lille.fr



100

% Intensity

1010 1122

Thése de Sven Potelle, Lille 1, 2017

[} Cer
1617 1729

[} Cer
O—D-‘SD-O—Cer J
‘P-%p-.-Cer
/ \ /
1821 19331978 2090 218{ 22/94
N W .

0
750 1100 ﬁ450 miz 1800 2150 2500
B O-O-C@-Cer
100 806 O-O-@-Cer
@-Cer
» [m] Cer
g \
B
Cer 1
S 50 918 1729
—i O—.—Cer o Cer Cer
S 1010 1122 .5313 Cer
1372 1484 J \ /
* ok 1460 1821 1933 / / /
o VLTI Y FOPIY TR NOTO bodalg I 1978 2090 2182 2294
750 1100 /450 miz 1800 2150 2500
HrO-O-@Cer
Om-O-@-Cer
100, 36 C
@-Cer
“\
> 918
2
S 50 Cer
£
= 13721484 O Cer
* % / 1729
* * 1733
0“‘ bl I' l. *LL l s J_ " 16[17 / N .
750 1100 1450 miz 1800 2150 2500
100, 8¢ D
@-Cer
<\
> 918
= j)—.—Cer
=
2 50
£ O-@-Cer ?}.—Cer
=
1484 o1 Cer
1372 l 1729 \
1010 1733
T _A.ALI..J;.l 15721617 N~ 1;32’1 1933

?50

/ 1800 2150 2500
1460 / iz

-O-O-@Cer
O-m-O-@-Cer

Figure 3. Galactose supplementation only partially suppresses the observed glycosylation defect on glycolipids in TMEM165 KO
cells. (A) MALDI-TOF-MS spectra of permethylated glycolipids from control HEK 293 cells. (B) MALDI-TOF-MS spectra of
permethylated glycolipids from control HEK 293 cells treated with galactose (1 mM, 36 hours). (C) MALDI-TOF-MS spectra of
permethylated glycolipids from TMEM165 KO HEK293 cells. (D) MALDI-TOF-MS spectra of permethylated glycolipids from
TMEM165 KO HEK293 cells treated with galactose (1 mM, 36 hours). The symbols representing sugar residues are as follows:
vellow closed square, N-acetylgalactosamine; blue circle, glucose; yellow circle, galactose; open diamond, sialic acid. Linkages
between sugar residues have been removed for simplicity. All GSLs are present as d18:1/C16:0 and d18:1/C24:0 ceramide

isomers.
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Figure 4. MnCI2 supplementation totally suppresses the observed glycosylation defect on glycolipids in TMEM165 KO cells. (A)
MALDI-TOF-MS spectra of permethylated glycolipids from control HEK293 cells. (B) MALDI-TOF-MS spectra of permethylated
glycolipids from control HEK293 cells treated with MnCI2 (100 uM, 36 hours). (C) MALDI-TOF-MS spectra of permethylated
glycolipids from TMEM165 KO HEK293 cells. (D) MALDI-TOF-MS spectra of permethylated glycolipids from TMEM165 KO HEK293
cells treated with MnCI2 (100 uM, 36 hours). The symbols representing sugar residues are as follows: yellow closed square, N-
acetylgalactosamine; blue circle, glucose; yellow circle, galactose; open diamond, sialic acid. Linkages between sugar residues
have been removed for simplicity. All GSLs are present as d18:1/C16:0 and d18:1/C24:0 ceramide isomers.
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Upon administration of oral D-galactose, there was either a prospective improvement or
no substantial effect on the different laboratory parameters. Positive effects of galactose were
observed for APTT, antithrombin, IGF1, IGFBP3, and alanine aminotransferase levels in either of
the patients. Factor IX deficiency did not normalize in patient 1, but its improvement was
apparently sufficient to normalize APTT. Alanine aminotransferase, but not aspartate
aminotransferase, improved in patient 2. During the 18 weeks of D-galactose supplementation,
there was no effect on creatine kinase, TSH, and cholesterol levels in either patient. To normalize
parameters, 1 g/kg/d was sufficient, and no additional benefit was seen from increasing the

dosage to 1.5 g/kg/d (Table 1).

Galactose treatment improves N-glycosylation in patients with TMEM165-CDG

To follow changes in N-glycosylation during galactose supplementation, serum N-glycan
analysis was performed by mass spectrometry. Figure 5 shows the structures of the N-linked
glycans on serum glycoproteins from 2 patients before and after galactose therapy.

Before galactose treatment, a strong presence of undersialylated and
undergalactosylated glycans (Hex5HexNAc4 was at m/z 2040, and Hex4HexNAc4 was at m/z
1836) was observed. Interestingly, under galactose therapy, a consistent decrease in the
abundance of the structures m/z 1836 (214%) and 2040 (214%) was seen. These results
demonstrate the positive effects of the galactose therapy on glycosylation. To confirm these
results, analysis was performed of the serum transferrin isoelectric focusing. Patient 1, the most
severely affected, presented no substantial changes in 2-, 3-, and 4-sialo transferrin glycoforms
under galactose therapy. However, a 15% decrease in 1-sialo and an 8% increase in 5-sialo
transferrin glycoforms were observed. For the second patient, a 36% decrease in 1-sialo, a 55%
decrease in 2-sialo, a 5% increase in 4-sialo, and a 24% increase in 5-sialo transferrin glycoforms
were observed under galactose therapy. Altogether, these results highlight that galactose
supplementation reduces the glycosylation defect initially observed in patients deficient in

TMEM165.
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Figure 5. Galactose therapy ameliorates the N-glycosylation in individuals with TMEM165 deficiency. (A and C) MALDI-TOF-MS
spectra of the permethylated N-glycans from sera of 2 patients with TMEM165 deficiency who carry the homozygous
€.792+182G.A mutation. (B and D) MALDI-TOF-MS spectra of the permethylated N-glycans from sera after 18 weeks of galactose
therapy. The symbols representing sugar residues are as follows: closed square, N-acetylglucosamine; open circle, mannose;

closed circle, galactose; open diamond, sialic acid; and closed triangle, fucose. Linkages between sugar residues have been
removed for simplicity.
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DISCUSSION

TMEM165 deficiency is a subtype of CDG, a group of inherited diseases with impaired
glycan biosynthesis (13—-16). Here, we demonstrate that Golgi hypoglycosylation due to
deficiency in TMEM165, a putative Golgi ion transporter and regulator in Golgi Mn2+
homeostasis, improves on galactose supplementation (3).

Recently, mutations have been described in another solute carrier transporter causing
CDG, namely, the electroneutral Mn2+/HCO3% and Zn2+/HCO3?% transporter encoded by
SLC39A8 (17). This clearly demonstrates the crucial requirement of ion transporters to provide
divalent cations for the activity of Golgi glycosyltransferases. Interestingly, Park and collaborators
(17) have shown that oral galactose supplementation resulted in complete normalization of
glycosylation in SLC39A8-CDG. Dietary supplementation of galactose has already been reported
to be successful in patients with PGM1 deficiency and SLC35A2 deficiency (18, 19, 20). We
wanted to test whether galactose treatment is beneficial in both TMEM165 KO cells and in
patients with TMEM165-CDG. Oral galactose treatment of our patients was well tolerated and
compliance was well achieved. No galactosuria occurred on incremental dosage. Manganese
treatment was not attempted, because of normal blood levels of manganese and potential
toxicity.

Galactose supplementation improved several, but not all, laboratory results in our
patients (Table 1); specifically, coagulation parameters, IGF1, and IGFBP3 were improved in
patient 1. The interindividual variability between patients (already at baseline) possibly was due
to their different ages (16 years apart). Although most patients with CDG who underwent a trial
of D-galactose supplementation in the past because of galactosylation defect showed some
biochemical and/or clinical improvement after 2 to 3 months, we cannot rule out that a longer
dietary period could have more obvious beneficial effects in patients with TMEM165-CDG.
Consistent with these clinical observations, serum N-glycan analysis by mass spectrometry
showed improved galactosylation in both patients under galactose therapy.

At the cellular level, a strong galactosylation defect was observed in both N-glycoproteins
and glycolipids before treatment. Mn2+ treatment completely suppressed the glycosylation
defect. However, differences were observed under galactose treatment, resulting in a complete
normalization of N-linked glycans and a partial normalization of glycolipids. In TMEM165 KO cells,
Mn2+ supplementation completely rescued the transfer of both Gal and GalNAc on glycolipids,

whereas the galactose treatment only rescued the transfer of galactose residues on glycolipids.
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This shows that TMEM165 deficiency not only impairs the activities of Golgi
galactosyltransferases but also those of Golgi GalNAc transferases. Altogether, this reinforces the
idea that the observed impaired Golgi glycosylation in TMEM165-deficient cells results from Golgi
Mn2+ disturbances. How does galactose supplementation rescue the galactosylation defect?
Galactose is known to be transported into the cells by several glucose transporters such as
GLUT1, GLUT3, and GLUT4, the insulin-independent transporter (21). Within the cytosol,
galactose is rapidly phosphorylated into galactose-1- phosphate. UDP-galactose (UDP-Gal) is then
generated by the galactose-1-phosphate uridyltransferase that catalyzes the transfer of a UMP
group from UDP-glucose to galactose-1-phosphate (22). Thus, galactose supplementation might
be able to increase the intracellular level of UDP-Gal. Translocation of UDP-Gal from the cytosol
to Golgi lumen occurs through the UDP-Gal transporter (UGT), which is an antiporter that
mediates the exchange of cytosolic UDP-Gal and luminal UMP across the Golgi membrane. Two
Golgi UDP-Gal transporters have been identified so far, UGT1 and UGT2 (23).

Although these transporters could play a role in the UDP-Gal Golgi luminal increase after
galactose treatment, the import is strictly dependent on a UMP exchange (24, 25). In galactose-
treated cells, we can reasonably hypothesize that the Golgi luminal UMP concentration, due to
impaired Golgi galactose transporter activities, is too low to create a gradient sufficient to import
UDP-Gal. Similarly, in a human disorder of UDP-Gal transport (SLC35A2 defect) treatment with
galactose restores glycosylation and improves clinical symptoms in patients (19).

Another possibility is that cellular galactose entry is linked to Mn2+ entry. In that case,
the glycosylation normalization observed under galactose treatment would be linked to a
corresponding increase in cellular Mn2+. Our results show that this is unlikely, because glycolipid
biosynthesis was altered after galactose or Mn2+ treatment in TMEM165-deficient cells.

The UGT transporters probably do not play any role in this process, because galactose
treatment of CHO-Lec8 cells defective in UDP-Gal import in the Golgi increases galactosylation
(19). One can hypothesize that UDP-Gal reaches the Golgi via the secretory pathway by using a
UDP-Gal transporter localised in the endoplasmic reticulum (ER). Although no UDP-Gal
transporters have clearly been identified in the ER so far, there are some promising candidates.
In Arabidopsis thaliana, it was shown that AtUTr1 is a UDP-Gal/UDP-GIc transporter transporting
UDP-Glc 200 times faster than UDP-Gal (26). Another interesting potential candidate is the UDP-
galactose transporter-related protein 1 SLC35B1 that localizes to the ER membrane. It is possible

that the cytosolic UDP-Gal increase favors the ER UDP-Gal entry by such transporters and its
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transport toward the Golgi via the secretory pathway (27). Besides, it has also been shown that
there is an association of the Golgi UDP-galactose transporter with UDP-galactose:ceramide
galactosyltransferase, localized in the ER. This allows UDP-galactose entry in the ER that can be
transported to the Golgi apparatus (28).

Park et al. (17) showed a robust effect of galactose supplementation in SLC39A8-deficient
patients with manganese deficiency as an underlying cause of their glycosylation defect. As in
TMEM165, supplementing manganese completely rescued the defect while there was only a
partial restitution on galactose treatment. In this process, the most likely enzymatic step is B-1,4-
galactosyltransferase, a manganese-dependent enzyme essential for glycan synthesis. Along
these lines, we hypothesize that in TMEM165-CDG, the improvement due to galactose therapy
is through a combination of increased cellular galactose uptake (via GLUT1), increased transport
of UDP-Gal to the Golgi, and an increased activity of intraluminal galactosyltransferases, such as
B4GALTL.

In conclusion, the beneficial effects of oral galactose supplementation on glycosylation

adds TMEM165 deficiency to the list of CDG treatable by galactose.
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Supplementary figures

A B

Control KO TMEM165

KO TMEM165
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& TMEM165 (34 kDa)

Supplementary figure 1: Verification of TMEM165 knockout by CRISPR-Cas9 on HEK293 cells. (A) Steady state cellular level of
TMEM165. Total cell lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. (B) Control

and KO TMEM165 cells were fixed and labeled with antibodies against TMEM165 and GalT (B4GalT1) before confocal microscopy
visualization.
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Control
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Supplementary figure 2: ICAM-1 levels increased in-vitro on galactose treatment of TMEM165-CDG patient fibroblasts. Control
cells and TMEM165-CDG patient cells were treated for five days with the indicated galactose concentration. Cells were then fixed
and labeled with antibodies against ICAM-1 before confocal microscopy visualization. DAPI staining was performed and shows
the nucleus.
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2.3. Complementary results

In addition to LAMP2, we have also analysed TGN46 migration profile by western blot in the same

experimental conditions as the ones decribed for LAMP2 (Figure 37).
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Figure 37. Galactose does not suppresses the observed TGN46 glycosylation defect in HEK TMIEM165 KO cells. (A) Steady-state
cellular level and gel mobility of TGN46. Control and TMEM165 KO HEK293 cells were cultured in absence or presence of
galactose (1 mM), MnCI2 (100 uM), or galactose (1ImM) + MnCI2 (100uM) for 18 hours; cell lysates were prepared, subjected to
SDS-PAGE, and western blot with the indicated antibodies. (B) Steady-state cellular level and gel mobility of TGN46. Control and
TMEM165 KO HEK293 cells were cultured in absence or presence of galactose (1 mM), glucosamine (5 mM), or N-
acetylglucosamine (5 mM) for 36 hours. Cell lysates were prepared, subjected to SDS-PAGE, and western blot with the indicated
antibodies.
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Control and KO TMEM165 HEK293 cells were cultured without or with galactose
supplementation in the culture medium. Consistent with our previous reports, a dramatic change
in the TGN46 gel mobility was observed in TMEM165 KO HEK293 cells, indicating a severely
defective glycosylation (Figure 37A). As expected, MnCI2 treatment completely restored normal
TGN46 gel mobility in TMEM165 KO HEK293 cells. Interestingly, unlike LAMP2, TGN46 gel
mobility was not normalised by 1mM galactose supplementation. Other monosaccharides were
also tested, but none had any effect on the gel mobility of TGN46 in TMEM165 KO HEK293 cells
(Figure 37B). These results demonstrate that D-galactose is unable to normalise TGN46 gel

mobility.

2.4. Discussion

2.4.1. Deciphering the mechanism of galactose supplementation

In this study, we have demonstrated that Golgi glycosylation defects due to deficiency in
TMEM165 improved on galactose supplementation. As a basic scientist, the main following is
how does galactose supplementation rescue the galactosylation defect? Several possibilities

came to our mind.

Galactose is known to be imported into the cells by several Glc transporters such as GLUT],
GLUT3, and GLUT4. Within the cytosol, Gal is phosphorylated into Gal-1-phosphate then
converted in UDP-Gal by the Gal-1-phosphate uridylyltransferase (GALT). Thus, Gal
supplementation might increase the cytosolic level of UDP-Gal, then boosting the Golgi uptake
of UDP-Gal by SLC35A2. Finally, this will lead to an increase of UDP-Gal in the Golgi, which is the
donor substrate for galactosyltransferases. However, UDP-Gal import in the Golgi is strictly
dependent on a UMP exchange and we can reasonably think that in galactose-treated cells, the
Golgi luminal UMP concentration is too low to create a gradient sufficient to highly increase the
UDP-Gal uptake. Besides, in SLC35A2-CDG, treatment with galactose restores glycosylation and
improves clinical symptoms in patients, proving that UDP-Gal Golgi uptake is not only linked to

SLC35A2 function.

Therefore, one can hypothesize that UDP-Gal can reach the Golgi by using an ER UDP-Gal

transporter. Although no UDP-Gal transporters have clearly been identified in the ER so far, there
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are some promising candidates. For example, in Arabidopsis thaliana, it was shown that AtUTr1
is a UDP-Gal/UDP-Glc transporter in the ER transporting UDP-Glc 200 times faster than UDP-Gal
[304]. A potential candidate in human is the UDP-galactose transporter-related protein 1
(SLC35B1) that localizes to the ER membrane and that is thought to be a UDP-Gal transporter. It
is then conceivable that an increase in cytosolic UDP-Gal allows UDP-Gal entry in the ER by such
transporters that will finally reach the Golgi via the secretory pathway. In addition, it has also
been shown that there is an association of the Golgi UDP-Gal transporter with the UDP-
galactose:ceramide galactosyltransferase, localized in the ER [305]. This also suggest a UDP-Gal

entry in the ER that can then be transported to the Golgi apparatus.

Another possibility suggested by Park and collaborators for SLC39A8-CDG, is that galactose entry
is linked to Mn2+ entry. In that case, the glycosylation normalization observed under galactose
treatment would be linked to a corresponding increase in cellular Mn2+. Our results show that
this is unlikely, because glycolipid biosynthesis was not fully normalized after galactose
treatment. Indeed, we also observed a GalNAc defect that was only completely rescued after

Mn2+ treatment.

2.4.2. Different effect of galactose and MnCl2 on LAMP2 and TGN46 gel mobility

Surprisingly, unlike LAMP2, TGN46 abnormal gel mobility was not normalized by galactose
supplementation (Figure 37). Besides, LAMP2 gel mobility was improved but not totally
normalized after galactose treatment (Figure 1 of the paper). In fact, TGN46 and LAMP2 both
carry N-glycans but also mucin-type O-glycans, as described in the introduction of the first paper.
As presented in the chapter 4 of the introduction, the first step of mucin-type O-glycosylation is
likely to be affected by TMEM165 deficiency. Indeed, the transfer of the GalNAc residue by
ppGalNACT is Mn2+ dependent. Therefore, this step is only enhanced by Mn2+ supplementation
and not by galactose treatment. Thus, the gel mobility differences observed on LAMP2 after
MnCI2 or galactose treatment are probably due to the presence of O-glycans that are not

normalized after galactose treatment.

Interestingly, TGN46 gel mobility does not seem to be normalized at all by galactose treatment.

There are two explanations to this observation in our assay: either TGN46 N-glycosylation is
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somehow not affected in TMEM165 depleted cells, or TGN46 is rather a marker of mucin-type

O-glycosylation than a N-glycosylation marker.

Consequently, although classically used as quick readout for N-glycosylation, it is important to
note that these two proteins also carry O-glycans that can have an impact on the interpretation

of the results.

2.4.3. Galactose and Mn treatment in CDG

Dietary supplementation of galactose has already been reported to be successful in patients with
PGM1 deficiency and SLC35A2 deficiency. However, in the case of PGM1-CDG, galactose
supplementation also presented some limitations. Indeed, galactose was unable to permanently
correct the glycosylation defect and did not improved growth rate in a PGM1-CDG patient [306].
More recently, Park and collaborators have shown that oral galactose supplementation resulted
in complete normalization of glycosylation in SLC39A8-CDG. However, since SLC39A8 is an
electroneutral Mn2+/HCO3? and Zn2+/HCO3? transporter at the plasma membrane, galactose
supplementation can only treat symptoms attributable to hypogalactosylation and does not
correct malfunction of other manganese-dependent enzymes. Therefore, authors have also
tested the effects of Mn2+ on two SLC39A8-CDG patients. They noticed that Mn2+ can easily
replace galactose to normalize transferrin glycosylation. They also observed a normalization of
all biochemical parameters that were abnormal and some clinical parameters improved.
Interestingly, no accumulation of Mn in the brain and no symptoms of manganism were observed

after brain MRI.

These observations show that in the case of glycosylation defects due to Mn homeostasis
disturbance, manganese supplementation represents a better therapeutic approach than
galactose by its ability to correct all biochemical abnormalities that have been detected so far. It
encourages us to try in Mn therapy on TMEM165-CDG patients in the near future. However, Mn
treatment was not attempted as first therapeutic approach for several reasons. First, patients
had normal blood levels of manganese and Mn supplementation could potentially be highly toxic
for those patients. Second, compared to the normal daily intake of 1-2mg manganese in adults,
the therapeutic dose is much higher to be efficient. Therefore, it requires to be carefully monitor
with brain MRI check-ups to prevent manganism and thus Mn therapy is more difficult to setup

than galactose therapy, already used in CDG.
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2.5. Abstract in French

Contexte: TMEM165-CDG est une maladie multisystémique sévere qui se manifeste par une
atteinte métabolique, endocrine et squelettique. Une déficience en TMEM165 conduit a un type
de troubles congénitaux de la glycosylation (CDG), un groupe de maladies héréditaires dans
lesquelles le processus de glycosylation est altéré. Un défaut de galactosylation a été observé
chez les patients apres analyse des N-glycanes sériques. Il y a a ce jour plus de 100 CDG, mais

seuls certains CDG peuvent étre traités.

Objectif: Le galactose s'est révélé bénéfique comme traitement dans d'autres types de CDG avec
une galactosylation anormale. L'objectif de cette étude est de caractériser les effets d’une
supplémentation en galactose sur la glycosylation golgienne dans les cellules HEK293 déficientes

en TMEM165, ainsi que chez deux patients atteints de TMEM165-CDG.

Conception et mise en ceuvre: La glycosylation a été évaluée par spectrométrie de masse, par

western blot (de LAMP2 et ICAM-1) et par isoélectrofocalisation de la transferrine.

Résultats: Nous avons analysé les N-glycanes et glycolipides dans des cellules HEK293 déficientes
en TMEM165, révélant des hypogalactosylations séveres et des défauts de transfert de GalNAc.
Bien que ces défauts aient été completement corrigés par I'addition de Mn2+, nous avons
démontré que le défaut de N-glycosylation observé pouvait également étre corrigé par une
supplémentation en galactose. Nous avons ensuite montré que la supplémentation en galactose
par voie orale chez les patients atteints de TMEM165-CDG a amélioré les paramétres
biochimiques et cliniques, y compris une amélioration de la fonction endocrinienne et des
parameétres de coagulation. Enfin, un début de normalisation du profil de glycosylation de la

transferrine a été observé.

Conclusion: a notre connaissance, c'est la premiéere fois qu’est décrite une glycosylation
anormale des lipides due a une déficience en TMEM165. C’'est également la premiéere description
d’un traitement oral efficace dans le cas d’'une déficience en TMEM165. Nous recommandons

donc l'utilisation de D-galactose par voie orale dans les cas de TMEM165-CDG.
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[3] MANGANESE-INDUCED TURNOVER OF TMEM165

3.1. Introduction

In the first paper, we showed that TMEM165 was involved in Golgi Mn2+ homeostasis and then
hypothesized that TMEM165 could be a novel Golgi Mn2+/Ca2+ antiporter. Although progresses
have been made in identifying cellular Mn2+ transporters in mammals, the mechanisms of Mn2+

homeostasis maintenance are still unclear.

In 2005, Culotta and collaborators have published a review about Mn transport and trafficking in
yeast. They present two members of the Nramp family of metal transporters (Smflp and Smf2p)
involved in intracellular trafficking of manganese [307]. Smflp has been observed to localize to
the plasma membrane of S. cerevisiae but its contribution in Mn2+ homeostasis seems limited
under physiological conditions. Smf2p shares 50% identity with Smflp but is localized in
intracellular Golgi-like vesicles. Interestingly, these proteins are upregulated when yeasts are
starved for manganese and targeted to vacuolar degradation when manganese levels become
toxic. In fact, studies of Mn2+ homeostasis in yeasts have indicated that most of the proteins
involved in Mn2+ homeostasis are differentially targeted and/or degraded in response to Mn2+
[307,308]. Besides, Dambach and collaborators have stated that the UPFO016 family certainly
comprises proteins regulated by Mn2+ [309]. Moreover, in mammals, there is a protein named
GPP130 that is known to be a specific Golgi Mn2+ sensor [299]. In presence of 500uM MnCl2,

GPP130 was shown to be targeted to lysosomal degradation via a Rab7 dependent mechanism.

Altogether, these publications led us to test the impact of high extracellular Mn2+ concentrations

on the subcellular localisation and stability of TMEM165.

This study involves a combination of immunofluorescence and western blot experiments. We
have once again employed GPP130 as a Golgi Mn2+ sensor. Cell surface biotinylation was
performed to observe the putative TMEM165 fraction at the plasma membrane. TMEM165-CDG
patient fibroblasts with E108G or R126H mutations and plasmid coding for TMEM165-E108G

variants were also used in the study.
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3.2. Publication

Manganese-induced turnover of TMEM165
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Abstract

TMEM165 deficiencies lead to one of the congenital disorders of glycosylation (CDG), a group
of inherited diseases where the glycosylation process is altered. We recently demonstrated
that the Golgi glycosylation defect due to TMEM165 deficiency resulted from a Golgi
manganese homeostasis defect and that Mn2+ supplementation was sufficient to rescue
normal glycosylation. In the present paper, we highlight TMEM165 as a novel Golgi protein
sensitive to manganese. When cells were exposed to high Mn2+ concentrations, TMEM165 was
degraded in lysosomes. Remarkably, while the variant R126H was sensitive upon manganese
exposure, the variant E108G, recently identified in a novel TMEM165-CDG patient, was found
to be insensitive. We also showed that the E108G mutation did not abolish the function of
TMEM165 in Golgi glycosylation. Altogether, the present study identified the Golgi protein
TMEM165 as a novel Mn2+-sensitive protein in mammalian cells and pointed to the crucial
importance of the glutamic acid (E108) in the cytosolic ELGDK motif in Mn2+-induced
degradation of TMEM165.

Introduction

Manganese is a trace element essential for life. It is involved in the catalytic domain of many
enzymes such as Golgi glycosyltransferases, mitochondrial enzymes, and DNA and RNA
polymerases. Regulation of its homeostasis is therefore particularly important. Manganese
overexposure has been shown to induce neurological symptoms that can result in a Parkinson-
like disorder called manganism [1-3]. On the contrary, a decrease in cellular Mn2+ has recently
been shown to cause congenital disorders of glycosylation (CDG). Mutations in SLC39AS8, a
putative plasma membrane manganese transporter, lead to severe glycosylation defects [4]. We
recently reported that TMEM165 deficiency was also linked with Golgi Mn2+ homeostasis [5].
Although progress has been made in identifying cellular Mn2+ transporters in mammals, the
mechanisms of Mn2+ homeostasis are still unclear. Several different transporters have been
involved in manganese transport mechanisms, including the divalent metal transporter 1
(DMT1/NRAMP2/SLC11A2) [1,6], NRAMP1 [7], the transferrin receptor, and the transporters
SLC30A10/ZNT8 [8], SLC39A8/ZIP8 [4], and SLC30A14/ZIP14 [9,10]. At the cellular level, most of
these transporters are localized at the plasma membrane and/or in endosomes. The secretory
pathway consisting of the ER, the Golgi and associated vesicles is also crucial in regulating cellular
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Mn2+ homeostasis. In addition, the secretory pathway requires luminal Mn2+ concentration for
quality control, proper targeting and processing of proteins. Current knowledge supports that
this supply is realized via the action of SPCA1 (secretory pathway Ca-ATPase 1: ATP2C1) and
SPCA2 (ATP2C2). SPCA1 is ubiquitously expressed and mediates the import of Ca2+/Mn2+ into
the Golgi lumen [11,12]. The tissue expression of SPCA2 is more restricted. However, the
importance of the dual transport function in cellular processes is not yet completely deciphered
[11]. Overexpression of SPCA1 has been shown to facilitate Mn2+ accumulation into the Golgi
[13] and it was thus proposed that SPCA1 was a way to detoxify cytosolic Mn2+ accumulation by

sequestering it into the secretory pathway.

In 2012, we identified TMEM165 as a novel Golgi transmembrane protein causing CDG [14]. It
belongs to an uncharacterized family of membrane proteins named UPF0016 (Uncharacterized
Protein Family 0016; Pfam PF01169). We recently demonstrated that the observed Golgi
glycosylation defect resulted from Golgi Mn2+ homeostasis impairment [5]. Based on these
results, we hypothesized that TMEM165 could be a novel Golgi Mn2+ transporter. As studies of
Mn2+ homeostasis in yeasts have indicated that most of the proteins involved in regulating
intracellular Mn2+ concentrations are differentially targeted and/or degraded in response to
Mn2+, the role of TMEM165 was tested. The aim of the present study was to decipher the impact
of high extracellular Mn2+ concentrations on the subcellular localization and stability of
TMEM165. The present study demonstrates that high concentrations of extracellular Mn2+ lead
to a rapid lysosomal degradation of TMEM165. We identified the glutamic acid (E108) in the
highly conserved motif ELGDK, oriented toward the cytosol, as being crucial in the Mn-induced

degradation of TMEM165.

Results

TMEM165 is rapidly and specifically degraded in response to Mn2+

Our previous work highlighted a link between TMEM165 and Golgi Mn2+ homeostasis [5]. As
many proteins involved in regulating intracellular Mn2+ homeostasis are directly impacted in
their stability by cellular Mn2+ homeostasis changes, the effect of Mn2+ on TMEM165 was
tested. For this, a concentration of 500 uM of MnCI2 was first used for different times and the
stability of TMEM165 was assessed both by western blot and immunofluorescence experiments.

We observed that in response to Mn2+, TMEM165 levels were significantly reduced (Figure 1A,
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B). Interestingly, the same sensitivity to Mn2+ was observed for Gdtlp, the yeast ortholog of
TMEM165 (Figure 1D). The effects of other ions were also tested (Supplementary Figure S1).
Remarkably, we observed that TMEM165 degradation only occurred after MnCl2 exposure,
pointing to the specificity of TMEM165 for Mn2+. As GPP130 has also been shown to be sensitive
to high Mn2+ concentrations, we compared its time course degradation with TMEM165 (Figure
1A—-C). Quantification indicated that TMEM165 loss exceeded 95% after 8 h of Mn2+ treatment,
while only a 40% decrease was seen for GPP130. To further tackle the minimal Mn2+
concentration able to induce a loss of TMEM165, we analyzed the stability of TMEM165 with low
MnCI2 concentrations (1-50 puM). While 100 uM MnCI2 was sufficient to induce GPP130
degradation [15], our results showed that 1-25 puM of Mn2+ was already sufficient to induce a
destabilization of TMEM165 (Figure 1B). Altogether these results indicate that TMEM165,
compared with GPP130, is more sensitive to manganese and probably suggests the existence of
different degradation mechanisms in response to Mn2+. The impact of Mn2+ on TMEM165 was
also seen by immunofluorescence where a decrease in TMEM165 fluorescence associated with
Golgi was seen (Supplementary Figure S2A, B). We previously demonstrated that TMEM165
could be found at the plasma membrane [14]. To assess the impact of Mn2+ on the plasma
membrane targeted form of TMEM165, surface protein biotinylation was performed in the
absence and presence of 500 uM of MnCI2. Interestingly biotin-labeled cell surface TMEM165
displayed the same sensitivity to Mn2+ as the cellular TMEM165. This either suggests that the
Mn2+-induced degradation mechanism is not only dedicated to the Golgi pool of TMEM165 or
that less TMEM165 traffics to the plasma membrane from the Golgi when the Golgi pool of
TMEM165 has been depleted upon excess manganese exposure (Figure 2A). Previous studies
have also demonstrated that in yeast, high environmental Ca2+ concentrations in gdt1A led to
strong N-glycosylation deficiencies [5]. The impact of Ca2+ on Mn2+-induced degradation of
TMEM165 was assessed by western blot and immunofluorescence (Figure 2B, C). Ca2+ alone had
no significant effect on the stability of TMEM165. However, its combined presence with Mn2+
clearly decreased the Mn2+-induced degradation of TMEM165 (80% decrease for the Mn2+
treatment alone compared with 40% decrease for both Ca2+ and Mn2+; Figure 2B). This was

confirmed by confocal microscopy (Figure 2C).
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Figure 1. TMEM is rapidly degraded in response to Mn2+. (A) Steady-state cellular level of TMEM165 and GPP130. Hela cells
were treated with MnCI2 500 uM for 0—-8 h. Total cell lysates were prepared, and subjected to SDS—PAGE and western blot with
the indicated antibodies. Right panel shows the quantification of TMEM165 and GPP130 protein levels after normalization with
actin [Number of experiments (N) = 2; ***P-value < 0.001]. (B) Steady-state cellular level of TMEM165. HEK293 cells were treated
with MnCI2 from 0 to 50 uM for 36 h. Total cell lysates were prepared, and subjected to SDS—PAGE and western blot with the
indicated antibodies. Lower panel shows the quantification of TMEM165 protein levels after normalization with actin (N = 2;
***p_value < 0.001). (C) Steady-state cellular level of GPP130 in the same experimental conditions as described in (B). (D) Gdt1A
yeasts expressing Gdtlp-Myc were cultured in the absence or presence of 1 mM MnCI2. Yeast lysates were then subjected to
SDS—PAGE and western blot analysis with the indicated antibodies. Right panel shows the quantification of the Gdt1p-Myc protein
levels (N = 2; ***P-value < 0.001).

Lysosomal degradation of TMEM165

As shown by Mukhopadhyay et al. [16], 500 uM MnCI2 treatment induces rapid redistribution of
GPP130 in vesicles before their lysosomal degradation. At the opposite of GPP130, no

redistribution from the Golgi to peripheral punctate structures was observed for TMEM165 in
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response to high Mn2+ concentration (Supplementary Figure S2C). This absence of vesicles could
be explained by an extremely fast degradation. To test this hypothesis, the stability of TMEM165
in response to Mn2+ was studied by immunofluorescence in the presence of chloroquine, a

lysosomal inhibitor (Figure 3A).
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Figure 2. Plasma membrane TMEM165 is also degraded by Mn2+ and Ca2+ compete with Mn2+ for TMEM165 degradation. (A)
Cell surface biotinylation was performed in the absence and presence of MnCl2 500 uM. Samples were prepared as described in
the materials and methods section and subjected to SDS—PAGE and western blot with the indicated antibodies. Lower panel
shows the quantification of TMEM165 protein levels. The plasma membrane panel is separated from the cellular panel as we had
to expose films longer to reveal the bands. (B) HEK293 cells were incubated with 500 uM MnCI2 and/or 2 mM CaCl2 for 4 h, and
then subjected to SDS—PAGE and western blot with the indicated antibodies. Right panel shows the quantification of TMEM165
protein levels after normalization with actin (N = 2; ***P-value < 0.001). (C) HEK293 cells were incubated with 500 uM MnCI2
and/or 2 mM CaCl2 for 4 h, and then fixed and labeled with antibodies against TMEM165 and GM130 before confocal microscopy
visualization (N = 2; ***P-value < 0.001). Right panel shows the quantification of the associated TMEM165 fluorescence intensity
(N =2; n=50; ***P-value < 0.001).

Although cells treated with Mn2+ alone showed a dramatic loss of TMEM165, those treated in
the presence of chloroquine exhibited an accumulation of TMEM165 in punctate structures
(Figure 3A). Immunofluorescence experiments with LAMP2, a lysosomal marker, confirmed the
presence of TMEM165 in LAMP2-positive structures in chloroquine- and Mn2+ -treated cells. The

level of co-localization was determined using Manders’ overlap coefficient and revealed a co-
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localization of TMEM165 with LAMP2 (72 + 9%). Same experiments were also done with EEA1 as
a specific marker of early endosomes and the quantification revealed no significant co-
localization of TMEM165 with EEA1 (7 £ 1%; data not shown). This result shows that TMEM165
is specifically targeted to lysosomal degradation followed Mn2+ exposure. To confirm the
lysosomal Mn2+ -induced degradation of TMEM165, an immunoblotting experiment was also
performed. As shown in Figure 3B, the Mn-induced degradation of TMEM165 was completely
blocked by chloroquine. As chloroquine is known to both shut down endosomal trafficking and
inhibit lysosomal proteases, we also tested the effects of leupeptin, a lysosomal protease
inhibitor, on the stability of TMEM165 in response to Mn2+ (Supplementary Figure S3). The
experiment confirmed the localization of TMEM165 in LAMP2-positive structure as a co-
localization of TMEM165 with LAMP2 (62 + 1%) and the absence of co-localization of TMEM165

with EEA1 (3 £ 1%; data not shown) was observed.
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Figure 3. TMEM165 is targeted to lysosomal degradation after Mn2+ exposure. (A) Hela cells were treated for 8 h with 500 uM
MnCI2 and/or 100 uM chloroquine, and fixed and labeled with antibodies against TMEM165 (upper panels) and LAMP2 (middle
panels) before confocal microscopy visualization. (B) Western blot analysis of the same experiment described in (A). Total cell
lysates were prepared, and subjected to SDS—PAGE and western blot with the indicated antibodies. Right panel shows the
quantification of the TMEM165 protein level after normalization with actin (N = 2; ***P-value < 0.001).
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The amino acid E108 of the ELGDK motif is involved in Mn2+-induced degradation of TMEM165

To gain more insight into the TMEM165 Mn2+-induced degradation mechanism, we wondered
whether the reported missense mutations (pE108G and pR126H) found in TMEM165-deficient
CDG patients could impact the TMEM165 Mn2+ sensitivity. To test the putative role of these
mutations in TMEM165 Mn2+ responsiveness, immunofluorescence and western blot
experiments were performed in the absence and presence of MnClI2 (Figure 4A,B ). The missense
mutation ¢.323 A>G (p.E108G) found in two newly TMEM165 deficient siblings was first tested
[17]. As observed for wt-TMEM165, the mutant form is Golgi-localized in fibroblasts for the two
siblings. This indicates that the mutation does not disturb the subcellular localization of the
mutated form of TMEM165 (Figure 4B). The impact of Mn2+ treatment was then investigated
during an 8 h time course by western blot and immunofluorescence experiments (Figure 4A, B).
As expected, the wild-type (wt) TMEM165 was very sensitive to Mn2+ exposure (Figure 4A).
However, the mutated form of TMEM165 (E108G) remained stable (Figure 4A, B). No changes
were observed in localization or stability by immunofluorescence. Quantification of the western
blot results indicated that wt-TMEM165 loss exceeded 95% at the 6 h time point, while only 20%
loss was observed for the mutated form p.E108G. To demonstrate the distinctive feature of this
mutation, fibroblasts from another TMEM165-CDG patient, carrying the R126H mutation, were
also tested for Mn2+ sensitivity by western blot and confocal microscopy (Figure 5). Although the
steady-state level of TMEM165, compared with control fibroblasts, is lower in the R126H
patients’ fibroblasts, our results highlighted that this mutation did not prevent the Mn2+ -
induced TMEM165 (R126H) degradation. It is also important to note that its localization is not
altered, neither at the steady-state level nor after chloroquine and Mn2+ exposure
(Supplementary Figure S5). After Mn2+ and chloroquine exposure, the co-localization between
TMEM165 and LAMP2/EEA1 was determined for both control and patient fibroblasts. For control
fibroblasts, we observed a co-localization of TMEM165 with LAMP2 (59 + 5%) and no significant
co-localization of TMEM165 with EEA1 (6 + 1%). For patient fibroblasts (R126H), the results were
the same. A co-localization of TMEM165 with LAMP2 (58 + 11%) but no significant co-localization
of TMEM165 with EEA1 (5 + 1%) was observed. Interestingly, the western blot results showed
that the R126H variant is stabilized upon Mn2+ and chloroquine exposure (Supplementary Figure
S5C). This clearly demonstrates that this allele is constitutively able to traffic to the lysosomes
upon Mn2+ exposure. In summary, our results support the evidence that the glutamic acid (E) of

the highly conserved ELGDK motif is crucial in mediating the lysosomal degradation of TMEM165
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in response to Mn2+. To determine whether the E108G mutation could also affect the function
of TMEM165, the glycosylation status of LAMP2 was assessed in TMEM165 KO HEK293 cells
generated by CRISPR-Cas9 (Figure 4C and Supplementary Figure S4). Both the expression of the
wt-TMEM165 and the E108G mutant complemented the observed glycosylation defect.
Compared with the expression of the wt TMEM165, the expression of the E108G mutant in
rescuing the LAMP2 glycosylation is less efficient. This result suggests, nevertheless, that the
E108G mutant remains functional and that the activity of TMEM165 then appears independent

of the Mn2+ -induced degradation mechanism.
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Figure 4. The glutamic acid (E108) in the ELDGK motif is crucial for Mn2+ sensitivity. (A) Healthy skin fibroblasts (upper left) and
patients’ skin fibroblasts (lower left) carrying E108G mutation were treated with 500 uM MnCI2 for 0-8 h. Total cell lysates were
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prepared, and subjected to SDS—PAGE and western blot with the indicated antibodies. Right panel shows the quantification of
TMEM165 protein levels after normalization with actin (N = 2; ***P-value < 0.001). (B) Healthy skin fibroblasts and patients’ skin
fibroblasts carrying E108G mutation were treated with 500 uM MnCI2 for 0, 4, and 8 h. Cells were then fixed and labeled with
antibodies against TMEM165 and GM130 before confocal microscopy visualization (N = 2; ***P-value < 0.001). Lower panel
shows the quantification of the associated TMEM165 fluorescence intensity (N = 2; n = 30; ***P-value < 0.001). (C) HEK293
control cells and HEK293 KO TMEM165 cells were transfected with empty-vector, wt or E108G plasmid for 36 h. Total cell lysates
were prepared, and subjected to SDS—PAGE and western blot with the indicated antibodies.
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Figure 5. TMEM165 Mn2+-induced degradation also occurs in fibroblasts carrying R126H mutation. (A) Control skin fibroblasts
and patient skin fibroblasts carrying R126H mutation were treated with 500 uM MnCI2 for 0-8 h and then fixed and labeled with
antibodies against TMEM165 and GM130 before confocal microscopy visualization. Right panel shows the quantification of the
associated TMEM165 fluorescence intensity [N = 2; number of cells (n) = 30; ***P-value < 0.001]. (B) Steady-state cellular level
of TMEM165. Fibroblasts were treated as described in (A). Total cell lysates were prepared, and subjected to SDS—PAGE and
western blot with the indicated antibodies. Right panel shows the quantification of TMEM165 protein levels after normalization
with actin (N = 2; ***P-value < 0.001).

Validation of a predicted topology of TMEM165

Human TMEM165 encodes a 7-transmembrane spanning protein of 324 amino acids. To validate
a predicted topology of TMEM165 and thus the orientation of the ELGDK motif, we used the two
available commercial antibodies against TMEM165, each recognizing two differentially oriented
epitopes: the Sigma antibodies recognizing the immunogenic sequence (aal76—aa229) and the

antibodies provided by Thermo Fischer directed against the immunogenic sequence (aal7—aa45;
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Figure 6A). The topology was determined by selective membrane permeabilization and
immunofluorescence analysis (Figure 6B). Under conditions that allowed antibody access to all
cellular compartments, both epitopes were detectable and showed co-localization with the Golgi
marker GM130 (Figure 6B). Selective permeabilization of the plasma membrane with low
concentrations of digitonin allowed visualization of the cytosolic epitope only recognized by the
Sigma antibody. On the basis of these results, we can propose a model where the loop

encompassing the aa 176—-229 is cytosolic and where the ELGDK motif is facing the cytosol (Figure

6A).
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Figure 6. TMEM165 topology. (A) Representation of TMEM165 predicted topology. The two anti-TMEM165 antibodies (Sigma—
Aldrich and Thermo Fisher Scientific) depicted here recognize two different parts of the protein. The Sigma ones recognize the
cytoplasmic loop between the fourth and fifth transmembrane domains. The Thermo ones recognize the short luminal loop
between the first and the second transmembrane domain. The red double arrows show the predicted location of the signal
sequence cleavage. The first TMD is depicted in white and with a dotted line border as it can be absent from the mature protein.
(B) Cells were fixed with PAF 4% and treated as described in the materials and methods section. Selective permeabilization was
done by using Triton X-100 or digitonin. Cells were labeled with antibodies against TMEM165 and GM130 before confocal
microscopy visualization.

SPCA1 knockdown does not prevent TMEM165-induced degradation

164

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Since the ELGDK motif is oriented toward the cytosol, we wished to assess whether TMEM165
responded to changes in cytosolic or Golgi luminal Mn2+. To tackle this point, we tested the
contribution of SPCA1 (known to be one of the major Golgi Mn2+ importers) in the Mn2+-induced
degradation of TMEM165. The impacts of knockdown of SPCA1 on the Mn2+-induced
degradation of TMEM165 were assessed. SiRNA depletion of SPCA1 was very efficient as 85% of
the protein was depleted compared with untreated cells. Interestingly, knockdown of SPCA1 did
not abolish the Mn2+-induced degradation of TMEM165 (Figure 7). The results showed that
TMEM165 loss exceeded 80% after 8 h of Mn2+ treatment both in siSPCA1 cells and untreated

cells. This highly strengthens the fact that the degradation of TMEM165 is not dependent on
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Figure 7. SPCA1 knockdown does not prevent the Mn-induced degradation of TMEM165. (A) Steady-state cellular level of
TMEM165 and SPCA1 in control and siSPCA1 Hela cells. Control and siSPCA1 Hela cells were cultured in the absence or presence
of MnCI2 (500 uM, 8 h); total cell lysates were then prepared, and subjected to SDS—PAGE and western blot with the indicated
antibodies. Right panel shows the quantification of TMEM165 and SPCA1 protein levels after normalization with actin (N = 3;
***P-value < 0.001).

Discussion

Our previous work has shown that the observed Golgi glycosylation defect due to a lack of
Gdtlp/TMEM165 resulted from a Golgi Mn2+ homeostasis defect, then leading to strong Golgi
glycosylation abnormalities. Interestingly, we demonstrated that such defects could totally be
suppressed by manganese supplementation, strongly suggesting that TMEM165 could somehow
be involved in the Golgi transport of Mn2+. It has been shown in yeast that Smflp and Smf2p,
members of the Nramp family of metal transporters, are tightly regulated by different
intracellular Mn2+ concentrations [18-20]. When cells are exposed to toxic Mn2+
concentrations, Smflp and Smf2p are targeted to the vacuole for degradation, thus stopping the
Mn2+ cellular entry. To test whether TMEM165 falls under the same regulation, TMEM165
stability for Mn2+ was tested. Our results showed that TMEM165 was highly sensitive to Mn2+

as manganese supplementation targets TMEM165 under the way of lysosomal degradation.
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Although, intriguingly, the molecular mechanisms by which TMEM165 is degraded following
Mn2+ exposure are currently not known, the Mn2+ -induced degradation of Gdt1p-Myc in yeasts
demonstrated that this mechanism is conserved during evolution. Another mammalian Golgi
protein GPP130 has been reported to be sensitive to Mn2+ [16]. While the obtained results are
very similar to the one observed for GPP130, several lines of evidences tend to prove that the
molecular mechanisms could be different. First, the manganese sensitivity is different as 25 uM
manganese is sufficient to engage TMEM165 in the lysosomal degradation pathway, while at this
concentration GPP130 is stable. We cannot, however, avoid the fact that this observed difference
in manganese sensitivity is coming from the different binding affinities of manganese for these
two proteins. Second, the manganese-induced degradation rate of TMEM165 is faster than that
of GPP130, as TMEM165 accumulation was never seen in punctate structures under
Mn2+ supplementation. Because GPP130 and TMEM165 present high sensitivity to manganese,
we cannot exclude a functional link between these two Golgi proteins. Interestingly, while the
R126H mutation remains Mn2+ responsive, the glutamic acid (E108) in the highly conserved
ELGDK motif was shown to be insensitive to Mn2+ exposure and then crucial in TMEM165 Mn2+-
induced degradation. One can suppose that these two mutations act differently on the Mn2+-
induced degradation mechanisms of TMEM165. Our data also show that the E108G TMEM165
mutant form is able to rescue the glycosylation defect, although less efficiently than the wt-
TMEM165 form. This suggests that the Mn2+-induced degradation mechanism is independent of
the function of TMEM165 in Golgi glycosylation. According to the prediction of TMEM165
membrane topology, this motif is oriented towards the cytosol and located between the second
and the third transmembrane domains of TMEM165. Our results show that TMEM165 responds
to changes in cytosolic Mn2+ and not Golgi luminal changes. Although the R126H mutation

reduces basal TMEM165 expression, the protein remains Mn responsive.

The other important question is, why is TMEM165 degraded by high cytosolic Mn2+
concentration? While we currently do not have the answer, our data raise several hypotheses.
As a slight fraction of TMEM165 can be found at the plasma membrane, the degradation could
be a mechanism to prevent Mn2+ entry through the plasma membrane. As mammalian cells can,
however, transport the metal by other plasma membrane transporters, this hypothesis is not
likely. When cells are exposed to high manganese concentrations, the plasma membrane
transporters import the dangerous metal in the cytosol where it accumulates and impairs many

fundamental cellular processes. It is critical for the cell to detoxify the cytosol. The detoxification
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is crucial to avoid the impairment of many fundamental cellular processes. It is known that
SPCA1, the Golgi P-type ATPase essential to import cytosolic Ca2+ but also Mn2+ inside the Golgi
lumen, is the major way for eliminating the surplus of cytosolic Mn2+ from the cell. As TMEM165
is degraded when the manganese level becomes toxic, we can hypothesize that this mechanism
participates in detoxification. This is still unclear how TMEM165 participates in such a process,
but one can think that TMEM165, in the presence of high Mn2+ concentration in the Golgi, could
transport back the Mn2+ into the cytosol. In that case, the specific degradation of TMEM165 in
response to Mn2+ would prevent the Mn2+ from the Golgi to be recaptured back into the cytosol,
a mechanism that would definitely annihilate the efforts made by SPCA1. Overall, our studies
highlight TMEM165 as a novel Golgi Mn2+ sensitive protein in mammalian cells. This discovery
sheds light on a novel actor involved in the regulation of intracellular Mn2+ homeostasis and the

pathophysiological mechanisms in TMEM165-CDG patients.

Material and methods
Antibodies and other reagents

Anti-TMEM165 and anti-B Actin antibodies were from Sigma—Aldrich (St Louis, MO, U.S.A.). The
other anti-TMEM165 antibody was purchased from Thermo Fisher Scientific (Waltham, MA,
U.S.A.). Anti-SPCA1 antibody was purchased from Abcam (Cambridge, U.K.). Anti-GM130
antibody was from BD Biosciences (Franklin lakes, NJ, U.S.A.). Anti-GPP130 antibody was
purchased from Covance (Princeton, NJ, U.S.A.). Anti-myc (9E10) was purchased from Santa Cruz
Biotechnology (Dallas, TX, U.S.A.). Goat anti-rabbit or goat anti-mouse immunoglobulins HRP-
conjugated were purchased from Dako (Glostrup, Denmark). Polyclonal goat anti-rabbit or goat
anti-mouse conjugated with Alexa Fluor were purchased from Thermo Fisher Scientific
(Waltham, MA, U.S.A.). Manganese (ll) chloride tetrahydrate was from Riedel-de-Haén (Seelze,

Germany). All other chemicals were from Sigma—Aldrich unless otherwise specified.
Constructs, vector engineering and mutagenesis

Plasmids, pcDNA3.1 derivatives expressing either wt-TMEM165 or p.E108G version of TMEM165
(c.A323G mutation), have been generated by Ezyvec (Lille, France). Generation of TMEM165
knockouts HEK293T cells (ATTC) were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM)/F12 medium (Thermo Scientific) supplemented with 10% fetal bovine serum (FBS; Atlas
Biologicals). Cells were maintained at 37° and 5% CO2 in a 90% humidified incubator. HEK293T
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TMEM165 stable knockouts were generated using the CRISPR technique [21-24]. gRNA
sequences were purchased from Genecopoeia (Catalog No. HCP214780-SG01-3). HEK293T cells
were transfected with plasmid containing gRNA and a separate plasmid containing Cas9 and
mCherry. HEK293 cells were transfected in a 6-well plate at 70% confluence using Lipofectamine
2000 in Opti-MEM (Thermo Scientific). Cells were incubated with the lipid-DNA complexes for 5
h after which the cells were supplemented with DMEM/F12 with FBS at a final concentration of
5%. The medium was changed to DMEM/F12 with 10% FBS 24 h after transfection. Twelve days
after transfection, cells were single-cell sorted and knockout colonies were identified by
immunofluorescence and western blot using antibodies to TMEM165 (Sigma). Sequencing of

knockouts identified deletions in exon 1.

Cell culture and transfections

All cell lines were maintained in DMEM supplemented with 10% FBS (Lonza, Basel, Switzerland),
at 37°C in a humidity-saturated 5% CO2 atmosphere. Transfections were performed using
Lipofectamine 2000® (Thermo Scientific) according to the manufacturer’s guidelines. For drug

treatments, incubations were done as described in each figure.

Immunofluorescence staining

Cells were seeded on coverslips for 12—24 h, washed once in Dulbecco’s Phosphate Buffer Saline
(DPBS, Lonza) and fixed either with 4% paraformaldehyde (PAF) in PBS (pH 7.3) for 30 min at
room temperature or with ice-cold methanol for 10 min at room temperature. Coverslips were
then washed three times with PBS. Only if the fixation had been done with PAF, cells were
permeabilized with 0.5% Triton X-100 in PBS for 15 min and then washed three times with PBS.
Coverslips were then put in saturation for 1 h in blocking buffer [0.2% gelatin, 2% Bovine Serum
Albumin (BSA), 2% FBS (Lonza) in PBS], followed by incubation for 1 h with primary antibody
diluted at 1:100 in blocking buffer. After washing with PBS, cells were incubated for 1 h with
Alexa 488-, Alexa 568-, or Alexa 700-conjugated secondary antibody (Life Technologies) diluted
at 1:600 in blocking buffer. After washing three times with PBS, coverslips were mounted on glass
slides with Mowiol. Fluorescence was detected through an inverted Zeiss LSM780 confocal
microscope. Acquisitions were done using the ZEN pro 2.1 software (Zeiss, Oberkochen,

Germany). For selective membrane permeabilization, we have used digitonin at 5 pg/ml. Stock
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solution was prepared at 5 mg/ml in absolute ethanol, 0.3 M sucrose 0.1 M KCl, 2.5 mM MgCl2,
1 mM EDTA, 10 mM HEPES, pH 6.9. Permeabilization was done at 4°C for 15 min.

Image analyses

Immunofluorescence images were analyzed using TisGolgi, a home-made imagel

(http://imagej.nih.gov/ij) plugin developed by TISBio and available upon request. Basically, the

program automatically detects and discriminates Golgi and vesicles, based on morphological
parameters such as size and sphericity. Then, the program calculates for each image the number
of detected objects, their size and mean fluorescence intensity. Co-localization analyses were

done using JACoP plugin and performed according to the guidelines suggested by Bolte et al. [25].

Western blotting

Cells were scraped in DPBS and then centrifuged at 4500 rpm for 3 min. Supernatant was
discarded and cells were then resuspended in RIPA buffer [Tris/HClI 50 mM (pH 7.9), NaCl 120
mM, NP40 0.5%, EDTA 1 mM, Na3 VO4 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 min at 20 000g. The
supernatant containing protein was estimated with the Micro BCA Protein Assay Kit (Thermo
Scientific). A 20 pg aliquot of total protein lysate was put in NuUPAGE LDS sample buffer
(Invitrogen) (pH 8.4) supplemented with 4% B-mercaptoethanol (Fluka). Samples were heated
for 10 min at 95°C, then separated on 4— 12% Bis— Tris gels (Invitrogen) and transferred to
nitrocellulose membrane Hybond ECL (GE Healthcare, Little Chalfont, U.K.). The membranes
were blocked in blocking buffer (5% milk powder in TBS-T [1X TBS with 0.05% Tween20]) for 1 h
at room temperature, then incubated over night with the primary antibodies (used at a dilution
of 1:1000, except for anti-myc, used at 1:200) 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 or goat anti-mouse antibodies (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, U.K.).
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Yeast strains, media and lysis

Yeast strains originating from BY4741 background were used for the experiments (gdt1A: Mata
his3A 1 leu2A 0 ura3A 0 gdt1A::KanMX4). Yeasts were cultured at 30°C. Cultures in liquid media
are done under light shaking. Rich medium, named YEP medium, contains yeast extract (10 g/I,
Difco), Bacto-peptone (20 g/l, Difco); YPD medium is a YEP medium supplemented with 2% D -
glucose (Sigma— Aldrich). Before any analysis, a preculture in YPD medium is done and a volume
equivalent to 10 OD600 nm unit is transferred into a bigger volume of YPD medium. Culture
begins at a volume equivalent to 6 OD600 nm unit until 18 OD600 nm. MnCI2 was added at this
step at the indicated concentration and yeasts were harvested at the indicated times. Yeasts
were centrifuged for 5 min at 3500 g. The supernatant was discarded and the pellet was kept
frozen at — 20°C. Yeast lysis was performed as described by Ballou et al [26]. Western blot

experiments were done as described above.

Cell surface biotinylation

Cells were plated to reach 70— 80% confluence on the day of the experiment. Cells were kept on
ice all the time. Cells were washed four times with PBS+ /+ (containing Ca and Mg), pH8. An
aliquot of 1.5 ml PBS+ /+ (pH 8) with 7.5 pl biotin was added per dish [Biotin: EZ Link Sulfo-NHS-
SS-Biotin (Life Technologies, Carlsbad, CA, U.S.A.), final concentration of 0.5 mg/ml in DMSO].
Cells were then incubated 30 min in a cold room on slow rocking and then washed three times
with PBS+ /+ (pH8). Cells were quenched 15 min with 1.5 ml of PBS+/+ glycine 100 mM, BSA
0.5% in a cold room on slow rocking and then washed three times with PBS+ /+ glycine. Cells
were scraped in 200 ul of lysis buffer [50 mM HEPES (pH 7.2), 100 mM NaCl, 1% Triton X-100,
protease inhibitors], incubated 20 min on ice and centrifuged for 15 min at 20 000g at 4°C. The
supernatant was kept and the protein concentration was measured. For the pull-down, put the
maximum amount of protein, ideally 500 pg in 1 ml final (lysis buffer) + 30 pl streptavidin beads.
Incubate 4h at 4°C on a wheel and then centrifuge at 4000g for 1 min at 4°C. Wash three times
with 1 ml of lysis buffer (not supplemented with protease inhibitors) and mix well by inverting
the tubes 30 times. Centrifuge at 4000g for 1 min at 4°C and remove the supernatant with a flat
end tip. Add NuPAGE LDS sample buffer (Invitrogen) pH 8.4 supplemented with 4% PB-
mercaptoethanol (Fluka). Samples are boiled at 70°C for 10 min (do not boil if one wishes to
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reveal TMEM165 on western blot afterwards) and then centrifuged at 1000g for 1 min, and the

supernatant was collected. Samples were frozen at - 20°C. Samples are ready to load on gel.

Statistical analysis

Comparisons between groups were performed using Student’s t -test for two variables with equal

or different variances, depending on the result of the F -test.
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Supplementary Figure 1. TMEM is specifically degraded in response to Mn2+. Steady state cellular level of TMEM165. Hela cells
were treated with the indicated solution at 500 uM for 8h. Total cell lysates were prepared, subjected to SDS-PAGE and Western
blot with the indicated antibodies. Lower panel shows the quantification of TMEM165 protein level after normalization with actin
(Number of experiments (N) = 3; *** = P value < 0,001).
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Supplementary Figure 2. Confirmation of TMEM165 degradation by immunofluorescence experiments (A) Hela cells were
incubated with MnCI2 500 uM for 0 to 8h, fixed and labeled with antibodies against TMEM165 before confocal microscopy
visualization. Right panel shows the quantification of the associated TMEM165 fluorescence intensity (N = 3; number of cells (n)
= 50; *** = P value < 0,001). (B) HelLa cells were treated with MnCI2 for 8h at different concentrations, then fixed and labeled
with antibodies against TMEM165 and GM130 before confocal microscopy visualization. Lower panel shows the quantification
of the associated TMEM165 fluorescence intensity (N = 2; n = 50; *** = P value < 0,001). (C) HelLa cells were incubated with MnCI2
500 uM for 1 and 4h, fixed and labeled with antibodies against TMEM165, GPP130 and GM130 before confocal microscopy
visualization. White arrows point to some GPP130 positive vesicles.
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Supplementary figure 3. Leupeptin also prevents TMEM165 induced lysosomal degradation after Mn2+ exposure. (A) Hela
cells were treated for 8h with MnCI2 500 uM and/or leupeptin 100 pg/mL, fixed and labeled with antibodies against TMEM165
(upper panels) and LAMP2 (middle panels) before confocal microscopy visualization. For leupeptin, a pretreatment for 24h has
been done. (B) Western blot analysis of the same experiment described in (A). Total cell lysates were prepared, subjected to SDS-
PAGE and Western blot with the indicated antibodies. Right panel shows the quantification of TMEM165 protein level after
normalization with actin (N = 2; *** = P value < 0,001).
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Supplementary Figure 4. Generation and characterization of knockdown HEK293 cells by crispr-cas9. (A) Steady-state cellular
level of TMEM165. Total cell lysates were prepared, subjected to SDS—PAGE and western blot with the indicated antibodies. (B)
Control and knockout HEK293 cells were fixed and labeled with antibodies against TMEM165 before confocal microscopy
visualization.
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Supplementary figure 5. The R126H mutation does not affect the TMEM165 lysosomal targeting upon Mn2+ and chloroquine
exposure. (A) Healthy skin fibroblasts (upper panels) and patients skin fibroblasts (lower panels) carrying R126H mutation were
treated for 8h with MnCI2 500 pM and/or chloroquine 100 uM, fixed and labeled with antibodies against TMEM165 and LAMP2
before confocal microscopy visualization. (B) Healthy skin fibroblasts (upper panels) and patients skin fibroblasts (lower panels)
carrying R126H mutation were treated for 8h with MnCI2 500 uM and/or chloroquine 100 uM, fixed and labeled with antibodies
against TMEM165 and EEA1 before confocal microscopy visualization. (C) Control and R126H fibroblasts were treated for 8h with
MnCI2 500 uM and/or chloroquine 100 uM. Total cell lysates were prepared, subjected to SDS-PAGE and Western blot with the
indicated antibodies.
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3.3. Complementary results

Given the similarity between the Mn2+ induced degradation of GPP130 and TMEM165, the rab5
and rab7-dependent pathways were examined using the dominant negative Rab7 (Rab7 T22N)
that inhibits the trafficking from multi vesicular bodies (MVBs) to lysosomes [310,311] and the
constitutively active form of Rab5 (Q79L) that produces giant MVBs by causing fusion of early
endosomes (EEs) and MVBs [312]. To assess the involvement of these two different pathways,
we examined the Mn2+ induced TMEM165 degradation in cells either expressing Rab7 T22N or
Rab5 Q79L forms (Figure 38). Interestingly, in cells expressing either Rab7 T22N-GFP or
Rab5Q79L-GFP, the Mn2+-induced degradation was not prevented and similar to the one
observed in non-transfected cells. Overall, our results demonstrate that extracellular Mn2+
induces the lysosomal degradation of TMEM165 via a Rab7 and Rab5 independent pathways,
suggesting a direct targeting of TMEM165 from the Golgi to lysosomes. In parallel, the GGA1
pathway was also examined using the pEGFP-C2 GGA1 plasmid, encoding GGA1 lacking the GAE
domain, crucial for GGA1 function. We examined the Mn2+ induced TMEM165 degradation in
cells expressing this GGA1 mutant named GGA1-DN (Figure 39). Similar to Rab-DN experiments,
GGA1-DN did not prevent TMEM165 Mn2+ induced degradation. However, these results should

be interpreted carefully, since we did not checked that each pathway was indeed clearly blocked.
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Figure 38. TMEM165 lysosomal degradation is Rab7 and Rab5 independent. Hela cells were transfected with empty vector
(mock), Rab7T22N-GFP or Rab5Q79L-GFP. 36H after transfection, cells were treated or not for 4h with MnCI2 500 uM. (A) Total
cell lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. Right panel shows the
quantification of TMEM165 protein levels after normalization with actin (N = 2; *** = P value < 0,001). (B) Immunofluorescence
analysis by confocal microscopy of the same experiments as described in (A) (N = 2 ; n=50).
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Figure 39. TMEM165 lysosomal degradation is GGA1 independent. Hela cells were transfected with empty vector (mock) or
pEGFP-C2 GGA1 encoding GGA1-DN. 36H after transfection, cells were treated or not for 4h with MnCI2 500 uM. (A) Total cell
lysates were prepared, subjected to SDS-PAGE and Western blot with the indicated antibodies. Right panel shows the
quantification of TMEM165 protein levels after normalization with actin (B) Immunofluorescence analysis by confocal microscopy
of the same experiments as described in (A).
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3.4. Discussion

The main result of this study is that TMEM165 is highly sensitive to Mn2+ since manganese
addition in the cell media targets TMEM165 to lysosomal degradation. Interestingly, the Mn2+-
induced degradation is conserved in yeast as Gdtlp-Myc is also targeted to degradation after

Mn2+ exposure.

We also compared TMEM165 and GPP130 degradation after Mn2+ exposure. TMEM 165 revealed
to be sensitive to lower Mn2+ concentrations than GPP130 and also that its degradation is faster
than GPP130, suggesting that the molecular mechanisms could be different for these two
proteins. Nevertheless, we cannot exclude that this observed difference in manganese sensitivity

is coming from different binding affinities for manganese.

3.4.1. Deciphering the pathways and mechanisms of TMEM165 induced degradation

3.4.1.1. Pathways possibly involved in TMEM165 induced degradation

The trafficking pathways by which TMEM165 is degraded following Mn2+ exposure are currently
not known. Several pathways exist for TGN to lysosomes trafficking (Figure 40). A protein can
leave the Golgi apparatus to reach early endosomes (EE) or can bypass EE to directly reach late
endosomes. In certain conditions, a direct TGN to lysosomes trafficking has also been reported

[313].

Besides, GPP130 is known to be targeted to lysosomal degradation via a Rab7 dependent
pathway after Mn2+ exposure. We therefore examined the involvement of the rab5, rab7 and
GGA1-dependent pathways using plasmid encoding dominant negative version of these proteins.
A simplified view of the roles of these proteins in Golgi to lysosomes trafficking is shown in Figure
40. Interestingly, our complementary results seem to show that extracellular Mn2+ induces
lysosomal degradation of TMEM165 via a Rab7, Rab5 and GGA1 independent pathway. However,
these results should be interpreted very carefully, since we did not check that each pathway was

indeed clearly blocked.
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Figure 40. Roles of Rab5, Rab7, GGA1 and clathrin in vesicular trafficking from Golgi to lysosomes. Rab5 localizes to early
endosomes (EE) where it is involved in the maturation from EE to late endosomes. Rab7 is required for trafficking from late
endosomes to lysosomes and for the formation of functionally mature lysosomes. GGA1 is involved in the recruitment of clathrin

to the TGN. Clathrin is a protein that plays a major role in the formation of coated vesicles.

3.4.1.2. Proteins involved in TMEM165 induced degradation

In addition, the proteins involved in the molecular mechanism of TMEM165 induced degradation

are currently not known.

Recently, Venkat and collaborators have shown that manganese-induced trafficking and turnover
of GPP130 was mediated by a protein called sortilin [314]. Sortilin is known to be a TGN-to-
lysosome sorting receptor with a lumenal domain able to bind diverse cargo and a cytoplasmic
domain that engages both GGA1 and clathrin [315]. However, there are both sortilin-dependent

and sortilin-independent mechanisms to target Golgi proteins for lysosomal degradation. These
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authors have shown that after Mn2+ exposure, sortilin binds GPP130 luminal stem domain,
leading to the formation of reversible oligomers. This oligomerization then triggers GPP130 exit
from the Golgi directly to MVB and then to lysosomes, where it is degraded. This pathway
requires GGA1, clathrin and Rab7, but not Rab5. Finally, they have shown that TMEM165
redistribution into lysosomes after Mn2+ exposure was also sortilin dependent, exactly like
GPP130. However, the role of oligomerization was not tested. Their result differs from ours, since
they observed that TMEM165 induced degradation relies on sortilin and thus GGA1l to be

targeted to lysosomes.

In addition, we showed that SPCA1 knockdown did not prevent TMEM165 induced degradation
and thus we hypothesised that TMEM165 responds to changes in cytosolic Mn2+ concentrations.
This result differs from GPP130 induced degradation, which has been shown to be blocked by
SPCA1 knockdown [316].

3.4.2. TMEM165 domains involved in Mn2+ sensitivity

Since TMEM165 induced degradation is not blocked by SPCA1 knockdown, we hypothesied that
TMEM165 responds to changes in cytosolic Mn2+. However, sortilin is a Golgi protein that binds
cargo in the lumen of the GA. Therefore, regarding the recent results obtained by Venkat and
collaborators, we hypothesized that increasing cytosolic Mn2+ concentration likely causes a
change in TMEM165 conformation, making it competent to bind degradation partners in the

Golgi lumen such as sortilin that will ultimately lead to its targeting to lysosomal degradation.

We thus propose a mechanistic binding model in which TMEM165 is a Ca2+/Mn2+ antiporter
using the Ca2+ electrochemical gradient from the Golgi lumen to import Mn2+ from the cytosol
into the Golgi lumen (Figure 41). In this model, Ca2+ and Mn2+ binding induces TMEM165
conformational changes. The conformational change triggered by Mn2+ allows TMEM165 to be
recognised in the Golgi lumen by the sortilin. This recognition ultimately leads to TMEM165

lysosomal degradation.
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Figure 41. Mechanistic binding model for TMEM165 Mn2+-induced degradation. TMEM165 imports Mn2+ inside the Golgi
lumen using the Ca2+ electrochemical gradient from the Golgi lumen. In this model, Ca2+ and Mn2+ binding induces TMEM165
conformational changes, with the conformational change triggered by Mn2+ allowing TMEM165 to be recognised in the Golgi
lumen by the sortilin. This recognition ultimately leads to TMEM165 lysosomal degradation. The red part of TMEM165
symbolises the conformational change triggered by cytosolic Mn2+. This model reconciles our results and the recent results in
the literature.

We have also tested the effect of two TMEM165 patient mutations on the Mn2+-induced
degradation. Interestingly, while the R126H mutation remains Mn2+ sensitive, the glutamic acid
(E108) in the highly conserved ELGDK motif was shown to be insensitive to Mn2+ exposure and
therefore crucial in TMEM165 Mn2+-induced degradation. According to TMEM165 topology, this
ELGDK motif is oriented towards the cytosol and located between the second and the third
transmembrane domains of TMEM165. This result shows that the ELGDK motif is crucial for Mn2+
sensitivity and reinforces the fact that TMEM165 responds to changes in cytosolic Mn2+ and not

Golgi luminal changes.

In order to explain the differences between the E108G and the R126H mutations, we could raise
several hypotheses. First, the E108G mutation could force TMEM165 to adopt a conformation
unable to bind degradation partners. In that case, the protein is stable in presence of high Mn2+
concentrations. In the other way around, it could be that the R126H mutation would facilitate

the conformational change triggered by Mn2+, thus making the protein more accessible to
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degradation partners. Finally, it could be that the E108 is crucial for sortilin binding but not the

R126. The R126 could either be not part of the binding motif or not crucial for sortilin recognition.

Our data also show that the E108G TMEM165 mutant is able to rescue the glycosylation defect
on LAMP2, although less efficiently than the wt-TMEM165 form. Strong of these observations on
the E108G mutant, we decided to answer two related questions: What are the crucial amino
acids for TMEM165 function in glycosylation? What are the crucial amino acids for TMEM165
Mn-induced degradation? To address these questions, we generated a lot of TMEM165 mutants
with single point mutations. The goal is to understand of this approach is to understand if there
is a link between TMEM165 function and its degradation induced by Mn2+. In other words, does
TMEM165 need to be functional to be degraded by Mn2+? In addition, these mutants will help
us to fully map the TMEM165 domain(s) responsible for its Mn2+-induced degradation. This

study is only at the beginning therefore no early results will be presented here.

3.4.3. The purpose of TMEM165 induced degradation

Another important question to address is the purpose of this degradation after high Mn2+
concentrations exposure. While we currently do not have the answer, our data raise several

hypotheses.

First, as a slight fraction of TMEM165 can be found at the plasma membrane, the degradation
could be a mechanism to prevent an excess of Mn2+ entry at the plasma membrane. But as we
have seen that mammalian cells mostly import Mn2+ by other plasma membrane transporters,

this hypothesis is not likely true.

Our idea is that there is an interplay between TMEM165 and SPCA1 for Mn2+ handling at the
Golgi level (Figure 42). In physiological conditions, we think that TMEM165 is the major Mn2+
importer in the Golgi. Indeed, SPCA1 needs energy to work, and then mostly transports Ca2+ as

TMEM165 can import Mn2+ into the Golgi following the Ca2+ gradient generated by SPCA1.

However, an excess of cytosolic Mn2+ is known to be toxic because it can impair many
fundamental cellular processes. It is thus critical for the cell to prevent the cytosol from Mn2+
accumulation. It is known in the literature that SPCAL1 is involved in Mn2+ detoxification when
Mn2+ cytosolic concentrations increase. In fact, in Mn2+ excess, SPCA1 can import Mn2+ inside

the Golgi lumen and Mn2+ will be removed from the cell via the secretory pathway. As TMEM165
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is degraded when the manganese level becomes toxic, we can hypothesize that this degradation
somehow participates in detoxification. One can think that TMEM165, in the presence of high
Mn2+ concentration in the Golgi, could transport the Golgi Mn2+ back to the cytosol due to its
passive antiporter nature. In that case, the presence of TMEM165 will annihilate all efforts made
by SPCA1 to get rid of cytosolic Mn2+. Thus, TMEM165 is degraded to prevent any Mn2+ leak in

the cytosol, and SPCA1 can thus continue the Mn2+ detoxification.

Finally, we propose this model to explain the TMEM165 induced degradation (Figure 42).
However, we do not exclude that TMEM165 can also use intraluminal Golgi proton to import

Mn2+ inside the Golgi lumen.

Physiological conditions Mn2+ excess

CaZ*/ mn ca2t/ Mn2*
ATP . ADP + Pi ATP . ADP + Pi

Secretory pathway Secretory pathway

Figure 42. TMEM165 model for ion transport. TMEM165 is a passive antiporter that can import cytosolic Mn2+ inside the Golgi
lumen in exchange for Ca2+ release in the cytosol. In physiological conditions, SPCA1 transports Ca2+ and TMEM165 can import
Mn2+ into the Golgi following the Ca2+ gradient generated by SPCA1. In Mn2+ excess, SPCA1 can import Mn2+ inside the Golgi
lumen. Due to its passive antiporter nature, TMEM165 is degraded to prevent the transport of Mn2+ back to the cytosol.
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3.5. Abstract in French

Les déficiences en TMEM165 conduisent a un type de troubles congénitaux de la glycosylation
(CDG), un groupe de maladies héréditaires dans lesquelles le processus de glycosylation est
altéré. Nous avons récemment démontré que le défaut de glycosylation golgien di a une
déficience en TMEM165 résultait d'un défaut d’homéostasie du Mn2+ au niveau de I'appareil de
Golgi. Nous avons également montré qu’une supplémentation en Mn2+ était suffisante pour
rétablir une glycosylation normale. Dans cette étude, nous mettons en évidence que TMEM165
est une nouvelle protéine golgienne sensible au manganése. Lorsque les cellules ont été
exposées a des concentrations élevées de Mn2+, TMEM165 a été envoyé aux lysosomes pour
étre dégradé. De facon remarquable, alors que le mutant R126H reste sensible au manganese, le
mutant E108G, récemment identifié chez un nouveau patient atteint de TMEM165-CDG, est lui
insensible. Dans |'ensemble, cette étude a identifié TMEM165 comme étant une nouvelle
protéine golgienne sensible au Mn2+ et souligne l'importance cruciale de I'acide glutamique

(E108) du motif ELGDK dans la dégradation de TMEM165 induite par le Mn2+.
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[4] REVIEWS PUBLISHED

During my PhD, | also published two reviews, one as a first author, and the other as a first co-

author.

The first review is an overview of all the post-translational modifications that occur at the Golgi
level. We focused on Golgi PTM that can lead to diseases if disrupted. Glycosylation is indeed one
of them but many others are also described in this review, such as methylation, palmitoylation,

acetylation and so on.

The second review aims at summarizing all the data on TMEM165 and its ortholog in yeast Gdt1p.
The goal of this review is to list clues and evidences that will help us to understand the roles of

TMEM165 in Golgi glycosylation and ion homeostasis.

4.1. Golgi post-translational modifications and associated diseases
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Abstract

For non-specialists, Golgiis a very well-known subcellular compartment involved in secretion and
correct targeting of soluble and transmembrane proteins. Nevertheless, Golgi is also specifically
involved in many different and diverse post-translational modifications. Through its diverse
functions, Golgi is not only able to modify secreted and transmembrane proteins but also
cytoplasmic proteins. The Golgi apparatus research field is so broad that an exhaustive review of
this organelle is not doable here. The goal of this review is to cover the main post-translational

modifications occurring at the Golgi level and present the identified associated diseases.
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Golgi, a brief overview:

Golgi is a cellular organelle composed of several flattened stacks of membranes devoid of
ribosomes. These stacks are functionally different and reflect the specific compartmentalization
of Golgi enzymes/ transporters involved in the modifications of proteins and lipids. The GA stacks
are classically delimited as cis, median, trans and trans-Golgi network (TGN) [38,39]. Present in
all animal cells and plants, Golgi is a part of a highly integrated and regulated endomembrane
system [40]. Golgi constantly receives incoming material from the endoplasmic reticulum (ER)
and sort specific cargo to their correct cellular destination such as the endosomal-lysosomal
compartments, the plasma membrane or extracellular space. The cargo movement through the
stacks is still controversial and has been suggested to occur in vesicles, in maturing cisternae, or
by tubular connections between cisternae [41]. The overall Golgi structure and its plasticity are
tightly controlled and crucial for maintaining its functions. As Golgi manufactures and modifies
most of the cargo molecules passing through the different stacks, this organelle is considered to
be the main contributor to post-translational modifications (PTM) of lipids and proteins. In this
review, we will mainly focus on Golgi PTM of proteins in which gene defects have been linked to
human diseases. However, many others lead to Golgi PTM associated diseases without being
directly involved in PTM. One can think that this last class will certainly constitute in a near future

the next booming field of PTM associated diseases.

PTM occurring at the Golgi level and associated diseases:

1. Glycosylation

Glycosylation is a major post-translational modification of proteins and lipids. The main
glycosylation types are classified according to the linkage of the sugar moieties to the amino acid,
asparagine (N-glycosylation), serine or threonine (O-glycosylation) and ceramide for glycolipids.
Some of them begin directly in the ER lumen and continue at the Golgi level (N-glycosylation, O-
mannosylation, O-glucosylation, O-fucosylation and glycolipids) (Figure 1). Nevertheless, certain
types are entirely performed at the Golgi level (O-N-acetylgalactosaminylation (mucin types) and
O-xylosylation (glycosaminoglycans)). Golgi glycosylation mainly consists in the elongation of the
sugar chain(s) by addition of specific sugars such as galactose, N-acetylglucosamine, N-
acetylgalactosamine, fucose, sialic acids etc. N-glycosylation is an exception to this process where
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before further elongation, mannose removal might occur, a process extremely well documented
in several reviews [42—-44].

The sugar additions at the Golgi level rely on the existence of specific nucleotide sugar
transporters and specific Golgi enzymes named glycosyltransferases (GT). Defects in these genes
have been first identified in human diseases called CDG for Congenital Disorders of Glycosylation
[45]. Nevertheless, a constantly growing subgroup of CDG indirectly affects glycosylation
pathways through alterations of Golgi structure, vesicular trafficking and Golgi homeostasis.
Today, more than 110 different CDGs have been reported [7] and approximately a third of them
disturbs Golgi glycosylation [46]. The identification of these patients was performed via the main
screening diagnostic test based on transferrin isoelectrofocalisation pattern, although this test

only detects patients with N-glycosylation defects [47,48].

Defects in genes directly involved in glycosylation

Given the excellent recent reviews about CDGs, this part will only describe the identified
CDGs from the last two years [1,3,7,46,49-53]. Four new CDGs directly affecting Golgi
glycosylation have been identified: MAN1B1-CDG [54], SLC35A1-CDG [55,56], SLC35A2-CDG
[57,58] and SLC35A3-CDG. The clinical phenotypes of these pathologies are summarized in table
1.

MAN1B1 is presumed (still controversial) to be a Golgi al,2 mannosidase involved in the
processing of the terminal mannose residues. The clinic is classically mild with observed mental
retardation associated with slight facial dysmorphism, and truncal obesity [54]. However, some
patients also show more serious phenotypes, including severe intellectual disabilities and a global
developmental delay [59].

Three other deficiencies affecting sugar nucleotide transporters were also recently
identified. Alterations of SLC35A1, which is the CMP-sialic acid transporter, leads to an autosomal
recessive disorder characterized by seizures, ataxia, intellectual disabilities, multiple bleeding
episodes and recurrent infections [55]. Similarly, defects in SLC35A2, an X-linked disorder, affect
the UDP-galactose transporter. The patients also present intellectual disabilities and seizures and
in some cases, ocular and skeletal abnormalities [58]. Recently, defects in SLC35A3, the main
UDP-N-Acetylglucosamine transporter, have been linked to a syndrome characterized by

arthrogryposis, mental retardation and seizures (AMRS) [60]. All these transporter deficiencies
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affect the Golgi luminal pool of nucleotide sugars and consequently different glycosylation

pathways. This might explain the severity of the observed phenotypes (table 1).

Defects in genes indirectly involved in glycosylation: defects in vesicular transport

There are more than a hundred genes involved indirectly in PTM. These genes can either
be responsible for the structure, the organization and the homeostasis of the Golgi apparatus, or
can also mediate the intracellular destination of vesicular transport. The defect of the Golgi
function results in abnormal transport of cargo molecules and/or defective PTM. In this chapter,
we will describe some examples of diseases in which the gene defect has consequences on the
PTM, with a particular focus on glycosylation. The lack of assay exploring the different PTM as
well as the unavailability of the tissues for clinical testing (i.e. nervous system) make the
biochemical diagnosis of this group of disorders quite difficult. In a great number of diseases only
the genetic diagnosis is indeed available and the potential alteration of the PTM has not been

studied so far.

COG complex

In 2004, the discovery of the COG7 deficient CDG patients has opened completely new molecular
mechanisms of Golgi glycosylation defects [11,61]. For the first time, the field of vesicular
trafficking was connected to Golgi glycosylation. COG is indeed a multimeric cytoplasmic complex
of 8 subunits (Cogl to Cog8) known to be involved in the tethering of vesicles to the target
compartments such as Golgi. Since 2004, many COG deficient CDG patients have been discovered
and detailed in several reviews [62—64]. To date and except for the Cog3 subunit, mutations in
all Cog subunits have been described responsible for CDGs [11-14,65-67].The recently identified
COG defect was in Cog2, and as for the other COG deficient CDG patients, both N- and O-mucin
type glycosylation defects were observed. The clinical manifestations are broad including
microcephaly, developmental delay, intellectual disability, seizures, facial dysmorphism and liver

dysfunctions [68].

COPIl complex

Sec23B is involved in the formation of COPII vesicles from the ER and has been lately identified

deficient in 2009 by Schwarz and collaborators in Congenital dyserythropoietic anemia type Il
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(CDAIl) also known as the hereditary erythroblastic multinuclearity with a positive acidified-
serum lysis test (HEMPAS) [69]. This autosomal recessive disorder is characterized by bi- and
multinucleated erythroblasts. The biochemical characteristic of the disease was a sharper band
3 in the analysis of erythrocyte ghost extracts. This was the consequence of an impaired N-
glycosylation of erythrocyte membrane proteins. The glycan structures were elucidated and
showed the presence of immature oligosaccharides like high mannose, hybrid, and truncated
complex type oligosaccharides [70]. The expression of the defect only in the erythroid lineage is
due to the expression levels of SEC23A and SEC23B genes. The SEC23A paralog is indeed

expressed in all other tissues, excepted in erythroid cells.

Golgin proteins

Golgi microtubule associated protein 210 (GMAP-210) is encoded by the thyroid hormone
receptor interactor 11 gene (TRIP11). This protein is a member of the Golgin family, proteins that
capture vesicles carrying Rab proteins and maintain the Golgi architecture [71]. The N-terminal
part of GMAP-210 interacts with the curved membranes of the vesicles while its C-terminal
domain interacts with flat Golgi membranes through interaction with the small guanine
nucleotide binding protein Arfl [72]. Fibroblasts and chondrocytes lacking GMAP-210 presented
modifications of proteoglycan glycosylation, with incomplete glycan structures terminated with
N-Acetylglucosamine (GIcNAc) residues. A specific retention of Perlecan in the endoplasmic
reticulum has also been shown. The study also demonstrated that mutations in TRIP11 led to
achondrogenesis type 1A, a lethal human disease characterized by abnormal ossifications and

distinctive histological features of the cartilage [73].

Defects in genes indirectly involved in glycosylation: defects in Golgi homeostasis

Another growing class of identified defects affects Golgi homeostasis in terms of pH and or
cations homeostasis. While the impact of such defects on Golgi glycosylation is still controversial,
one could think that some specific Golgi glycosyltransferases are extremely sensible to pH/

Cations changes.

E3 ubiquitin ligase

UBE3A encodes the E3 ubiquitin ligase Ube3a, this gene is epigenetically imprinted throughout

neuronal brain cells, [74]. Ube3a attaches ubiquitin to diverse substrates and modifies the
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function and/ or the turn-over of the ubiquitinylated proteins among which, a certain number of
Golgi proteins. Angelman Syndrome is caused by mutations or deletions of the maternally
inherited UBE3A gene, because the paternal allele of UBE3A is epigenetically silenced in neurons.
The clinical features of the disease consists of intellectual disability, lack of speech, seizures, and
a characteristic behavioral profile. A recent study has demonstrated that the lack of Ubiquitin
protein ligase E3A increases the intraluminal Golgi pH with a concomitant reduction in protein
sialylation and a distended Golgi phenotype. The mechanism by which Ube3a regulates Golgi pH
remains undetermined [75].

Interestingly, two other Golgi proteins (ATP6VOA2 and TMEM165) have been linked to
CDGs by impairing Golgi pH and or cation homeostasis. This has been extensively highlighted in
recent reviews [7,46,52].
2. Acetylation
Acetylation is an enzymatic reaction that consists in the substitution of an active hydrogen atom
by an acetyl group (COCH3) from the donor acetyl coenzyme A (Ac-CoA) (Figure 1). The Ac-CoA
is synthesized in the cytosol, then imported into the ER lumen for the subsequent acetylation
reaction via SLC33A1 (solute carrier family 33), its specific transporter [76]. The way for Ac-CoA
to reach the GA lumen is currently unknown since no Golgi specific Ac-CoA transporter has been
identified [76,77]. A vesicular transport is however not excluded. Two main types of acetylation
have been identified at the Golgi level: the N-terminal acetylation of proteins and acetylation of
specific monosaccharides [78-80]. Concerning the N-terminal acetylation, only HAT4 (Histone
Acetyltransferase Type B Protein 4) localizes in the GA membranes and has been shown to be
specifically involved in the acetylation of free histone H4 at the cytoplasmic face of the GA [80].
At the opposite, sugar acetylation occurs in the lumen of Golgi. Sialic acids residues can for
example be O-acetylated at the 4, 7, 8 and/or 9 position [81] by specific Golgi acetyl transferases
[82,83]. The exact physiological roles of O-acetylation of sialic acid however, remain to be fully

elucidated.

Defects in genes involved in acetylation

No direct defects in Golgi acetyltransferases have been identified so far. Nevertheless, SLC33A1
has been shown to be mutated in patients from a Chinese population affected by autosomal

dominant spastic paraplegia-42 (SPG42) [84,85]. Although the molecular mechanisms leading to
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the pathology are not currently known, one can suggest that a global acetylation loss should be

seen, as well as a specific loss of O-acetylated glycoconjugates at the Golgi level.

3. Sulfation

Sulfation is a common PTM only occurring in the GA lumen (Figure 1). This PTM is catalyzed by
specific sulfotransferases and consists in a transfer of sulfate from the universal sulfate donor 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) to the hydroxyl group of an acceptor (a tyrosine on
a protein or a sugar chain) [86—88]. The import of PAPS in the Golgi lumen is facilitated by two
Golgi-resident PAPS transporters, PAPST1 and PAPST2 [89,90].

Defects in genes involved in sulfation

Macular corneal dystrophy (MCD) type Il, an autosomal recessive hereditary disease affecting
the cornea, is known to be due to mutations in the promoter region of the corneal-specific
sulfotransferase GICNAc6ST (CHST6) gene [87]. These mutations abolish the expression of CHST6
only in corneal cells, leading to the formation of unsulfated keratan sulfate in the cornea [91]. As
a result, patients suffer from a progressive opacification of the cornea. Besides, some mutations
on the coding region of CHST6 have been described in patients suffering from MCD type | [92].

Several other defects listed in the table 1 have also been identified.

4. Phosphorylation

Phosphorylation is a largely distributed PTM and consists in the addition of a phosphate (PO43")
group to any acceptor molecule (Figure 1). This modification is highly dynamic and reversible. At
the cis-Golgi level, phosphorylation of mannose residues carried by newly synthesized lysosomal
enzymes is a crucial step for their recognition by mannose-6-phosphate receptors and their
correct targeting to lysosomes [93,94]. Phosphorylation at the Golgi level also occurs via FAM20C
on secretory calcium-binding phosphoproteins (SCPP) family (including casein) and many
secreted proteins involved in biomineralization, including the small integrin binding ligand N-
linked glycoproteins (SIBLING proteins) [95,96]. While many different specific kinases are present
within Golgi lumen, these enzymes are however poorly characterized. Finally, phosphorylation
on the GA can take place on xylose residues carried by proteoglycans, via the action of FAM20B

[97].

Defects in genes involved in phosphorylation
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Among other proteins, the mannose-6-phosphate pathway is composed of the GIcNAc-1-
phosphotransferase and the uncovering enzyme, which are in charge of the phosphorylation of
mannose residues in the cis-Golgi [94]. GIcNAc-1-phosphotransferase deficiencies cause
mucolipidosis Il and Ill, two lysosomal storage diseases (LSD) which are characterized by
missorting and cellular loss of lysosomal enzymes, and lysosomal accumulation of storage
materials [98]. Mucolipidosis Il, also referred as I-cell disease, is the most severe one and affected
individuals most often die in early childhood [99,100]. Misrouting of lysosomal enzymes can
cause numerous pathologies, including many LSD. Interestingly, a genetic linkage analysis has
underlined the link between stuttering and mannose-6-phosphate pathway genes [101]. The

other phosphorylation identified defects are mentioned in table 1.

5. Methylation

Methylation is a form of alkylation where a methyl group replace a hydrogen atom (Figure 1).
With the exception of DNA methylation, protein methylation generally occurs on lysine residues
and is not restricted to Golgi. At the Golgi level, methylation is an enzymatic PTM taking place at
the cytosolic face of the organelle and using S-adenosylmethionine (SAM) as substrate. This
modification generally occurs on N-terminal arginines of specific resident Golgi and cargo
proteins (Wu et al. 2004a; Zhou et al. 2010), excepted for calmodulin where the methylation
(trimethylation) occurs on lysine 115 [104,105]. Interestingly, methylation has been shown to be

crucial in the maintenance of Golgi structure [103].

Defects in genes involved in methylation

Calmodulin can be trimethylated by calmodulin-lysine N-methyltransferase (CAMKMT) [105]. In
normal individuals, there are 2 isoforms of CAMKMT: the first one is localized in the cytoplasm
and the nucleus and the second one is strictly localized in Golgi. 2p21 deletion syndrome is
caused by a homozygous deletion which includes SLC3A1, PREPL, PPM1B and the first exon of
CAMKMT leading to a loss of its expression [106]. This syndrome consists of cystinuria, neonatal
seizures, hypotonia, severe somatic and developmental delay, facial dysmorphism, and reduced
activity of all the respiratory chain enzymatic complexes that are encoded in the mitochondria
[106]. Authors have demonstrated that the patients suffering from 2p21 deletion syndrome

accumulate hypomethylated calmodulin in lysates from their lymphoblastoid cells [105]. As a
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result, there is still no way to know if calmodulin hypomethylation is due to a loss of the Golgi

isoform. However, no direct defects in Golgi methylation have been reported to date.

6. Palmitoylation

Protein S-palmitoylation describes the covalent but reversible attachment of palmitate onto
cysteine residues (Figure 1). Palmitoylation is a highly dynamic PTM, catalysed by palmitoyl
aceyltransferases (PAT), that add the palmitate from palmitoyl-CoA anchored on membranes,
and their counterpart the acyl protein thioesterases that remove the fatty acid [107]. At the Golgi
level, palmitoylation mainly takes place at the cytosolic trans face of the organelle. Interestingly,
12 of the 23 known human PAT localize in the GA [108], making the GA an emerging center for

peripheral membrane protein palmitoylation [107].

Defects in genes involved in palmitoylation

Palmitoylation deficiencies have been linked to several neuropsychiatric disorders [109]. Zinc
finger, DHHC domain like containing 8 (ZDHHC8) mutations have been clearly linked to
schizophrenia [110], ZDHHC15 loss and ZDHHC9 mutations have also been found in patients with
X-linked mental retardation [111,112]. Moreover, mutations in Palmitoyl-Protein Thioesterase 1
(PPT1) gene lead to infantile neuronal ceroid lipofuscinosis, a well-described neurodegenerative

phenotype in infants [113].

7. Proteolytic cleavage

Proteolytic processing is a PTM that occurs when a protease cleaves a target protein to modify
its activity (Figure 1). Several peptides (i.e. peptide hormones) and proteins like growth factors,
transcription factors, plasma membrane receptors are synthesized as precursors and must
undergo proteolytic cleavage in Golgi lumen to be active [114]. Many Golgi endoproteases such
as site 1 protease (S1P), site 2 protease (S2P) and furin have been identified [115-117]. MBTPS2
is the gene encoding S2P, a Golgi membrane bound protease involved in cholesterol metabolism
[116]. S2P substrates in the Golgi includes SREBP transcription factors (SREBP-1a, SREBP 1-c and
SREBP-2) and other membrane bound transcription factors requiring a two step cleavage for

activation [118].

Defects in genes involved in proteolytic cleavage

200

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Even if there is a real lack of data related to S2P in humans, MBTPS2 defects have been linked to
several human X-linked skin diseases. MBTPS2 has been shown mutated in the Olmsted
syndrome [119], a rare keratinization disorder characterized by the combination of periorificial
keratotic plaques and bilateral palmoplantar transgredient keratoderma [120]. The second
pathology linked to mutations in MBTPS2 is the IFAP (ichthyosis follicularis with atrichia and
photophobia) syndrome [121-123]. Finally, MBTPS2 has also been linked to keratosis follicularis
spinulosa decalvans (KFSD) disease [124].

Conclusion

Apart from its cellular targeting roles, this review highlights Golgi as the main cellular factory for
post-translational modifications. We have seen that these modifications could be essential for
the stability, activity, trafficking and proper subcellular localization of many proteins. Several
human different diseases due to genes directly involved in the biochemical reaction of post-
translational modification have been reported. However and according to the huge number of
proteins involved in the Golgi structure and function maintenance (transporters/ vesicular
proteins (Rabs, tethering factors, SNAREs, complex associated proteins)/ microtubule associated
proteins/ structural proteins), there are no doubts that the integrity of many different PTM is
affected. The current lack of tools to explore the different PTM as well as the unavailability of the

tissue for clinical testing (i.e. nervous system) complicates such analysis.
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Fig. 1. PTM occurring at the Golgi level. The represented PTMs are the ones in which gene defects linked
to human pathologies have been found. Each PTM is located on the specific Golgi cisternae according to
the known location. The case of sugar sulfation is a little more complex. Indeed, sulfation of heparan
sulfate is a sequential process (N-sulfation, then 2-0, 6-O and finally 3-O sulfation) taking place at the
Golgi level but the enzymes are not clearly localized so far. XDP/XMP: Nucleotide di/mono phosphate.
NDST: N-deacetylase/N-sulfotransferase ; TPST : Tyrosylprotein sulfotransferase. UDP/UMP: Uridine
di/monophosphate. FGF23: Fibroblast growth factor 23. PRMT5: protein arginine methyltransferase 5.
SAM: S-adenosyl methionine. SREBP: Sterol Regulatory Element-Binding Proteins.

9 N-acetylneuraminicacid @ Glucose & Glucuronicacid
O Galactose O N-acetyl galactosamine A Fucose
B N-acetyl glucosamine @ Mannose ¥ Xylose
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Table 1. Golgi PTMs and associated diseases. This table summarizes all the human disorders linked to

Golgi PTMs presented in this review.
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Abstract in French

Pour les non spécialistes, I'appareil de Golgi est un compartiment subcellulaire trés connu pour
étre impliqué dans la sécrétion et I'adressage des protéines solubles et transmembranaires.
Néanmoins, le Golgi est également impliqué dans de nombreuses modifications post-
traductionnelles essentielles pour la cellule. Grace a ses fonctions diverses, le Golgi n'est pas
seulement capable de modifier les protéines sécrétées et transmembranaires, mais aussi les
protéines cytoplasmiques via des enzymes golgiennes dont le site catalytique est tourné vers le
cytosol. La recherche dans le domaine de |'appareil de Golgi est tellement large qu'une revue
exhaustive de cet organe n'est pas possible ici. L'objectif de cette revue est de couvrir les
principales modifications post-traductionnelles survenant au niveau de I'appareil Golgi et de

présenter les maladies associées a des défauts dans ces modifications post-traductionnelles.
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4.2. TMEM165 deficiencies in Congenital Disorders of Glycosylation type Il (CDG-II): clues
and evidences for roles of the protein in Golgi functions and ion homeostasis.
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Abstract

Congenital Disorders of Glycosylation (CDG) are rare inherited diseases causing glycosylation
defects responsible for severe growth and psychomotor retardations in patients. Whereas
most genetic defects affect enzymes directly involved in the glycosylation process, like
glycosyltransferases or sugar transporters, recent findings revealed the impact of gene
mutations on proteins implicated in both Golgi vesicular trafficking and ion homeostasis.
TMEM165 is one of these deficient Golgi proteins found in CDG patients whose function in the
secretory pathway has been deduced from several recent studies using TMEM165 deficient
mammalian cells or yeast cells deficient in Gtd1p, the yeast TMEM165 ortholog. These studies
actually confirm previous observations based on both sequence and predicted topology of this
transmembrane protein and the phenotypes of human and yeast cells, namely that TMEM165
is very probably a transporter involved in ion homeostasis. Whereas the exact function of
TMEM165 remains to be fully characterized, several studies hypothesize that TMEM165 could
be a Golgi localized Ca?*/ H* antiporter. However, recent data also support the role of
TMEM165 in Golgi Mn?* homeostasis then arguing for a putative role of Mn?* transporter for
TMEM165 essential to achieve the correct N-glycosylation process of proteins in the secretory
pathway. This manuscript is a review of the current state of knowledge on TMEM165
deficiencies in Congenital Disorders of Glycosylation as well as new data on function of

TMEM165 and some speculative models on TMEM165/Golgi functions are discussed.
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Highlights

TMEM165 is a Golgi ion transporter.

TMEM165 is involved in Golgi manganese homeostasis.

TMEM165 deficiency causes major Golgi glycosylation defects.

e Manganese supplementation rescues glycosylation defects.
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1. Introduction

Congenital Disorders of Glycosylation (CDG) are rare and severe inherited disorders in
which glycosylation is affected. CDGs are divided into two groups: CDG type | characterized by
defects in N-linked protein glycosylation due to deficiencies in the assembly of the
dolichylpyrophosphate linked oligosaccharides and/or their transfer to asparagine residues on
the nascent polypeptides; and CDG type Il where defects are in the processing of N-glycans (Aebi
et al., 1999). The CDG family comprises nearly one hundred disorders (Freeze et al., 2014). CDG
type Il group not only includes defects in enzymes or transporters involved in glycosylation but
also in vesicular trafficking and/or Golgi pH homeostasis caused by deficiencies in key proteins
like the COG complex or the vesicular H*-ATPase subunit ATP6V0OA2 (Wu et al., 2004; Foulquier
et al., 2006; Kranz et al., 2007; Kornak et al., 2008; Paesold-Burda et al., 2009). More recently,
Foulquier et al. (2012) identified a new disorder, namely TMEM165-CDG, caused by a primarily
uncharacterized Golgi protein whose role(s) in Golgi homeostasis, protein trafficking and
glycosylation is (are) now being unravelled in several recent studies. This paper aims to review
our current knowledge on the structure/function relationships, the localization, the expression

and the putative functions of TMEM165 in Golgi functions.

2. Sequence and topology of TMEM165 and of its yeast ortholog Gdt1lp

TMEM165 is a human hydrophobic protein of 324 amino acids containing 7 predicted
transmembrane domains (Foulquier et al., 2012) (Figure 1 and Figure 2A). This protein belongs
to the Uncharacterized Protein Family 0016 (UPF0016), family of integral membrane proteins of
unknown function. According to the database, the members of this family are composed by one
or two EXGDK/R motifs (X is any hydrophobic residue) flanked by two hydrophobic regions at the
end of the second and the fifth transmembrane domains with an antiparallel orientation (Figure
2A). Both ELGDK and EWGDR motifs contain acidic residues that could play a role in putative
cation recognition and these two homologous regions are probably due to a duplication gene
event (Demaegd et al., 2014). TMEM165 also presents a cytosolic central loop organized in a
coiled-coil domain encompassing 52 amino acids several of which are acidic (Rosnoblet et al.,
2013). This central loop contains one leucine pair (L20sL210), found in a non-canonical [DE]XXXL[LI]
signal (Figure 2A). Some studies of the central loop in another member of the UPF0016 family,
Vexpl, suggests that the acidic loop may have a Ca?*-dependent regulatory function (Gifford et

al., 2007). In addition, the first cytosolic loop contains a putative lysosomal-targeting sequence
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Y124NRL127 (belonging to the classical YXX@ lysosomal targeting signal) (Braulke and Bonifacino,

2009) (Figure 2A).
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Figure 1: Protein sequence alignment of TMEM165 and Gdt1p. Black boxes indicate the amino acid residues which are identical
in both sequences whereas grayed boxes show the homologous amino acid residues. The bold characters in TMEM165 sequence
correspond to the amino acid residues which are found conserved in the sequences of the full-length TMEM165 sequences of
mammals (SwissProt Database) using the Cobalt-NCBI multiple alignment tool (NCBI). The thick horizontal bars on the top of the
sequences indicate the amino acid stretches which are predicted as potential transmembrane domains (TMHMM v2.0 server
tool).

TMEM165 is well conserved between prokaryotes (919 different species) and eukaryotes
(409 species) (Demaegd et al., 2013). Some orthologs of TMEM165 have been identified and used
to study the function of this protein such as the yeast ortholog, Gdtlp (Gcrl dependent
translation factor 1). Gdtlp is a 280 amino acid residues membrane protein whose sequence
identity with TMEM165 reaches 38%, concerning more particularly the transmembrane domains
and the two EXGDK/R motifs (Figure 1). The two major differences between TMEM165 and Gdtl1p
lie in both the N-terminus and the central loop. Indeed, the first 55 amino acid residues
containing the first transmembrane domain is absent in Gdtlp, whereas the central loop is 10
amino acid residues longer in Gdtlp than in TMEM165 (Figure 1). According to the predictions,
the central loop was demonstrated to be in the cytosol (Demaegd et al., 2014, Potelle et al., 2016,

submitted).

3. TMEM165/Gdt1p expression and localization in wild type tissues and cells
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Database analyses of TMEM165 expression (BioGPS Database) indicate that TMEM165 is
ubiquitously expressed with an observed higher expression in smooth muscle, small intestine
and colon. In mice, Reinhardt et al. (2014) have demonstrated a distinct pattern of TMEM165

with increased expression during lactation returning to baseline during mammary involution.

While the amino acid sequence of TMEM165/Gdt1p does not contain any ER-retention
KDEL/ HDEL signal, its cellular localization presents a Golgi distribution in both mammalian and
yeast cells. Unlike Gdtlp which localizes in the cis- and medial Golgi of yeast (Demaegd et al.,
2014), TMEM165 colocalizes with the beta 1,4 galactosyltransferase, a glycosyltransferase
located in the trans-Golgi better than with GM130, a cis-medial marker (Foulquier et al., 2012).
In addition, TMEM165 may also be found, in a lower extent, in late endosomes/lysosomes and

at the plasma membrane (Rosnoblet et al., 2013; Demaegd et al., 2013).
4. TMEM165 deficiencies in CDG-II: impact on patients and on the cellular

expression, localization and stability of the protein

In 2012, five patients with a CDG-II IEF transferrin pattern were identified in TMEM165-
CDG (Foulquier et al., 2012). These patients have similarities in their phenotypes (Foulquier et al,
2012; Zeevaert et al.,, 2013). Patient 1 is a boy from a Georgian Jewish family with no
consanguinity. He was affected by growth retardation with severe dwarfism, psychomotor
retardation, osteoporosis, epi-, meta- and diaphyseal dysplasia, muscular weakness, fat excess,
joint laxity and hepatosplenomegaly. Patient 2, the sister of patient 1, presented the similar
phenotype as her brother but had also fever episodes. The third patient showed the same clinical,
biochemical and radiological features as cases 1 and 2. In all three patients, mutation
(c.792+182G>A) of TMEM165 was identified (Figure 2B). This mutation activates a cryptic splice
donor site and leads to two isoforms: the wild-type one and an additional one resulting in the
replacement of exon 4 with a 117 bp intronic sequence. As a consequence, a decreased
TMEM165 protein expression was observed in the fibroblasts of these three patients. Patient 4
is a Turkish boy with consanguinity in his family. Although this patient grew normally without
hepatosplenomegaly, epilepsy or skeletal abnormalities, he suffered severe psychomotor
retardation. This patient possessed a homozygous missense mutation (c.377G>A) that leads to
the substitution of an arginine to a histidine [p.Argl126His] in TMEM165 (Figure 2B). Interestingly,
whereas the expression level of TMEM165 was found decreased in fibroblasts, striking

disturbances of the protein localization was observed with the R126H TMEM165-GFP fusion
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protein as it colocalized predominantly with dense lysosomal/endosomal compartments. The last
patient (patient 5) is an American girl presenting the same clinical features than patients 1-3 with
dwarfism, abnormal fat distribution and skeletal abnormalities such as osteoporosis. In this
patient, two mutations in TMEM165 were found: a heterozygous missense mutation (c.377C>T)
which leads to a distinct missense mutation [p.Arg126Cys] and a missense mutation (c.910G>A
[p.Gly304Arg]) (Foulquier et al., 2012) (Figure 2B). In fibroblasts of patient 5, TMEM165
expression was slightly decreased and its localization was exclusively found at the Golgi level.
Moreover, patients with the splice mutation displayed no expression level of TMEM165 and thus
have more severe phenotypes than the others (Zeevaert et al., 2013). Interestingly, TMEM165-
deficient zebrafish generated by a morpholino strategy were recently used to analyze the
consequences of disruption in TMEM165 expression. This study demonstrates defects in
morphant structures and more particularly abnormalities in craniofacial phenotypes (alterations
in the growth and development of the head and facial bones). These are similar to malformations
observed in human patients (Bammens et al., 2014). More recently, a new TMEM165-CDG
patient was described (Althoff et al., 2015). This patient was the second child of consanguineous
parents. Their first child had died from TMEM165 deficiency at the age of 5 months. The patient
presents facial dysmorphism, nephrotic syndrome, cardiac defects, enlarged cerebral ventricles
and neurological involvement. In this patient (patient 6), a new mutation [p.Glu108Gly] was
found in the conserved ELGDK sequence of TMEM165 (Figure 2B). Interestingly, strong
glycosylation defects only appeared in this patient after a few weeks, thus highly suggesting

mother’s protecting effect on neonatal glycosylation.

From the mutations found in TMEM165-deficient patients, it appears that not only a
decreased level of expression of TMEM165 has severe consequences on cells and tissues
physiology, but also that several sequence motifs of the protein are crucial for its cellular
localization and hence presumably for its stability and function(s). Importance of these sequence
motifs, most particularly the putative lysosomal-targeting sequence 124YNRL127, were confirmed
by Rosnoblet et al. (2013) through experiments with Hela cells overexpressing mutated
TMEM165 GFP-tagged protein forms. They indeed demonstrated that mutations R126H and
R126C lead to preferential TMEM165 targeting to the lysosomal/endosomal compartments and
also to the plasma membrane. They also demonstrated that Y124 is crucial for TMEM165 exit

from the Golgi, whereas R126 is involved in protein internalization from the plasma membrane.
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Figure 2: Predicted transmembrane TMEM165 topology showing (A) the sequence motifs which may play roles in both function
and intracellular targeting of the protein (see text), and (B) the protein mutations identified in the six TMEM165-CDG patients
discovered so far (see text). The seven predicted transmembrane helices are mapped in rectangles spanning the membrane (in
gray). Numbers indicate the positions of amino acid residues on the predicted topology model. The topology model was predicted
using the TMHMM v2.0 server tool.

TMEM165 deficiencies in CDG-Il: impact on Golgi glycosylation

At the Golgi level, different glycosylation processes coexist: N-, O-glycosylation and
glycosaminoglycans (GAG) and glycolipids synthesis (Moremen et al.,, 2012). Most of these

processes were found altered in TMEM165-deficient cells.

First, TMEM165-CDG patients exhibit abnormal isoelectrofocalisation (IEF) transferrin
patterns revealing defects in the maturation of N-glycans in the Golgi (Foulquier et al., 2012;
Zeevaert et al.,, 2013). This technique is based on the separation of transferrin glycoforms
differing from each other by the number of negative charges caused by sialic acids (Jaeken et al.,
1984). Plasma transferrin is indeed known to contain two N-glycosylation sites fully occupied by
bi-triantennary sialylated N-glycan structures in control individuals. In a normal profile, 4-, 5- and
6-sialo transferrin glycoforms may be detected. In all TMEM165-CDG patients, there are both an
increase of 0-, 1-, 2-, and 3-sialo transferrin glycoforms and a concomitant decrease of 6-, 5-, and
4-sialo transferrin glycoforms then arguing for a severe Golgi processing defects. To confirm this

decrease of N-glycosylation, experiments in siRNA TMEM165 HEK293 cells were conducted with
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fluorescent lectins, more particularly SNA (Sambicus nigra lectin) that recognizes the terminal
sialic acid. Compared to control cells, a strong decrease in sialylation was revealed (Foulquier et
al.,, 2012). To identify the affected structures, analyses by MALDI-TOF mass spectrometry of
glycoproteins from patient serum were performed. Results showed an increase in the
undersialylated and undergalactosylated glycans (Foulquier et al., 2012 ; Zeevaert et al., 2013 ;
Xia et al., 2013 ; van Scherpenzeel et al., 2015 ), in fucosylation (Zeevaert et al., 2013), and an in
high-mannose type N-glycans suggesting a decrease in N-glycans maturation (Xia et al., 2013).
Such accumulation of undergalactosylated glycan structures was also observed in the last
discovered TMEM165-CDG patient (Althoff et al., 2015). Very recently, a detailed analysis of N-
linked glycans from glycoproteins of TMEM165 depleted HEK293 cells by MALDI-TOF MS
confirmed a severe disruption of the galactosylation process of the N-linked glycan structures
(Potelle et al., 2016). This galactosylation defect has been shown to be general by affecting the
different other glycosylation processes such as the O-glycosylation as well as the glycolipids
glycosylation and GAGs synthesis. Moreover, and besides this galactosylation defect, we also
demonstrate that the transfer of Gal/ GalNAc residues on glycolipids is severely impaired in
TMEM165 depleted cells where a strong accumulation of Glc-Cer is observed. These recent data
highlight the crucial involvement of TMEM165 in both the galactosylation glycosylation process

and the transfer of GalNAc residues on glycoconjugates.

Second, TMEM165-CDG patients exhibit potential defects in protein O-glycosylation, as
assessed by IEF assay of Apolipoprotein-C-1ll (Apo Clll). This glycoprotein possesses a single O-
glycan terminally modified by up to two sialic acids (Wopereis et al., 2003). Using the standard
IEF assay, a defect in O-glycans was demonstrated in Apo Clll, with both a decrease of the
monosialo- and an increase of the asialo-forms of the protein (Foulquier et al., 2012). This defect
was confirmed by LC-MS/MS analyses showing a significant increase in T-antigen (GalB1-
3GalNAc-a-Ser/Thr), slightly/mildly reduced ST-antigen (NeuAca-2,3-GalB-1,3-GalNAc-a-

Ser/Thr) and increased T/ST-antigen ratio suggesting O-glycan undersialylation (Xia et al., 2013).

At last, the glycosaminoglycans also seem to be affected by TMEM165 defect. Indeed, in
TMEM165-knockdown zebrafish, analyses by immunohistochemical staining of cartilage
demonstrated alterations in chondroitin sulfate proteoglycan expression with changes in either
core protein expression or GAG chain composition (Bammens et al., 2015). These results thus

suggest that TMEM165 defect also impairs GAG synthesis.
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All together, these results indicate disruption in Golgi glycosylation in TMEM165-CDG
with alterations in N-, O-glycosylation and in GAG synthesis, thus confirming the importance of

TMEM165 in Golgi glycosylation process.

Recently, the gel mobility of secreted invertase, a protein exclusively N-glycosylated, was
assessed in gdt1A null mutants. A defect in invertase mobility was only observed in the presence
of high Ca?* chloride concentration, arguing for an increase in underglycosylated forms (Potelle

et al.,, 2016; Colinet et al., 2016).

5. Role(s) of TMEM165/Gdt1p in Golgi structure and functions

Significant alterations of Golgi morphology were found in fibroblasts of TMEM165-CDG
patients using immunofluorescence labeling and Golgi markers like TGN46 for trans-Golgi
network, and GM130 for cis- median-Golgi. The Golgi apparatus was indeed found dilated, and
the trans-Golgi network markedly fragmented (Foulquier et al., 2012). Such disturbances in Golgi
morphology were also reported in CDG patients with defects in the Conserved Oligomeric Golgi
(COG) complex that is known to be involved in the vesicular Golgi retrograde trafficking (Ungar
et al., 2002). Although it could not be totally excluded that TMEM165 may influence Golgi
trafficking, like COG, no direct effect of TMEM165 deficiency on Golgi trafficking has been

demonstrated to date.

Both topology predicted from the amino acid sequence of TMEM165 and compared
phylogeny strongly suggest that TMEM165 is an ion transporter, most probably a cation and/or
proton transporter (Foulquier et al., 2012). A couple of experimental evidences concerning both
TMEM165 and its yeast ortholog Gdt1p came early in support to the hypothesis that the proteins
are involved in Ca%* and pH homeostasis (Demaegd et al., 2013). It was indeed demonstrated that
gdtlA yeast cells display a strong growth defect when cultured in the presence of high
concentrations of Ca2* chloride (700 mM). Interestingly, a truncated version of TMEM 165, lacking
the first 55 amino acid residues, partially restored yeast growth in presence of Ca?*, suggesting
that these proteins have similar functions in their respective hosts. Electrophysiological
assessment of Ca?* efflux in yeast overexpressing Gdtlp but not expressing Pmrlp, the Golgi
Ca%*/Mn?*-ATPase responsible for the Ca?* supply in the secretory pathway, actually showed that
Gdtl1p regulates the rate of the Ca?* uptake from the cytosol. In human cells, when TMEM165 is
overexpressed and reaches the plasma membrane, patch-clamp analyses showed currents which

could be due to cation efflux from cells, whereas the concentration of Ca?* in the cytosol of those
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TMEM165 overexpressing cells is lower than in normal cells (Demaegd et al., 2013). In addition
to putatively regulate Ca?* homeostasis, TMEM165/Gdtlp was reported to influence pH
homeostasis, and hence it was proposed as a Ca?*/H* antiporter. In support to this assertion is
the observation that TMEM165 deficiency in patient fibroblasts and siRNA targeted Hela cells
strongly disturb lysosomes/late endosomes pH homeostasis (Demaegd et al., 2013). In addition,
Colinet et al. (2016), demonstrated a pH dependent Ca?* uptake activity by using a heterologous

expression of Gdtlp in Lactococus lactis.

Although many clues indicate that TMEM165 could play an important role in Ca?* and pH
homeostasis thus explaining both osteoporosis and bone dysplasia found in TMEM165-CDG
patients (Zeevaert et al., 2013), the hypothesis that TMEM165/Gdt1p itself could be a Ca%*/H*
antiporter is questioned by a very recent study. This study indeed demonstrated a link between
Golgi glycosylation abnormalities due to TMEM165/Gdt1p deficiencies, and a defect in Golgi
Mn?* homeostasis (Potelle et al., 2016). The experiments were conducted in both yeasts and
mammalian TMEM165/Gdt1p knockdown cells. To evaluate the glycosylation status in gdtlA
knock-out yeast, the electrophoretic mobility of invertase, a heavily-glycosylated protein, was
studied. Interestingly, it revealed a glycosylation defect of invertase at high Ca%* concentration
(500 mM) which was totally cancelled in a medium supplemented with 1 mM MnCl;, whereas
other cations were ineffective. Similar effects were observed in mammalian TMEM165-depleted
cells by studying the glycosylation defect of LAMP2 and TGN46, two heavily glycosylated
proteins, and by mass spectrometry comparative analysis of N-glycans. Moreover, the Golgi
protein GPP130, the stability of which is strictly dependent on the Golgi Mn?* concentration, was
used as a specific Mn?* sensor in these cells. Taken as a whole, the experiments thus strongly
suggest that the Golgi Mn?* homeostasis is impaired in TMEM165 depleted cells, therefore
perturbing the glycosylation process. Mn?* is actually an essential cofactor of several
glycosyltransferases using UDP sugars as donors such as galactosyltransferases in mammalian
cells (Bai et al., 2006) and mannosyltransferases MNN1, MNN2 and MNNS5 in yeasts (Wiggins and
Munro, 1998; Rayner and Munro, 1998). These results open the way to the use of therapeutic

Mn?* trials in TMEM165-deficient patients (Potelle et al., 2016).

To add an extra layer of complexity, recent results highlighted that low concentrations of
extracellular Mn?* lead to a rapid lysosomal degradation of TMEM165. We demonstrate that the
ELGDK motif, one of the two EXGDK/R highly-conserved sequences (Figure 2A), is the key motif
conferring the Mn?* sensitivity. These data not only reinforce the link between TMEM165 and
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Mn?* but also confer a new cellular function of TMEM165 as a novel Mn?* cytosolic sensor of

mammalian cells (Potelle et al., 2016, submitted).

6. Putative role of TMEM165/Gdt1p in Golgi ion transport

In yeasts, it was clearly demonstrated that Gdtlp was involved in Ca®** homeostasis
(Demaegd et al., 2013) while in human TMEM165 was recently shown to be involved in Golgi
Mn?* homeostasis maintenance (Potelle et al., 2016). Although the exact cellular function of
TMEM165/ Gdtlp remains to be fully characterized, the results on yeast and mammalian cells
bring us to hypothesize that TMEM165/Gdt1p could be somehow a Golgi Ca?*/Mn?* antiporter
(Figure 3, A and B). The direction of ion transport is however still controversial and may depend
on the ion concentration gradient between the cytosol and the Golgi compartment. Concerning
Ca?* and Mn?* ions, their intake in the Golgi lumen is accomplished by SPCA1 and SPCA2 in
mammalian cells. These SPCA proteins are Golgi P-type ATPase proteins whose tissue expression
is different. While SPCA1 is ubiquitously expressed, SPCA2 is interestingly restricted to some
specific tissues. Similarly, Pmrip is the Golgi P-type ATPase known to import cytosolic Ca®* and
Mn?* inside the Golgi lumen in yeasts (Van baelen et al., 2001). As such, we could expect that
this Ca?* gradient, generated by SPCA/Pmrip, could be used for Golgi Mn?* import. In the other
way, around and if SPCA/Pmr1lp for some reasons mainly pumps Mn?* instead of CaZ*, we could
expect that TMEM165/Gdt1p would use the generated Golgi Mn?* gradient to then import Ca?*
inside the Golgi lumen. Further experiments are needed to solve. This could explain why
TMEM165 is degraded by extracellular concentrations of Mn?*. It is indeed well known that
accumulation of cytosolic Mn?* is toxic for the cells (Olanow, 2004; Milatovic et al., 2009).
TMEM165 degradation caused by an increased cytosolic Mn?* concentration would thus prevent
the action of TMEM165 in the opposite way, and then provoke the Ca?* Golgi exit into the cytosol.
This degradation would then engage SPCA in the way of cytosolic Mn?* detoxification. This would
also prevent the recapture of the Golgi Mn?* back into the cytosol that would definitely annihilate

the SPCA1 efforts.
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Figure 3: Hypotheses on the role of TMEM165/Gdt1p in ion homeostasis. According to the current experimental results (see
text), the scheme illustrates the four possible functions of TMEM165 as ion transporter: TMEM165 could be an antiporter either
importing CaZ*into the Golgi while exporting Mn2* in the cytosol (A) or the contrary (B), or TMEM165 could be a Mn2*/H* (C) or
Ca?*/H* (D) antiporter whose function is dependent on CaZ* or MnZ*, respectively.

While elegant, these working models do not take into account the pH hypothesis. To unify
the different observations, we could imagine a more complicated model where the used counter
ion is H*, thus involving the pH gradient generated by the Golgi VO-ATPase. Hence, it could be
hypothesized that TMEM 165/ Gdt1p would serve as a Golgi Mn?* and or Ca®* importer by using
the Golgi pH gradient. One could imagine, this is pure speculation, that this transport (Ca%*/ H*

or Mn?*/ H*) could also be regulated by either Mn?* or Ca®* respectively (figure 3, C and D).
7. Conclusion

Complex glycosylation is one of the major functions of the Golgi compartment. It requires
not only the right enzymes and substrates at the right places but also correct pH and ionic
conditions for which TMEM165 is, without a doubt, plays an important role. Although the
function of TMEM165 in controlling Golgi ion homeostasis is still not fully elucidated, strong
evidences indicate that it plays a key role in Mn?* homeostasis and also probably influences Ca?*
and pH homeostasis. Since Mn?* is a cofactor of galactosyltransferases and that TMEM165
deficiency leads to severe galactosylation defect, it may be assumed that the glycosylation defect
in TMEM165 deficient patients is a consequence of an impaired Golgi Mn?* homeostasis. Figure
4 thus illustrates the possible links between the Mn?* concentration in Golgi, in the presence or
absence of functional TMEM165, and its impact on protein N- glycosylation. Much needs to be
done to fully characterize the putative antiporter or transporter function of TMEM165 for Mn?*,
Ca?* and H*. Interestingly, the recent discovery that Mn?* may rescue the glycosylation defects in

TMEM-CDG patients opens the way to future therapies for these patients.
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Figure 4: Schematic representation of the impact of TMEM165 deficiency on Golgi Mn2* homeostasis and N-glycosylation
defects. The left part of the scheme shows the normal situation where TMEM165 may function, together with the CaZ*/Mn2*
ATPase SPCA1, as an ion transporter regulating Golgi Mn2* homeostasis. In this case, the Mn2* concentration in the Golgi permits
the Mn2*-dependent galactosyltransferases to transfer galactose residues from UDP-Gal to the N-glycans of proteins. The right
part of the scheme illustrates the impact of a TMEM165 deficiency on the entry of MnZ* in the Golgi. The lower Mn%*
concentration in the Golgi thus results in a decreased activity of the galactosyltransferases and the undergalactosylation of N-

glycoproteins. Blue square: N-acetylglucosamine; green circle: Mannose; yellow circle: Galactose; red triangle: N-

Acetylneuraminic acid.
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Abstract in French

Les troubles congénitaux de la glycosylation (CDG) sont des maladies héréditaires rares qui
provoquent des défauts de glycosylation fréquemment responsables d’'un défaut de croissance
et de retards psychomoteurs chez les patients atteints. Alors que la plupart des défauts
génétiques affectent les enzymes directement impliquées dans le processus de glycosylation,
comme les glycosyltransférases ou les transporteurs de nucléotide sucre, des études récentes
ont souligné I'impact de mutations génétiques au niveau de genes codant des protéines
impliquées dans I'hnoméostasie ionique et/ou dans le trafic vésiculaire au niveau de I'appareil de
Golgi. TMEM165 est une protéine golgienne retrouvée mutée chez des patients CDG. Sa fonction
hypothétique a été déduite de plusieurs études récentes en utilisant des cellules de mammiferes
déficientes de TMEM165 ou des cellules de levure déficientes en Gtdlp, I'orthologue de
TMEM165 chez la levure. Ces études ont permis de poser I’"hypothése que TMEM165 serait tres
probablement un transporteur impliqué dans I'homéostasie ionique du Golgi. Alors que la
fonction précise de TMEM165 reste inconnue a ce jour, des auteurs ont émis I'hypothese que
TMEM165 pourrait étre un antiporteur Ca2+/H+ de I'appareil de Golgi. Cependant, des données
plus récentes soulignent le réle de TMEM165 dans I'homéostasie golgienne du Mn2+. Cette
récente étude met en évidence le role clé de TMEM165 dans le processus de N-glycosylation des
protéines et pose I’hypothese que TMEM165 serait en fait impliqué dans I'import de Mn2+ dans
I'appareil de Golgi. Cette revue a pour but de dresser I'état actuel des connaissances sur une
déficience en TMEM165 dans les CDG ainsi que de présenter de nouvelles données sur la fonction
de TMEM165. Pour terminer, certains modeles sur les fonctions de TMEM165 au niveau de

I"appareil de Golgi seront discutés.
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[5] GENERAL DISCUSSION AND PERSPECTIVES

This section has several objectives. The first one is to sum-up the major results | have obtained
during my PhD. The second one is to propose ideas for future work on the subject. Finally, the

last important goal is to widen the discussion initiated in each paper to a more general view.

5.1. Roles of TMEM165 in glycosylation

At the beginning of the project, TMEM165 was considered as a putative Ca2+/H+ Golgi antiporter
and several hypotheses could explain the observed glycosylation defects in TMEM165-CDG

patients.

First, a lack of TMEM165 could prevent the proton leak from the Golgi, therefore resulting in an
overacidification of the Golgi, since no H+ leak channel have been identified in the Golgi in
mammals. This pH decrease might explain the glycosylation defect since it could lead to an
inactivation or at least a decreased activity of specific glycosyltransferases. An overacidification
could also induces a premature activation of lysosomal hydrolases in the Golgi such as

neuraminidases.

The Ca2+ hypothesis, on the contrary, cannot explain the glycosylation defect since there is no
evidence for a role of Ca2+ in glycosylation. However, a disturbance in Golgi Ca2+ homeostasis
could explain the skeletal abnormalities observed in TMEM165-CDG patients. Indeed, although
Ca2+ is known to be handled carefully by a plethora of transporters and pumps, a disturbance in
Ca2+ homeostasis might lead to an abnormal bone development. However, our recent discovery
that TMEM165 was involved in Golgi Mn2+ homeostasis led us to rethink and reformulate our

hypotheses.

5.1.1. TMEMA165 deficiency leads to N-glycosylation and glycolipid defects

We have demonstrated that TMEM165 deficiency led to strong glycosylation defects presumably
due to Golgi Mn2+ disturbance. Given the central role of Mn2+ in glycosylation, the link between

TMEM165 and glycosylation then all made sense.
We have observed that TMEM165 deficiency led to a strong N-glycosylation defect and that

galactosylation was mainly affected. The link between TMEM165 and Mn2+ homeostasis thus
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explains the galactosylation defect on N-glycans, since the pB-1,4-galactosyltransferase 1

(B4GalT1) strictly requires Mn2+ to be fully active (Figure 19).

Glycolipids, mainly gangliosides, were also analysed by MALDI-MS in control and KO TMEM165
HEK293 cell lines. Our results showed that KO TMEM165 cells barely contains any gangliosides,
excepted traces of GM3 and GM2, compared to control cells that expressed diverse pattern of
gangliosides, including GM3, GM2, GM1, GD2 and GD1. This indicated a severe glycolipid
glycosylation defect in KO TMEM165 cells in addition to an N-glycan galactosylation defect. These
results were not surprising, since several enzymes involved in the biosynthesis of gangliosides
are Mn2+ dependent, and particularly B4GalNAcT1 (GM2/GD2 synthase), involved in the early
steps of gangliosides biosynthesis (table 6). Therefore, all the following steps in the biosynthesis

are also disrupted.

Some insights into a potential O-glycosylation defect was reported in the literature. Indeed, Xia
and collaborators observed an increase of T antigen (GalB-1,3-GalNAca-Ser/Thr) and a decrease
of sialylT antigen (Siaa-2,3-GalB-1,3-GalNAca-Ser/Thr), suggesting a mucin-type O-glycan
undersialylation in TMEM165-CDG patients [296]. In TMEM165 depleted cells, we have observed
that TGN46 gel mobility was altered and attributed to a potential O-glycosylation defect, as
explained in the section 2.4.2 of the results. Although interesting, these observations are indirect

and did not reveal a clear and general O-glycosylation defect.

5.1.2. Mn2+ and galactose supplementation in TMEM165 deficient cells

Interestingly, Mn2+ supplementation has been shown to be able to suppress the glycosylation
defect on N-glycans and glycolipids. On the contrary, galactose supplementation was only able
to suppress the glycosylation defect on N-glycans but glycolipid glycosylation was only found
partially normalized. Indeed, GM3 species were restored but GM2 species were not, since
increasing the pool of UDP-Gal by galactose supplementation had no effect on B4GalNAcT1
activity, which requires UDP-GalNAc as nucleotide sugar donor. However, B4GalNAcT1 is Mn2+
dependent, thus explaining why Mn2+ supplementation was able to completely suppress the
glycosylation defect on glycolipids. Altogether, these results showed that TMEM165 deficiency
led to a galactosylation defect both on N-glycans and glycolipids, but also to a GalNAcylation

defect on glycolipids.
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5.1.3. Differences between Gdtlp and TMEM165 functions in glycosylation

A major difference was observed between TMEM165 roles in glycosylation and its ortholog in
yeast Gdtlp. Indeed, although a lack of TMEM165 leads to glycosylation defect, yeast gdt1A
strain does not display any glycosylation defect, unless they are exposed to high Ca2+
concentrations, suggesting divergent role of TMEM165 and gdtlp in glycosylation. In the Golgi
apparatus in human and yeast, there is also another pump that can potentially play a role in
glycosylation: SPCA1 in human and its ortholog Pmrlp in yeast. Interestingly, yeast pmrlA strain
presents a strong and well characterized glycosylation defect that has been shown to be linked
to Golgi Mn2+ homeostasis disturbance [317]. However, no link between SPCA1l and
glycosylation has been reported to date. These discrepancies between human and yeast
regarding glycosylation led us to this hypothesis: in human, TMEM165 is the major Mn2+
importer in the Golgi crucial for glycosylation; in yeast on the contrary, Gdtlp is essential for

glycosylation only when Pmrlp is defective for Mn2+ transport (Figure 43).

YEAST HUMAN

Mn2* caz/ Mn?* Mn2* Ca?*/ Mn?*
ADP + Pi ATP ADP + Pi

Ca2+

Golgi lumen Golgi lumen

cytosol cytosol

Figure 43. Models showing differences between gdtlp and TMEM165 roles in glycosylation. TMEM165 is the major Mn2+
importer in human and crucial for glycosylation. Gdt1p is a dispensable Mn2+ importer for glycosylation in yeast.

This hypothesis has been supported by a recent publication in our group in which | took part. In
this study, we have transformed pmri1A and gdt14/pmr1A double knockout strains with Pmrip
mutants defective for transport of either Ca2+ ions (Pmr1pD53A), Mn2+ ions (PmrlpQ783A) or
both (Pmr1pD778A), in order to decipher the origin of the glycosylation defect observed in those

two strains (Figure 44). With these tools and the combined use of invertase and NMR, we showed
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that the observed Golgi glycosylation defect in the gdt14/pmri1A double knockout strains only
resulted from a lack of intraluminal Golgi Mn2+. We confirmed that the well-known glycosylation
defect in the pmr1A strain also resulted from a lack of Golgi Mn2+ [317]. Our results also revealed
that the activity of Gdtlp in Golgi glycosylation becomes essential when Prm1p is defective for
Mn2+ transport and only transports Ca2+. Since the glycosylation defect was due to a lack of
intraluminal Golgi Mn2+, our results strongly suggest that when Pmrilp only transports Ca2+,

Gdtlpisstrictly required toimport Mn2+ inside the Golgi lumen to sustain Golgi glycosylation.

gdt1a gdt1ApmrlA + pmrl D53A gdtlApmrlA + pmrl Q783A
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Figure 44. Gdtlp is essential for glycosylation when Pmrilp only imports Ca2+. gdt1Apmri1A strains were transformed with
pRS41N-pmrlpD53A (left panel) and pRS41N-pmrlp- Q783A (middle panel) and with pRS41H-gdtlp mutants (Gdtlp-E53G,
Gdt1p-D56G, Gdtlp-E204G, Gdtlp-L205W and Gdtlp-D207G). Yeasts were grown in YPR medium. gdtlA strains were
transformed with pRS41H-gdtlp mutants (Gdt1p-E53G, Gdtlp-D56G, Gdtlp-E204G, Gdtlp-L205W and Gdtlp-D207G) (right
panel) and yeasts were grown in a YPR media supplemented with 200 mM CaCl2. From Dulary, Yu et al, 2018.

Our model also explains the strong N-glycosylation defect observed in gdt1A cultured with high
Ca2+ concentrations. Indeed, a high Ca2+ concentration will cause a cytosolic Ca2+ increase that
switches Pmrlp ion transport preference towards Ca2+ instead of Mn2+. The Mn2+ Golgi luminal
pool is then rapidly decreased if Gdtlp is not there to efficiently import Mn2+ inside the Golgi
lumen. However, since the pmrlA strain presents a strong Golgi glycosylation defect, one can
suggest that in physiological conditions, Pmrlp preferentially import Mn2+ rather than Ca2+into

the Golgi lumen. In such conditions, the role of Gdt1p in Golgi glycosylation is dispensable.

Altogether, these results clearly show that on one hand, TMEM165 is required for a proper Golgi
glycosylation in human. On the other hand, Gdtlp is dispensable for yeast Golgi glycosylation.
Therefore, we can suggest that Gdtlp plays other roles in yeast unrelated to glycosylation, for

example in Ca2+ homeostasis.

5.1.4. Perspectives
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Despite all these interesting results, much remains to be done. We first need to obtain a complete
mass spectrometry profiling of the glycome in our cell lines, in the absence or presence of Mn2+.
These data will gives us more detailed structural information about the glycosylation defect and
the rescue by Mn2+. So far, only N-glycans and glycolipids have been analysed. Therefore, we
still need to analyse at least glycosaminoglycans, and mucin-type O-glycans. GAG analyses will
especially be very interesting, since XYLT1, the first enzyme involved in the biosynthesis of the
tetrasaccharidic core of CD/DS/HS, is known to specifically require Mn2+ to be fully active (Figure
19). As described in the introduction, other crucial enzymes involved in GAG biosynthesis are also
Mn2+ dependent. Therefore, GAG biosynthesis is likely to be affected by a lack of Golgi Mn2+
due to TMEM165 deficiency.

In parallel, to go further into deciphering the differences between TMEM165 and gdt1p functions
in glycosylation, we generated a lot of TMEM165 and gdt1p mutants with single point mutations,
to determine the crucial amino acids for their function in glycosylation. LAMP2 glycosylation
profile will be assessed in KO TMEM165 cells transfected with TMEM165 mutants. In parallel,
invertase glycosylation analysis will be performed in gdtlA strains transformed with gdtlp
mutants, in the presence of high Ca2+ concentration. The first results obtained in yeast show

that acidic residue in gdtlp are crucial for its function in glycosylation.

The fact that Mn2+ supplementation could suppress the observed glycosylation defect, at least
on N-glycans and glycolipids, was very interesting and promising for the TMEM165-CDG patients.
Still, one important question remains to be addressed: how does extracellular Mn2+
supplementation rescues the glycosylation in KO TMEM165 cells? In parallel, galactose
supplementation also improved glycosylation and was tested on TMEM165-CDG patients. Again,
the same question should be addressed for galactose supplementation: how does it rescue the
galactosylation defect? Although several possibilities came to our mind to explain the
glycosylation rescue by Mn2+ and galactose, actual experiments needs to be done in a near
future to clarify this. In parallel, we should keep going with therapeutic trials using galactose and
we should also try to setup a Mn2+ therapeutic trial following the protocol performed for

SLC39A8-CDG.

5.2. The link between TMEM165 deficiency and skeletal abnormalities in TMEM165-CDG

patients
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One main objective of my thesis was to decipher the molecular mechanisms leading to a
glycosylation defect in TMEM165-CDG patients. Although it is now clear that the glycosylation
defect in TMEM165 deficient cells is linked to Golgi Mn2+ homeostasis disturbance, some work
still need to be done to understand the skeletal abnormalities observed in TMEM165-CDG

patients.

Indeed, at the moment, we still need to discover the mechanism leading to skeletal abnormalities
in TMEM165-CDG patients. Animal models proved to be useful in that way since TMEM165
deficient zebrafish also developed skeletal abnormalities. We will also take advantage of the

available TMEM165 knockout mice in order to answer that question.

Despite a large work on human bone diseases and animal models, the relationship between
skeletal development and defects in the ECM are largely understudied. Usually, the defect in
skeletal development is mainly due to an abnormal regulation of chondrocyte proliferation and
maturation in the cartilage growth plate. Normal endochondral ossification also depends on
distinct and complex ECM compounds comprising cartilage proteoglycans that act as regulators

of signalling molecules mainly via their glycosaminoglycan chains.

Interestingly, we previously pointed out that several glycosyltransferases (i.e XYLT1) involved in
the synthesis of glycosaminoglycan chains of proteoglycans strictly require Mn2+ in their active
site to be fully active. Therefore, alteration in Golgi Mn2+ homeostasis due to TMEM165
deficiency could lead to a GAG defect that could thus be the trigger of the skeletal abnormalities
observed in TMEM165-CDG patients. Indeed, GAG are key glycan structures of proteoglycans
from the ECM. Due to their ability to attract water, GAG form a gel and provide mechanical
support to the tissue. In bone ECM, GAG also act as a scaffold for mineral deposit and play a
protective role by preventing ECM destruction by proteases. Moreover, GAG are crucial key
signalling component during chondrocyte maturation. In case of GAG defect due to TMEM165
deficiency, one could think that bone homeostasis will be disrupted and skeletal development

may probably be strongly altered.

5.3. Unravelling TMEM165 ion transport
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To decipher TMEM165 ion transport, two non-exclusive methods are possible. The first one is to
monitor ion homeostasis in control and TMEM165 deficient cells and will be discussed in 5.3.1 to
5.3.3. However, this approach is indirect and data obtained should be carefully interpreted. The
other possibility is to perform direct current measurement on membrane expressing TMEM165
(see 5.3.4). In each section, the discussion about the role of TMEM165 in each ion homeostasis

will be accompanied by perspectives to help drawing reliable conclusions.

5.3.1. The role of TMEM165 in H+ homeostasis

When TMEM165 was discovered, it was proposed that TMEM165 was a putative Ca2+/H+
exchanger, able to import Ca2+ in exchange for intraluminal Golgi H+. As described in the
introduction, several hypotheses supported a role of TMEM165 in H+ exit from the Golgi.
However, the only reported experiments rely on the use of two lysosomal dyes (lysotracker and
lysosensor DND189) that become more fluorescent in acidic compartments. Authors showed
that lysosomal pH became more acidic in 3 out the 5 patients and in HelLa siTMEM165 cells.
Although convincing, no effect of TMEM165 on Golgi pH was assessed. To tackle this, we propose
to use pHluorin GFP tagged Golgi proteins to directly monitor Golgi pH in control and TMEM165
deficient cells, as first described by Miesenbdck [83]. A role of TMEM165 in Golgi pH homeostasis

is not excluded but pH measurement should be redone carefully before drawing conclusions.

5.3.2. The role of TMEM165 in Ca2+ homeostasis

As described in the publication of Demaegd and collaborators, TMEM165 is thought to be
involved in Ca2+ entry at the Golgi level. However, their experiments introduced several bias. To
measure TMEM165 effect on Ca2+ levels, they had to overexpress a tagged version of TMEM165
that localised in the plasma membrane, since endogenous TMEM165 is mostly localized in the
Golgi apparatus and thus was not sufficient to generate current at the plasma membrane. In
addition, they measured calcium cytosolic levels using Fura2, known to be quenched by Mn2+
[318]. The experiments performed in yeast also suffer from the same problem, since they used
aequorin, also known to be quenched by Mn2+. Therefore, the intensity differences they

measured with the probes could also be due to Mn2+ variations.

Besides, we recently hypothesised that TMEM165 is in fact involved in Ca2+ exit from the Golgi

apparatus instead of Ca2+ uptake. Therefore, further analyses need to be performed to conclude
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about the role of TMEM165 in Ca2+ homeostasis. For example, we are currently using classical
electrophysiological measurement to monitor whole cell and Golgi Ca2+ levels in control and KO
TMEM165 cells, to insure TMEM165 role in Ca2+ homeostasis. Another possibility is to use GFP-
based Ca2+ probe specifically targeted to the Golgi apparatus, as described by Wong and
collaborators [319]. These probe could be helpful to measure Golgi Ca2+ levels in control and KO

TMEM165 cells.

The importance of Ca2+ exit from the Golgi has been highlighted by the presence of IP3R and
RyR. These proteins are able to release intraluminal Golgi Ca2+ in response to specific stimuli,
therefore triggering signalling events. Thus, if TMEM165 is indeed involved in Ca2+ exit in the
Golgi, we need to understand the precise function of TMEM165 in Ca2+ handling. IP3R and RyR
only release luminal Golgi Ca2+ in response to stimuli. It could thus be interesting for a cell to be
equipped with a passive antiporter like TMEM165 in order to slowly release Ca2+ in absence of
stimulus. Moreover, some cell types do not express RyR and IP3R are known to be absent or only
slightly expressed in the TGN. Therefore, in that case, TMEM165 might be crucial for Ca2+ exit

from the Golgi lumen.

5.3.3. The role of TMEM165 in Mn2+ homeostasis

We have recently shown that TMEM165 was linked to Mn2+ homeostasis and hypothesised that
TMEM165 imports Mn2+ into the Golgi lumen. However, monitoring precisely Golgi Mn2+
homeostasis is extremely difficult, since Mn2+ is a trace element and tools are lacking to measure
Mn2+ concentrations. Our Mn2+ measurements using GPP130 as a Golgi Mn2+ sensor were
indeed interesting as a first approach but also indirect and not quantitative. Therefore, we try to
develop new approaches using for example electronic microscopy or Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) to finely measure intracellular or even Golgi Mn2+ concentrations.
It is also possible to use electronic microscopy or atomic force spectroscopy to measure Mn
signature. A method has also been developed to measure Mn with fura2 used in very specific
conditions, taking advantage of the quenching by the Mn2+ [320]. In any case, these approaches
require expertise, high end technology and several months of optimisation. Therefore,

collaborations should be done to address this point.

5.3.4. Direct measurement of TMEM165 ion transport
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Besides these crucial experiments to monitor TMEM165 role in the maintenance of Golgi
homeostasis, deciphering direct TMEM165 transport functions will also be important. Indeed,
although strongly suggested, there is no clear evidence that TMEM165 is indeed an ion
transporter nor if it really transports Mn2+ and Ca2+ as we suggested. As TMEM165 might be
electrogenic, excepted if it exchanges 1 Mn2+ against 1 Ca2+, we propose to perform
electrophysiological recording in cRNA-injected Xenopus oocytes to characterize its activity. We
may also artificially change Mn2+, Ca2+ and H+ levels to measure the transport function of
TMEM165 and to determine the stoichiometry of the ion transport. Mutated versions of
TMEM165 could also be used to determine the crucial amino acids involved in the transport
function. Although these experiments are crucial to understand TMEM165 function, we will need

to collaborate on that task as no one in our lab is able to perform such experiments.

5.4. TMEM165 is a Golgi Mn2+ sensitive protein

Finally, we observed that TMEM165 was targeted to lysosomal degradation after high Mn2+
concentrations exposure. This was surprising but interesting as it raised a lot of questions to
address in the future. We need to decipher the molecular mechanism underlying TMEM165
lysosomal degradation in the presence of Mn2+. We thus need to find the proteins involved in
TMEM165 induced degradation. In addition, we still do not understand the reason behind
TMEM165 degradation after Mn2+ exposure. The fact that this mechanism is conserved in yeast
and human suggests that it confers an important selective advantage, for example a protection

against Mn toxicity.

It is worth noting that tens of thousands years ago, the first Homo sapiens were living in caves
and were subjected to high Mn exposure in the soil. For example, human paintings in the Lascaux
cave were mainly done with manganese oxide, meaning that Homo sapiens at that time were
exposed to high Mn concentration in their environment. These ancestors used to mostly rely on
harvesting fruits and vegetables to eat. They particularly ate a lot of nuts, which are known to be
a high dietary source of Mn, especially for hazelnuts and walnuts. Therefore, the existence of
such induced degradation mechanism during this era was then logic and useful to prevent Mn
toxicity. At that time, their lifestyle involved a high Mn intake and Mn induced degradation
systems were then crucial to insure their survival. Therefore, nature slowly selected people

having in their genome all the players intervening in these processes.
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These days, however, humans are not really exposed to high Mn concentrations, excepted for
workers in mine, industrial workers, welders or people living near mining areas. Our lifestyle is
very different from our ancestors and we are now aware that chronic Mn overexposure can cause
manganism. This pathological condition did not exist back in that time since the life expectancy
of our ancestors was drastically shorter than ours. As a matter of fact, we nowadays tend to avoid
being in contact with manganese and Mn2+ is even removed from our drinking water. As a
consequence, why do we still keep such ancestral mechanisms in our cells since our Mn intake is
extremely low compared to our ancestors? Even if | still do not have the answer, one can think

that this TMEM165 induced degradation is more than just involved in Mn detoxification.

Since our Mn intake is extremely low and that Mn is an essential ion for several crucial cellular
processes, it is tempting to ask the following question: do we have a sufficient Mn intake during
our entire life? Indeed, we live longer than our ancestors and as we age, our ability to absorb
vitamins and minerals decreases together with the activity of our enzymes (i.e
glycosyltransferases). Therefore, seniors may require more Mn2+ to overcome the decrease in
GT activity in order to have a fully functional glycosylation for example. Thus, Mn intake should
probably be adapted and increased as we grew older. However, Mn detoxification systems also
work slower in seniors, making them more susceptible to Mn toxicity. Hence, there is always a

thin balance between fully functional biological processes and toxicity.

238

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

CONCLUSION

Four classes of molecules are required to build a cell: DNA, proteins, lipids and glycans. Although
the importance of DNA and proteins were known for a long time, the role of lipids and above all
glycans were blurry and unknown. Glycans were first seen as decorative elements without
biological relevance. It was shown later that glycoconjugates were in fact involved in a broad
range of essential functions taking place at cellular interfaces. Glycans also confer
physicochemical properties to the protein moiety and regulate glycoconjugates localisation. The
birth of the glycobiology field and the discovery of the first CDG-patients in 1980 put glycans and

glycosylation back on the biology map.

Glycosylation is indeed a fundamental cellular process that involves several actors such as
glycosyltransferases, glycosidases and nucleotide sugar transporters. These proteins also require
a specific environment and GT are especially known to require divalent cations, mainly Mn2+, to
be fully active. The link between Mn2+ and glycosylation in human was established in 1974 [6],
but the discovery of a CDG due to Mn2+ homeostasis defect was only reported in 2015, more
than 40 years later [7]. CDG primarily encompass genes defects in enzymes directly involved in
glycosylation, but a significant subgroup of newly discovered CDG affect Golgi homeostasis,
marking a new era in the CDG field. To date, more than 110 CDG subtypes have been described,

illustrating the crucial importance of the glycosylation process.

In 2012, the discovery of CDG patients carrying TMEM165 mutations, a putative Golgi cation
antiporter, added a new layer of complexity to the field of CDG. My PhD focused on unravelling
the functions of TMEM165 and establishing the link between TMEM165 deficiency and the

glycosylation defects observed in TMEM165-CDG patients.

In our first study, we highlighted that Golgi Mn2+ homeostasis was impaired in TMEM165
depleted cells, suggesting a Mn2+ entry problem at the Golgi level and therefore questioning
TMEM165 putative function as a Ca2+/H+ antiporter. We next demonstrated a general and
severe glycosylation defect, with galactosylation especially affected. Interestingly, Mn2+
supplementation almost totally suppressed the observed glycosylation defect. In conclusion, we
have demonstrated that the underlying pathological mechanism of TMEM165 deficiency is linked
to Golgi Mn2+ homeostasis defect and that the impaired Golgi glycosylation could totally be

rescued by the addition of Mn2+.
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Since galactosylation was affected, we designed a therapeutic approach using galactose and
tested it on TMEM165 deficient cell lines and TMEM165-CDG patients. We demonstrated that
Golgi glycosylation defects due to deficiency in TMEM165 also improves on galactose
supplementation. However, glycolipid biosynthesis was not fully normalized after galactose
treatment. Indeed, there is also a GalNAc defect that was only completely rescued after Mn2+

treatment.

In the last study, we have observed that TMEM165 is a Golgi protein sensitive to Mn2+. Indeed,
TMEM165 was rapidly and specifically targeted to lysosomal degradation when cells were
exposed to high Mn2+ concentrations. However, the reason behind this phenomenon is still not

clear and need to be unravelled.

We propose a model for TMEM165 transport function, in which TMEM165 is able to import
cytosolic Mn2+ inside the Golgi lumen against Ca2+ (Figures 43 and 44). The direction of ion
transport is still controversial and may depend on the ion concentration gradient between the
cytosol and the Golgi. In addition, we do not exclude that TMEM165 can also use Golgi H+ to
import Mn2+ inside the Golgi lumen. Moreover, TMEM165 could be a Mn2+/H+ or Ca2+/H+

antiporter whose function is dependent on Ca2+ or Mn2+, respectively.

Finally, in a world where fundamental research is slowly neglected and eclipsed by applied
science, it is important to emphasize that without our basic science studies, no treatment for
TMEM165-CDG would have been found. Indeed, although screening molecular compounds as
potential treatment can be an interesting approach, understanding the precise molecular

mechanism of human diseases are always an added value to design therapeutic trials.
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Abstract

The Golgi ion homeostasis is tightly regulated to ensure essential cellular processes such as
glycosylation, yet our understanding of this regulation remains incomplete. Gdtlp is a
member of the conserved Uncharacterized Protein Family (UPF0016). Our previous work
suggested that Gdt1p may function in the Golgi by regulating Golgi Ca2+/ Mn2+ homeostasis.
NMR structural analysis of the polymannan chains showed that the gdt14 mutant cultured in
presence of high Ca2+ concentration, as well as the prml1A and gdtiA/pmrlA 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 Mn2+ confirmed the suppression of these
defects. Interestingly, our structural data confirmed that the glycosylation defect in prmiA
could also completely be suppressed by the addition of Ca2+. The use of Pmrlp mutants
either defective for Ca2+ or Mn2+ transport or both revealed that the suppression of the
observed glycosylation defect in pmri1A strains by the intraluminal Golgi Ca2+ requires the
activity of Gdtlp. These data support the hypothesis that Gdtlp, in order to sustain the Golgi
glycosylation process, import Mn2+ inside the Golgi lumen when Prmlp exclusively
transports Ca2+. Our results also reinforce the functional link between Gdtlp and Pmrlp as
we highlighted that Gdtlp was a Mn2+ sensitive protein whose abundance was directly
dependent on the nature of the ion transported by Pmrlp. Finally, this study demonstrated
that the acidic 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 Mn2+

transport.

Keywords: Gdtlp, Prmlp, Golgi glycosylation, Mn2+ homeostasis
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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
disorders named CDG for Congenital Disorders of Glycosylation in which Golgi glycosylation
process is affected. Found in bacteria, archaea, yeast, plants and animals, members of the
UPF0016 family share two highly conserved regions as signatures motifs: E-x-G-D-[KR]
(Foulquier et al. 2012). Many evidences show that these two motifs form the pore of the
protein and then 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 Ca2+ transport then playing an important
role in Ca2+ signaling and Golgi protein glycosylation thereby supporting the hypothesis that
Gdt1p would act as Ca2+/H+ antiporter in the Golgi apparatus (Demaegd et al. 2013; Colinet et
al. 2016). The role of TMEM165 as a Golgi Ca2+/H+ antiporter can however be questioned. We
recently highlighted that the observed glycosylation defect due to TMEM165 deficiencies
resulted from a defect in Golgi Mn2+ homeostasis (Potelle et al. 2016). Moreover, we
demonstrated that TMEM165 was a novel Golgi protein sensitive to Mn2+ as exposition to high
Mn2+ concentrations lead to lysosomal degradation of TMEM165 (Potelle et al. 2017). These
data reinforced the hypothesis of TMEM165 as being involved in Mn2+ transport. This is also
currently emphasized by several other studies. In Arabidopsis thaliana, the homologous protein
photosynthesis affected mutant 71 PHOTOSYNTHESIS AFFECTED MUTANT 71 (PAM71) has
been shown to be required for efficient Mn2+ uptake at the thylakoid membrane (Schneider et
al. 2016). Moreover, the Mnx protein of the cyanobacterial model strain Synechocystis sp. PCC
6803, also belonging to the UPFO016 family, was recently demonstrated as a Mn exporter
(Brandenburg et al. 2017). 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 Ca2+ and Mn2+ homeostasis, both critical for many cellular processes and in
particular Golgi glycosylation, are not completely deciphered yet.

In this paper we have investigated more into details the contribution of Gdtlp, Pmrlp and both
in Golgi glycosylation processes. We have demonstrated that inactivation of Pmr1 led to strong

Golgi glycosylation defects fully reversed by the addition of both Ca2+ and Mn2+.
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Interestingly, in the gdt1A/pmr1A double knock-out strain, only the addition of Mn2+ was able
to suppress the observed Golgi glycosylation defect thus pointing the critical role of Gdtlp in
suppressing the Golgi glycosylation defect in pmri1A strains supplemented with Ca2+. 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
Ca2+ ions (PmrlpD53A), Mn2+ ions (PmrlpQ783A) or both (PmrlpD778A), our results
evidenced that in the case where Pmrlp only transport Ca2+ from the cytosol to the Golgi
lumen, Gdtlp was necessary to import Mn2+ inside the Golgi lumen to suppress the observed
Golgi glycosylation defect. Finally, this paper demonstrated that the acidic residues of the two

conserved motifs E-x-G-D-[KR] of Gdt1p are involved in Golgi glycosylation.

2. Material and methods

Yeast strains and media
Yeast strains used for the experiments are listed below:

Wild-type (WT) Mata his3A1 leu2A0 ura3A0

pmrlA Mata his3A1 leu2A0 ura3A0 pmrlA::KanMX4
gdtliA Mata his3A1 leu2A0 ura3A0 gdt1A::KanMX4
gdtiA/pmrlA Mata his3A1 leu2A0 ura3A0 gdt1A::KanMX4 pmr1A::KanMX4

Yeast were cultured at 30°C. Cultures in liquid media are done under a light shaking. Rich media,
named YEP media, contains yeast extract (10 g.L-1, Difco), Bacto-peptone (20 g.L-1, Difco). YPD
media is a YEP media supplemented with 2% D-glucose (Sigma-Aldrich). YPR is YEP
supplemented with 2% raffinose (Euromedex). Selection antibiotics were added at 100 pg.mL-
1 for nourseothricine, 200 pg.mL-1 for G418 and 300 pg.mL-1 for hygromycin.

Constructs, vector engineering and mutagenesis

Plasmids, pRS41H derivatives (wt, E53G, D56G, E204G, L205W and D207G mutated version of
GDT1) and pRS41N derivatives (wt, D53A, D778A and Q783A mutated version of PMR1) have
been generated by E-zyvec (Lille, France).

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 precipitates are collected and dissolved with
100 mL of 3N HCI. 300 mL of ethanol are then added to precipitated mannan. The mannan are
then dissolved in 50mL water and dialyzed (MWCO 3500) against water overnight at 4°C. The
dialyzed mannans are then dried and lyophilized.

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 minutes at 3500 rpm. The supernatant is discarded and the pellet is
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suspended in YPR media to induce invertase expression. Calcium, manganese and other ions
were added at this step at the indicated concentration. After a 20h culture in YPR, yeasts were
centrifuged for 5 minutes at 3500 rpm. 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]. 3uL of the supernatant 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, pH 5.1) for 10 min and then immediately transferred into a 37°C sucrose
solution for 10 min to hydrolyze 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.

Western Blotting

Yeasts were centrifuged for 5 minutes at 3500 rpm. Supernatant was discarded 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 1h at
4°C. Cells were centrifuged for 5 min at 3500g. The protein concentration of supernatant was
estimated with the micro BCA Protein Assay Kit (Thermo Scientific). 20 ug of total protein lysates
were dissolved in NUPAGE LDS sample buffer (Invitrogen) pH 8.4 supplemented with 4% pB-
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; used at a dilution of 1:200) in blocking buffer, and
washed three times for 5 min in 156 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).

Whole cell Mn measurement by ICP-MS

Yeasts were grown in YPD medium and a volume equivalent to 15 OD600nm units was
centrifuged for 3 minutes at 3500 rpm. The supernatant was discarded and the pellet was
suspended in YPD media containing or not 50 uM MnCI2. After 20h, a volume equivalent to 25
0OD600Nnm units is centrifuged for 3 minutes at 3500 rpm. Yeasts are washed twice with EDTA 1
MM and 3 times with water. Yeasts were suspended in 500 pL of HNO3 30% and heat at 65°C in
a light shaking during 20h. 500 uL of water were added to the mixture. 300 pyL 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 0.5ug/L rhodium (Merk, Darmstadt, Germany). Assays were performed on an
ICP-MS THERMO ICAPTM Q (Thermo Scientific, Courtaboeuf Cedex, France). The limit of
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quantification was 0.2ug/L).

NMR analyses

All NMR experiments were acquired on Avance |l Bruker spectrometer equipped with BBO 5mm
probe resonating at 400 MHz for H, 100.6 MHz for 3C. Mannans were dissolved in 500 pL 2H20
(99.96% ?H, Eurisotop), and then transferred into 5 mm Shigemi tubes (Allision Park, USA). NMR
experiments were performed at 293K for Mannan. The H chemical shifts were expressed in
ppm related to the methyl signal of acetone (6 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.

Monosaccharide analyses

10 pg of inositol (taken as internal standard) and 10 pg 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 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 0.25 mm x 0.25 um). 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 well separated into individual peaks, and identified by MS. However, the
signal of GIcNAc was very low due to the very low percentage of GIcNAc in mannan. Therefore,
selected ion monitor (SIM) was applied to increase sensitivity and quantify the amount of Man
and GIcNAc. We took the same amount of authentic standards which are inositol, Man, GIcNAc
to estimate the response factor of each monosaccharide in this method. lons at m/z 168, 187,
and 144 were used as indicative fragment ions for inositol, Man, and GIcNAc, respectively. The
size of isolation window was set 0.2 Da, and the scan time of selected ion was 0.2 sec. The
response factor of inositol was set to 1. In this system, response factors of Man and GIcNAc 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 GIcNAc, which
is [(Peak area of selected ion at m/z 144 for GIcNAc/0.28)/Peak area of selected ion at m/z 168
for inositol *10]. We assumed most of mannan is located on N-glycans. Therefore, the number
of Man per N-glycan was established as [molar of Man/(molar of GIcNAc*2)].

3. Results
3.1. The suppression of the glycosylation defect in pmr1A strains supplemented with Ca2+ 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
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deficiency in yeast (Potelle et al. 2016). Using this technique, we have demonstrated that the
Golgi N-glycosylation defect in gdt1A strains observed on invertase cultured in presence of high
Ca2+ concentration could efficiently be suppressed by the addition of Mn2+. This was also
observed for pmrlA and gdt14/pmr1A double knock-out strains (Potelle et al. 2016). Although
we demonstrated that high environmental Ca2+ concentration in gdtlA led to strong
glycosylation defects, we established here that the addition of Ca2+ rescues the glycosylation
defect in pmrlA. Indeed, 10mM Ca2+ treatment is sufficient to greatly reduce the invertase
mobility to a normal value (Fig. 1A). Since Gdtlp and Prm1p are two Golgi proteins involved in
the regulation of the Golgi Ca2+/Mn2+ homeostasis, glycosylation defect in gdt14/pmr1A double
knock-out strains was analyzed in the absence and the presence of increasing Ca2+
concentrations (from 10mM Ca2+ to 300mM) (Fig. 1A). Although the invertase mobility is
strongly affected in the gdt1A/pmriA double knock-out strains, the Ca2+ treatment does not
restore it to a normal value (Fig. 1A). By contrast and as previously observed, the addition of 50
UM Mn2+ is sufficient to fully restore the Golgi N-glycosylation in the different yeast strains

(Supplementary Fig. 1).

WT gdt1A WT pmriA WT gdtlApmrld
CacCl2(mM) o 10 50 100 200 300 0 10 50 100 200 300 0 10 50 100 200 300 0 10 50 100 200300

Fully glycosylated

Under glycosylated .. u

Not glycosylated —— | em——— \ S ———— \‘..'“

Figure 1: The suppression of the glycosylation defect in pmri1A strains supplemented with Ca2+ is dependent of
the activity of Gdt1lp. Wild-type (WT), gdt1A, pmrlA and gdt1ApmrlA 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.

These results points to the crucial requirement of Gdtlp activity in the restoration of the
glycosylation in pmrlA strains supplemented with Ca2+. Altogether these results strongly
suggest a functional link between Gdtlp and Pmrlp in maintaining Golgi glycosylation

homeostasis.
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3.2. General structural analysis of the mannans from wild type and different mutants under

different supplement of Ca2+/Mn2+

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 Ca2+/Mn2+ conditions,
followed by detailed structural analyses. So called mannans from most yeasts share similar
overall architectures. They are made of MangGIlcNAc; 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 D-mannopyranose units substituted in C2
positions by short side chains of (a-1,2)-linked mannose units that may be further capped by
terminal Man(a-1,3) residues (Munro et al. 2001). So called acid-labile mannan domain is
further attached to the (a-1,2)- oligomannosides through phospho-di-ester bonds (Nelson et al.
1991). 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 possible to assign
the signals corresponding to all individual monosaccharide residues of mannans. However, five
broad signals annotated as |, I, lll, 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-
BCHSQC experiments, based on literature (Vinogradov et al. 1998) (Fig. 2A). They were assighed
to five major epitopes (l), internal - 2)Man(a-1,2) residues; (ll), terminal Man(a-1,3) residues;
(1), -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) residues. 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 | 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 (a1-2) substitution on the (o 1-6)-mannoside

stretch [2,6)Man / 6)Man = 6,4], leaving few un-substituted -6)Man(a-1,6) residues.
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Figure 2: Structural analysis of the mannans from S. cerevisiae strains depleted or not in Gdtl and Pmrl. (A)
Comparison of the anomeric regions of *H-NMR spectra from WT, gdt1A, pmrlA and gdt1A/pmrlA strains; (B)
details of the *H-13C HSQC and *H-'H COSY spectra from WT mannan showing the anomeric positions of mannose
residues I-V; (C) relative quantifications of mannose residues based on NMR signals intensities.

In a second step, we compared the structures of mannans isolated from all four strains grown
in normal conditions by homo- and heteronuclear 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 gdtlApmrlA 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 gdtlApmrilA strains were
(i) a sharp decrease in the proportion of internal (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 pmrl1A and gdt1ApmrlA strains increased by 17 and 28 times compared to WT
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mannan. Additionally, COSY90 spectra showed an increased proportion of terminal Man(a-1,2)
residues on mannans from pmrlA and gdtlApmrlA 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 pmrl and both gdtlpmrl leads 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 structural variability of mannans
isolated from all four strains following supplementation with 0.5M Ca2+, 0.05mM Mn2+ and
0.5M Ca2+/ 0.05mM Mn2+ with a special focus on their branching patterns. The branching
defects were expressed as a % of unbranched -6)Man(a-1,6) residues compared with total
residues by quantifying signal V on 1D *H-NMR spectra (Supp Fig. 1 and Fig 2A). In accordance
with the above results, WT and gdt1A grown in normal condition contained less than 2% of -
6)Man(a-1,6) residues, whereas mannans from pmrlA and gdt1ApmrlA contained 21 and 27%
of - 6)Man(a-1,6) residues, respectively. This observed branching defect was fully restored in
pmrlA by the addition of any divalent cation, Ca2+ or Mn2+. Contrarily, the glycosylation defect
of gdt1ApmrlA strain which is almost entirely restored in presence of Mn2+ and both Ca2+ and
Mn2+ (4% and 7%), is not restored in the sole presence of Ca2+. Then, gdtl1A cultured in
presence of 0.5M Ca2+ showed an increased 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 Mn2+.

NMR analysis established that a lack of Pmrlp leads to strong defects 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
characteristics should result in the change of mannan size. In order to determine the average
size of mannan domain of N-glycans, we quantified Man and GIcNAc residues in all samples by
GC/MS analysis, and deduced 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 gdt1A strain under Ca2+, as well as pmrlA and
gdt1ApmrlA strains in normal conditions and under Ca2+ are drastically reduced (Fig. 3A) down

to about 40 Man residues. Under Mn2+ supplementation, the size of mannans from pmrlA and
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gdt1ApmrlA 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 pmrl and/or gdtl would affect late Golgi
glycosyltransferases such as MMN2/ MNN5/ MNN1. Altogether, these results demonstrate (i)
the crucial requirement of Gdtlp in maintaining Golgi glycosylation when cells are cultured in
presence of Ca2+ and (ii) that the suppression of the glycosylation defect by the Ca2+ in pmrilA

strains is strictly dependent on the activity of Gdtlp.
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Figure 3: Comparison of mannans isolated from yeasts grown in various conditions: N, non-supplemented; CaCl2,
supplemented with 0.5M CaCl2; MnCI2, supplemented with 0.05mM MnCl2; CaCl2+MnCl2, supplemented with
CaCl2 0.5M and MnClI2 0.05mM. (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 1H-
NMR spectra (see Supp 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.

3.3. The abundance and function of Gdtlp in glycosylation is dependent on the Prmlp
function

To further investigate the contribution of Ca2+ versus Mn2+ 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 Ca2+ ions (PmrlpD53A), Mn2+
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ions (Pmr1pQ783A) or both (PmrlpD778A) (Wei et al. 1999; Mandal, Woolf, and Rao 2000).
Although both Pmr1pD53A and Q783A can suppress the observed initial glycosylation defect,
differences can be observed (Fig. 4A). The restoration is total with Prm1pWT and the
Pmr1pD53A and only partial with the Pmr1pQ783A (Fig. 4A, left panel). To assess the potential
role of Gdtlp in this glycosylation rescue, gdt1ApmrlA 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 pmr1A and gdt1A/pmr1A double knock- out strains transfected with the Pmr1pQ783A in the
presence of increasing Ca2+ concentrations was evaluated. In the pmrlA yeast strains
transfected with the pmr1Q783A, the invertase mobility is strongly reduced both in absence of
Ca2+ and under increasing Ca2+ concentrations (Fig. 4B, left panel). We demonstrated that this
effect was due to the activity of Gdt1p, as the Ca2+ treatment in the gdt14/pmr1A double knock-
out strains transfected with the pmrlQ783A does not suppress the observed glycosylation
defect (Fig 4B, right panel). We then wondered whether the suppression of the glycosylation
defect in pmrlA strains supplemented with Ca2+ could result from Gdtlp expression 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 Pmrilp
mutants defective for transport of either Ca2+ ions (Pmrl1pD53A), Mn2+ ions (Pmr1pQ783A) or
both (Pmr1pD778A). This experience showed that the abundance of Gdtlp was directly linked
to the transport function of Pmrlp. In pmrilA, the abundance of Gdtlp was greatly reduced (-
80% compared to WT) (Fig. 4C). Remarkably, the expression of Pmr1Wt in pmr1A strains greatly
restored the Gdtlp abundance. Interestingly, while the expression of the Pmrl1pD53A also
completely rescue the Gdtlp level, the two other Pmrlp mutants (Q783A and D778A) had no
effects on Gdt1p abundance (Fig. 4C). A slight rescue can be seen with the Pmr1pQ783A mutant.
These results then proves that the abundance of Gdtlp is dependent of the transport function
of Pmrlp and are in accordance with those obtained recently (Potelle et al. 2017) where we
highlighted that the abundance of Gdtlp was greatly reduced in response to Mn2+. To go
further, we then evaluated the total cellular Mn2+ concentration in the different yeast strains
under different conditions by ICP-MS. While under physiological conditions the total cellular
Mn2+ concentration is similar in the different mutants, a huge increase is observed followed
Mn2+ supplementation in all investigated mutants compared to WT (Fig 4D). After Mn2+
supplementation, a 10-fold increase in Mn2+ concentration is observed in the gdt1A/pmriA

double knock-out mutant, a 5 fold increase in the pmrl1A mutant and a 2 fold increase in the
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gdtlA mutant. These results support the fact that both Prm1 and Gdtl are involved in total
cellular Mn2+ homeostasis.
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Figure 4: The function and abundance of Gdtlp in glycosylation is dependent on the Prm1p function (A) The
Glycosylation defect in pmrlp mutants depends on its function. Pmr1A and gdt1ApmrlA strains were transformed
with pRS41N-pmrlp mutants (pmrlp-WT, pmrlp-D53A, pmrlp-D778A and pmrlp-Q783A). Yeasts were grown in
YPR media and N-glycosylated invertase profile was performed (B) Ca2+ uptake by pmrlp influences the Mn2+
uptake by Gdtlp. Yeasts were grown in YPR media supplemented with an increase of the indicated CaCl;
concentrations in the medium and invertase profile was analyzed. (C) Abundance of Gdtlp depends on the Pmrlp
function. gdt1ApmrilA strains were transformed with pRS41H-Gdt1p-HA and with pRS41N-Pmrlp mutants (pmrlp-
WT, pmrlp-D53A, pmrlp-D778A and pmrlp-Q783A). Yeasts were grown in YPD medium and GDT1 expression was
performed by western Blot using an anti-HA. Quantification of Gdtlp protein after normalization on ponceau red
(N = 3). (D) Cytosolic manganese detoxification needs Pmrlp. Wild-type (WT), gdt14, pmrlA and gdtiApmrlA
yeasts mutants were grown to an OD600 of 0.8 in a YPD medium and transferred to a media containing no
Mn2+ or 50 uM MnCI2. Total Mn2+ concentrations were analyzed by ICP-MS. Quantification of the cellular
Mn2+ concentration (N = 2).

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Sven Potelle, Lille 1, 2017

Our results demonstrate that (i) the Golgi glycosylation defect observed in pmrl deficient cells
result from a lack of Golgi intraluminal Mn2+, (ii) that the rescue of the glycosylation defect in

pmrlA strains by the intraluminal Golgi Ca2+ requires the activity of Gdt1p.

3.4. Acidic residues of the conserved motifs of Gdtlp are involved in Golgi glycosylation

As previously published (Foulquier et al. 2012; Demaegd et al. 2014; Dulary et al. 2016),
members of the UPFO016 family contain two highly conserved consensus motifs E-¢-G-D-[KR]-
[TS], predicted to be involved in the transport function of UPF0O016 members. Recently these
motifs have been shown to be part of the regulatory Ca2+ binding domains. In order to evaluate
the importance of these two motifs in the maintenance of Golgi glycosylation homeostasis,
mutated versions of Gdt1p have been generated (E53G, D56G, E204G and D207G) and used to
complement the observed glycosylation defect in gdt1A strains cultured in presence of high
Ca2+ concentrations. Interestingly none of the mutated Gdtlp, except L205W mutation,
complements the observed glycosylation defect demonstrating that these acidic amino acids
are essential for the function of Gdtlp in Golgi glycosylation (Fig. 5). We then wondered
whether the activity of Gdtlp was required in the case where Prm1p would only transport
Mn2+. For that, the same mutated versions were expressed in gdtlA/pmrlA strains
transformed with Pmr1pD53A and the invertase mobility was followed. As shown in figure 5,
the glycosylation was completely restored for all the mutated versions of Gdt1lp, demonstrating
that Gdtlp is dispensable when Prm1p exclusively transports Mn2+. Similar experiment was
then performed in gdtiA/pmrlA strains transformed with PmrlpQ783A. Although the
expression of Gdt1p wt partially rescues the invertase glycosylation defect, none of the mutated
version suppresses the glycosylation defect (Fig. 5). This result clearly demonstrates that the
requirement of Gdt1p for Golgi glycosylation then depends on the nature of the ion transported

by Pmrilp.
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Figure 5: Acidic residues of the conserved motifs of Gdtlp are involved in Golgi glycosylation. gdt1Apmr1A strains
were transformed with pRS41N-pmrlpD53A (left panel) and pRS41N-pmrlp- Q783A (middle panel) and with
pRS41H-gdt1lp mutants (Gdt1p-E53G, Gdt1lp-D56G, Gdtlp-E204G, Gdtlp-L205W and Gdtlp-D207G). Yeasts were
grown in YPR medium. gdtl1A strains were transformed with pRS41H-gdtlp mutants (Gdtlp-E53G, Gdt1p-D56G,
Gdt1p-E204G, Gdt1p-L205W and Gdtlp- D207G) (right panel) and yeasts were grown in a YPR media supplemented
with 200 mM CaCl2.

4, Discussion

The regulation of Ca2+ and Mn2+ concentration in the Golgi apparatus is crucial for many
cellular processes particularly the secretion of proteins and the maintenance of Golgi
glycosylation. One of the main supplier/regulator of Ca2+/Mn2+ Golgi homeostasis is the Golgi
localized P-type ATPase Pmrilp. Our previous work raised the possibility that Gdt1p 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 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 (Munro 2001). These hypermannosylated structures consists in a long
backbone 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. 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 in

the different yeast strains (gdt14, pmr1A and gdt1A/pmr1A strains) under different conditions.
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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
gdt1A strains cultured in presence of high Ca2+ concentration, pmrlA and gdt1A/pmrlA strains.
We also confirmed that addition of Mn2+ was sufficient to completely restore the observed
branching defects. Interestingly, our data clearly demonstrated that the suppression of the
Golgi glycosylation defects by the Ca2+ in pmrlA yeast strains was dependent on the activity 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
termination are affected. This points toward an alteration of Mnn2p/ Mnn5p/ Mnn6p and/or
Mnn1p activities. The a-1,6 initiation/ elongation seems not to be altered in our analysis. Taken
together, our structural analysis data showed Gdt1p as well as Prm1p to be critical participants
in medial and late Golgi glycosylation functions.

The identity of Gdtlp as a potential Golgi transporter controlling both Golgi Ca2+/ Mn2+
homeostasis arose from our studies and others (Colinet et al. 2016; Dulary et al. 2016; Potelle
et al. 2016). In this work we further evaluated the potential role of Gdtlp in importing Mn2+
from the cytosol to the Golgi lumen. As first pointed by us (Foulquier et al. 2012) and others
(Demaegd et al. 2014; Schneider et al. 2016; Brandenburg et al. 2017) members of the UPFO016
family contain two highly conserved consensus motifs E-¢-G-D-[KR]-[TS], predicted to be
involved in the transport function of UPFO016 members. Our results show that mutations of the
acidic amino acids of these two conserved motifs (E53A, D56A, E204A and D207A) completely
abolish the suppression of the glycosylation defect. Interestingly, we demonstrated that an
active form of Gdtlp was exclusively required in case where Prm1p mainly transports Ca2+.
When Pmrlp mainly imports Mn2+ inside the Golgi lumen, our results show that Gdtlp is
completely dispensable for the Golgi glycosylation. We propose that these amino acids
constitute the cation binding sites of Gdtlp (one for Ca2+ and one for Mn2+). 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 transport of either Ca2+ ions
(Pmr1pD53A), Mn2+ ions (Pmr1pQ783A) or both (PmrlpD778A) (Wei et al. 1999; Mandal,
Woolf, and Rao 2000) showed that the observed Golgi glycosylation defect in the gdt14/pmri1A

strains only resulted from a lack of intraluminal Golgi Mn2+ and not Ca2+. Our data suggest that
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the activity of Gdt1p in Golgi glycosylation becomes essential only when Prm1p transports Ca2+.
It should also be noted that the suppression of the glycosylation defect is more efficient in
pmrlA strains complemented with Pmr1pQ783A under Ca2+ supplementation. Given the fact
that the observed Golgi glycosylation defect was due to a lack of intraluminal Golgi Mn2+, our
results strongly suggest that when Pmrlp only transports Ca2+ from the cytosol to the Golgi
lumen, Gdtlp is necessary to import Mn2+ inside the Golgi lumen by exchanging Ca2+. This
model also explain why high environmental Ca2+ concentrations in gdt1A would lead to strong
N-glycosylation deficiencies. When cytosolic Ca2+ concentration increases, Pmrlp favors the
transport of Ca2+ in place of Mn2+. The Golgi luminal pool of Mn2+ is then rapidly depleted if
Gdtlp is not there to efficiently import Mn2+ 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 import Mn2+ rather than Ca2+ into the Golgi lumen. In such
conditions, the role of Gdtlp, at least in Golgi glycosylation, is completely dispensable. Would
that suggest that Gdt1lp use the Golgi Mn2+ gradient generated by Pmrlp to import cytosolic
Ca2+ inside the Golgi lumen? The question is completely open. As many antiport transporters
can work in reverse if the gradient concentration of the driving ion is reversed, we can
reasonably postulate that Gdt1lp 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 then propose that Gdtlp would be the leak channel of Pmrip.

Figure 6: Hypothesis on the role of Gdt1p in ion homeostasis. In this model, Gdtlp would be a Mn2+/Ca2+
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M n2+ -~ ADP+Pi
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antiporter whose function depends on Pmrlp. When Pmrlp would import Ca2+ to the Golgi lumen, Gdtlp
would import Mn2+ by exporting Ca2+.
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Supplementary Figure 1: Comparison of the anomeric regions of 1H-NMR spectra from WT,
gdtlA, pmrlA and gdtlA/pmrlA strains in various conditions (0.5M CaCl2, 0.05mM MnCI2;
CaCl2 0.5M and MnClI2 0.05mM).
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