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Abstract

Hepatitis E Virus (HEV) is the most common cause of acute viral hepatitis worldwide with over 20
million infections and around 44,000 deaths recorded annually. Until today, 8 HEV genotypes are
reported with only the first four genotypes infecting humans. In developing countries, HEV is
transmitted via the fecal-oral route through contaminated drinking water, whereas in developed
countries, the transmission occurs by consumption of uncooked or undercooked meat from
infected animals. There is no specific treatment for HEV infection, apart from a vaccine which is
available only in China. Therefore, HEV represents a public health problem which is constantly
growing around the world. HEV is small, icosahedral virus with 27 to 40 nm diameter and
classified in the Hepeviridae family. Virions can be found as quasi-enveloped, by host-cell-derived
membranes, in bloodstream or as non-enveloped in the faeces and bile of infected individuals.
The virus contains a ~7.2 kb positive-sense, single-stranded RNA genome which comprises three
open reading frames: ORF1, ORF2 and ORF3. ORF1 encodes a non-structural polyprotein that
includes multiple functional domains responsible for the replication of the viral genome. ORF2
encodes the viral capsid protein that assembles to make the viral particles. ORF3 encodes a small
regulatory multifunctional protein which is poorly characterized. Previous studies have shown
that ORF3 is mainly involved in the release of the infectious viral particles and interacts with other
viral and host proteins inside the cell. This small protein is thought to interact with the human
Ubiquitin E2 variant (UEV) domain of Tsgl01 protein (Tsg101 UEV), a member of endosomal
sorting complex required for transport-lI (ESCRT-I), which has been involved in the release of HIV,
Ebola and other viruses. Previous studies have also shown that ORF3 protein is associated with
the cellular membranes either via its oligomerization and transmembrane insertion, or via

palmitoylation of its N-terminal Cysteine-rich region.

In this study, a detailed molecular characterization of the ORF3 protein in order to decipher its
functional role(s) during the HEV life cycle is achieved using NMR spectroscopy and other
biophysical techniques. Firstly, we performed HEV ORF3 recombinant expression in. E. coli and
purified the protein. Its structural characterization by solution-state NMR spectroscopy shown

that it is an intrinsically disordered protein devoid of any stable 3D structure organization.



Secondly, for the further determination of the ORF3 protein membrane association, the Nanodisc
(ND) technology is used which mimics a bilayer membrane and thus, is closed to the native
environment of membrane proteins. Although the attachment of the protein into a ND assembly
was successful, a reliable conclusion about the membrane attachment of the protein cannot be
drawn based on our experimental results. Finally, we in-depth characterized the molecular
interaction between HEV ORF3 and Tsg101 UEV proteins. We identified the binding sites in both
ORF3 and Tsg101 UEV proteins by NMR spectroscopy, we measured the affinity of the interaction
using Isothermal Titration Calorimetry (ITC) and finally a high-resolution atomic structure of the
complex between Tsg101 UEV protein and a 10-residues ORF3-derived peptide was solved by X-
ray crystallography. In addition, we used our biochemical and structural data to start the setup
of an experimental assay that could be used to detect potential antiviral compounds targeting

the ORF3-Tsg101 interaction.

Keywords: Protein biochemistry, NMR spectroscopy, Structural biology, HEV



Résumé

Le virus de I'hépatite E (VHE) est la cause la plus fréquente d'hépatite virale aigué dans le monde
avec plus de 20 millions d'infections et environ 44 000 déces enregistrés chaque année. A ce jour,
8 génotypes de VHE ont été identifiés, seuls les quatre premiers génotypes infectent les humains.
Dans les pays en développement, le VHE se transmet par voie fécale-orale principalement via de
I'eau contaminée, alors que dans les pays développés, la transmission se fait par I'intermédiaire
de la consommation de viande crue ou insuffisamment cuite provenant d'animaux infectés. Il
n'existe pas de traitement spécifique pour l'infection par le VHE, a part un vaccin qui n'est
disponible qu'en Chine. Le VHE représente par conséquent un probleme de santé publique qui
ne cesse de croitre dans le monde. Le VHE est un petit virus icosaédrique de 27 a 40 nm de
diametre qui est classé dans la famille des Hepeviridae. Les virions peuvent étre trouvés quasi-
enveloppés, par des membranes dérivées de la cellule hote, dans la circulation sanguine ou non
enveloppés dans les selles et la bile des individus infectés. Le virus contient un génome a ARN
simple brin positif d'environ 7.2 kb qui comprend trois cadres de lecture ouverts : ORF1, ORF2 et
ORF3. ORF1 code pour une polyprotéine non structurale qui comprend plusieurs domaines
fonctionnels responsables de la réplication du génome viral. ORF2 code la protéine de capside
virale qui s'assemble pour former les particules virales. ORF3 code pour une petite protéine
multifonctionnelle régulatrice qui est mal caractérisée. Des études antérieures ont montré que
I'ORF3 est principalement impliquée dans la libération des particules virales infectieuses et
gu’elle interagit avec d'autres protéines virales et hotes a l'intérieur de la cellule. Cette petite
protéine pourrait interagir avec le domaine de la variante humaine de |'ubiquitine E2 (UEV) de la
protéine TsglOl1l (Tsgl01l UEV), un membre du ‘endosomal sorting complex required for
transport-1’ (ESCRT-I), qui a été impliqué dans la libération d’autres virus comme le VIH et Ebola.
Des études antérieures ont également montré que la protéine ORF3 est associée aux membranes
cellulaires soit via son oligomérisation et son insertion transmembranaire, soit via la

palmitoylation de sa région N-terminale riche en cystéine.

Dans cette étude, une caractérisation moléculaire détaillée de la protéine ORF3 afin de déchiffrer

son ou ses rbles fonctionnels au cours du cycle de vie du VHE est réalisée a Il'aide de Ia



spectroscopie RMN et d'autres techniques biophysiques. Tout d'abord, nous avons produit
I'ORF3 du VHE dans E. coli puis purifié cette protéine recombinante. Sa caractérisation structurale
par spectroscopie RMN en solution a montré qu'il s'agit d'une protéine intrinsequement
désordonnée dépourvue de structure 3D stable. Ensuite, pour un examen plus poussé de
I'association membranaire de la protéine ORF3, la technologie Nanodisque (ND) qui imite une
membrane bicouche physiologique a été utilisée. Bien que |'attachement de la protéine dans un
ND ait réussi, une conclusion fiable sur le mode de fixation membranaire de ORF3 n’a pu étre
tirée sur la base de nos résultats expérimentaux. Enfin, nous avons caractérisé en détail
I'interaction moléculaire entre les protéines HEV ORF3 et Tsg101 UEV. Nous avons identifié les
sites de liaison dans les protéines ORF3 et Tsgl01 UEV par spectroscopie RMN, nous avons
mesuré |'affinité de l'interaction a l'aide de la calorimétrie de titrage isotherme (ITC) et enfin une
structure atomique a haute résolution du complexe entre la protéine Tsg101 UEV et un peptide
de 10 résidus dérivé de ORF3 a été résolue par cristallographie aux rayons X. Finalement, nous
avons utilisé nos données biochimiques et structurales pour mettre au point un test expérimental
qui pourrait étre utilisé pour détecter des composés antiviraux potentiels ciblant l'interaction

ORF3-Tsg101.

Mots clés : Biochimie des protéines, Spectroscopie RMN, Biologie structurale, VHE
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C20 protein collecting 100 uL fractions. The 280 nm absorbance curve is used to monitor the purification. (b) 4-20%
SDS-PAGE with fractions collected in the SEC purification (a) with Coomassie staining. ............cccceccvevvveecverieennne, 162
Figure 94. (a) Chromatogram of SEC purification using Superdex 200 10/300 GL column for the “empty” NDs with
mixture of 70% DOPC/20% DOPS/10% PE-MCC lipids collecting 300 ul fractions. The 280 nm absorbance curve is used
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Figure 95. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with ORF3 C20 protein of
assembled NDs containing 70% DOPC/20% DOPS/10% PE-MCC lipids using Superdex 200 5/150 GL column. The 280
nm absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the SEC

purifications (a) With COOMASSIE SEAINING..........cccuiesieeeiieeieesitesseestt e ettt e st teeseesstteesttsesteessteestaessteesseessesssseesses 164
Figure 96. Structure of DGS-NTA(Ni) modified lipid with gray dashed circle indicating the NTA(Ni) group. Available on
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Figure 97. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with His-ORF3 C20 protein
of assembled NDs containing 95% DOPC/5% DGS-NTA(Ni) lipids using Superdex 200 5/150 GL column. The 280 nm
absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the second SEC
run (in red) With COOMQASSIE SEQINING. .......c.veeeeeesiiesieesiteestessteeste sttt e sttt ste e st essteesteesssseessssesssaeasteesssesssasssensases 166
Figure 98. (a) Overlay of SEC chromatograms before (in blue) and after (in red — zoomed panel) incubation with His-
ORF3 C20 protein of assembled NDs containing 90% DOPC/10% DGS-NTA(Ni) lipids using Superdex 200 10/300 GL
column. The 280 nm absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions
collected in the second SEC run (in red) with COOMQASSI€ StAINING. .......cceeecveeeeieeiiresiresieescieesciteeieesseessesesaaessaes 167
Figure 99. (a) Overlay of SEC chromatograms before (in blue) and after (in red — zoomed panel) incubation with His-
ORF3 C20 protein of assembled NDs containing 80% DOPC/20% DGS-NTA(Ni) lipids using Superdex 200 10/300 GL
column. The 280 nm absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions
collected in the second SEC run (in red) with COOMQASSI€ StQINING. .......ccceeecvveeiversireiiiesieescieesceeeieesseesseeesaaessees 168
Figure 100. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with His-ORF3 C20 protein
of assembled NDs containing 80% DOPC/20% DGS-NTA(Ni) lipids using Superdex 200 5/150 GL column (analytical
runs). The 280 nm absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected

in the SEC runs With COOMASSIE SEAINING. .....cc.veesueveeiresiieeieessteestseste e sttt e st e sttt e s tae s tessstsaessasesssaessseesassesasassseesses 168
Figure 101. Overlay of 1H, >N HSQC spectra of 1*N His-ORF3 C20 protein in red and assembled NDs with °N His-ORF3
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Figure 102. Sequence alignment of His-ORF3 C20 and ORF3 C20 proteins using the multiple sequence alignment tool
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Figure 103. Overlay of 1H, >N HSQC spectra of >N His-ORF3 C20 protein in red and **N, 33C ORF3 C20 protein in cyan.
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Figure 104. Overlay of mass spectra of the NMR >N His-ORF3 C20 sample in red, a sample from the same **N His-
ORF3 C20 protein stock in magenta, a >N ORF3 C20 sample in green and a mixture of >N His-ORF3 C20 and >N ORF3
C20 in ratio 1:1 sample in orange using MALDI-TOF analysis. The main peaks detected in the measurements are
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Figure 105. (a) Protocol scheme for sample preparation with addition of PC/Chol at LPRO.5 or 1 lipids in presence
(with) and absence (w/o) of mBCD. (b) 4-20% SDS-PAGE for all tested conditions’ samples indicated on the scheme
(a) with Coomassie blue staining. P: pellet, SN: supernatant. Figure prepared by Dr. Marie-Laure Fogeron and Dr.
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Figure 106. (a) Protocol scheme for sample preparation with addition of sodium cholate buffer in presence and
absence of PC/Chol at LPR0.8 or 1.4 lipids. (b) 4-20% SDS-PAGE for all tested conditions’ samples indicated on the
scheme (a) with Coomassie blue staining. P: pellet, SN: supernatant. Figure prepared by Dr. Marie-Laure Fogeron and
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Figure 107. (a) Protocol scheme for sample preparation using an ultracentrifugation step at 200,000 xg for 4h at 4°C.
(b) 4-20% SDS-PAGE for all tested conditions’ samples indicated on the scheme (a) with Coomassie blue staining. P:
pellet, SN: supernatant. Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja BGckmann...............ccccceueeu... 178
Figure 108. (a) Preparation procedure of the *°N, 3C ORF3 C20 sample for recording 2D and 3D NMR dataset using a
3.2-mm rotor. (b) 4-20% SDS-PAGE for the supernatant samples of each step indicated on the scheme (a) with
Coomassie blue staining. Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja Béckmann................ccc.c...... 179
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Figure 109. 2D 13C-3C DARR (top) and 2D NCA (bottom) NMR spectra recorded with identical experimental times at
293K at 800 MHz Spectrometer for °N, 23C ORF3 C20 protein (a) and well-folded protein (b) filled in a 3.2-mm rotor.
Figure prepared by Dr. Lauriane Lecoq and Dr. ANja BOCKIMGNN. ............coccuveeeeeesiresiiesiiesiieesiieesissssssesssessssssssseses 180
Figure 110. (a) Chromatogram of affinity HisTrap purification of Tsg101UEV protein. In the black box, the elution
peak is shown zoomed. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20%
SDS-PAGE of fractions based on the chromatogram (a) with Coomassie blue staining. .............ccccccvevvveecveesennnn, 182
Figure 111. (a) 4-20% SDS-PAGE of pooled Tsg101 UEV protein fractions before and after TEV cleavage with
Coomassie blue staining. (b) Chromatogram of second HisTrap purification step of Tsg101 UEV protein after TEV
cleavage. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of
fractions based on the chromatogram (b) with Coomassie blue staining. (*) In (a) 4-20% SDS-PAGE, the Before TEV*
sample is a sample from a tube that is incubated at room temperature with the protein and TEV protease left on the
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Figure 112. 2D *H, N HSQC assigned spectrum of **N, 3C Tsg101 protein. The NH; side chains (sc) of Trp, Asn and
GIn residues are also assigned and the pairs of Asn and Gin side chains are labeled with dashed line. .................. 185
Figure 113. 2D carbon detection **N, 13C NCO spectrum of °N, 13C Tsg101 UEV protein. All 13 Prolines residues are
asSigNed SNOWN iN the ZOOMEA DOX. .....ccc.uveeueeeiiessiieeceseeeest et e st e st e st e et e s st s e sta e s staassteesataesasassasaassessnssaesseeen 186
Figure 114. Secondary structure analysis of Tsg101 UEV domain. (top) Secondary structure in crystal structure of
Tsg101 UEV domain (PDB ID: 2f0Or)**. (upper) Prediction of secondary structure based on the backbone chemical
shifts (*H", 1°N, 13Ca, *Ha, 13C8 and *3CO) of the protein using the CSI 3.0 web server?®2. Red cartoon represents the a-
helix and blue arrow the B-strand. (middle — blue dots) Predicted order parameter (Random Coil Index S?, RCI-S?) for
all the residues based on the backbone chemical shifts (*HY, 2°N, 3Ca, Hat, 13C8 and *3CO) using the TALOS+ server?®,
(lower — bars) Secondary Structure Propensities (SSP) score values for the assigned residues based on 1H", °N, 23Ca,

1Ha, 13C8 and 3CO chemical shifts of human Tsg101 UEV dOm@int®>. ..........ceoeeeeeeeeeeeeeeeeeeeeeeeeeeieseeseeeesens 187
Figure 115. Overlay of (a) *H, >N HSQC spectra and (b) **N, 3C NCO spectra of **N, 13C ORF3 Cter protein in the
presence (in cyan) and the absence (in red) of Tsg101 UEV dOMQiN. .........cccveevueesieesiiiesiiesiiesiieesiieessieesiiesssieaesns 189

Figure 116. Chemical Shift Perturbation (CSP) values of all assigned residues of ORF3 Cter protein induced by Tsg101
UEV domain. The blue bars represent the CSP values of all residues except of Prolines while the orange bars represent
the CSP values of Proline residues. The “empty” bars correspond to the residues that are disappeared with the
addition of Tsg101 UEV protein. The unassigned residues of ORF3 Cter protein are marked with a star sign. ....... 190
Figure 117. Overlay of 2D 1H, 1°N HSQC spectra of *°N, 13C ORF3 C20 protein with addition of unlabeled Tsg101 UEV
protein. Red: control spectrum without addition of Tsg101 UEV domain, pink: 20 uM Tsg101 UEV, orange: 40 uM
Tsg101 UEV, cyan: 100 uM Tsg101 UEV, green: 170 uM Tsg101 UEV and blue: 320 uM Tsg101 UEV. ................... 191
Figure 118. Overlay of 2D >N, 13C NCO spectra of °N, 3C ORF3 C20 protein with addition of unlabeled Tsg101 UEV
protein. Red: control spectrum without addition of Tsg101 UEV domain, pink: 20 uM Tsg101 UEV, orange: 40 uM
Tsg101 UEV, cyan: 100 uM Tsg101 UEV, green: 170 uM Tsg101 UEV and blue: 320 uM Tsg101 UEV. ................... 192
Figure 119. Chemical Shift Perturbation (CSP) values of all assigned residues of ORF3 C20 protein induced by Tsg101
UEV domain. The blue bars represent the CSP values of all residues except of Prolines while the orange bars represent
the CSP values of Proline residues. The “empty” bars correspond to the residues that are disappeared with the
addition of Tsg101 UEV protein. The unassigned residues of ORF3 C20 protein are marked with a star sign. On the

top, the ORF3 C20 protein sequence is shown with red the affected residues, Arg83-Asp105. .........coceevvvrevvveenenn.. 193
Figure 120. Overlay of 1H, 1°N HSQC spectra of **N Tsg101 UEV domain in the presence (in cyan) and the absence (in
[ o] Ot e A O (=Tl o Tg'o) =1 1 IS 194

Figure 121. Chemical Shift Perturbation (CSP) values of all residues except of Prolines of Tsg101 UEV domain induced
by ORF3 Cter protein. The “empty” bars correspond to the residues that are disappeared with the addition of ORF3
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Figure 123. Overlay of 1H, N HSQC spectra of the second NMR titration experiment of free 70 uM >N Tsg101 UEV
domain in red, the 70 uM >N Tsg101 UEV domain with 40 uM ORF3 C20 protein titration point in cyan and 100 uM
15N, 13C ORF3 C20 recorded for backbone assignment procedure in MAGENTQ.............ceceeeeeeeeeveeveeeeeeeeeseeseereesenns 197
Figure 124. 2D *H, >N HSQC spectrum of 40 uM unlabeled ORF3 C20 protein recorded with 3072 and 64 complex
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Introduction

1. Hepatitis E Virus
1.1 General

Hepatitis E Virus (HEV) is the most common cause of acute viral hepatitis worldwide with over 20
million infections and around 44,000 deaths recorded annuallyl. The first documented HEV
infection was in New Delhi, India in 1955 when the scientists could not categorize the infection
to an existed hepatitis virus and therefore it was referred to as non-A, non-B hepatitis virus?.
After 28 years, in 1983, there was another outbreak of viral hepatitis among Soviet soldiers in
Afghanistan. The Russian virologist Mikhail Balayan voluntary ingested pooled fecal extracts from
infected soldiers causing himself to become ill. Then, collecting during the incubation period and
analyzing his own stool by Immune Electron Microscopy (IEM), he proved that the non-A, non-B
hepatitis virus transmitted via the fecal-oral route in human, identified 27- to 30-nm spherical
virus-like particles in his stool could cause the infection and then attempted to inoculate the virus
into Macacus cynomolgus monkeys3. In 1990, Reyes et al. successfully isolated, cloned and
sequenced the first partial cDNA clone of the non-A, non-B hepatitis virus and thus proposed to
name hepatitis E virus (HEV)*°. By the next year, the cloning and sequencing of the full-length

viral genome of HEV were achieved®.

HEV infection is acute, self-limiting and mainly asymptomatic which lasts usually few weeks, 5 to
6 weeks on average’. The symptoms are nonspecific and indistinguishable from acute hepatitis
A, B and C infection!. The HEV illness have two phases. The first one starts with mild fever,
anorexia, nausea and vomiting for up to 10 days®. In the next phase, the icteric phase, the patients
with acute hepatitis E present also jaundice, darkened urine, pale stools and in some cases
abdominal pain, generalized itching and skin rash, which lasts 15-40 days'®. After the incubation
period, the virus is released from the liver cells (hepatocytes) to the bile and then excreted into
the stools®. The majority of patients fully recover, but rarely acute hepatitis E could be fatal as
results in fulminant hepatitis and acute liver failurel. HEV infection in pregnant women in the

second or third trimester could cause acute liver failure, fetal loss and mortality up to 30%%°. In
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immunocompromised patients, patients after organ transplantation, chemotherapy or with HIV
infection, HEV leads to chronicity and these patients are at a higher risk of rapid progression to

cirrhosis?.

The early detection of a HEV infection is difficult because of the nonspecific and indistinguishable
from other acute hepatitis infections symptoms®. The diagnosis of HEV infection is made either
serologically or by molecular techniques. The detection of specific antibodies, the anti-HEV
immunoglobulin M (IgM) and G (IgG) antibodies, during the incubation period of the infection in
the patient’s blood is achieved by commercial tests that are not still approved by Food and Drug
Administration (FDA)!!. However, these tests are not reliable because of the significant variation
in their sensitivity and their specificity. For chronic HEV infections, where the levels of the anti-
HEV antibodies are limited, molecular techniques are used to detect the virus directly®. By the
reverse transcriptase polymerase chain reaction (RT-PCR) technique, the HEV RNA is detected in
blood approximately 20 days after the onset of symptoms while in stool remains for further 2
weeks!2, This assay has higher specificity than the serologic diagnosis, but it is performed in

specialized research laboratories and thus it is usually impractical for quick diagnosis2,
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1.2 Epidemiology — Transmission of the virus

Hepatitis E virus is classified in the Hepeviridae family which contains two genera, the genus
Orthohepevirus and the genus Piscihepevirus'*'4. Until today, there are reported 8 HEV
genotypes (HEV1 — HEVS8) and only one serotype?. Only the HEV genotypes 1, 2, 3, 4 and 7 of
species Orthohepevirus A infect humans. The three other HEV species of genus Orthohepevirus
infect animals, but not humans and especially the Orthohepevirus B found in chicken, the
Orthohepevirus C isolated from rat, greater bandicoot, Asian musk shrew, ferret, and mink and
the Orthohepevirus D found in bat?. The genus Piscihepevirus has one species Piscihepevirus A
found in trout and also is not contagious to humans®®. Genotypes 1 and 2 infect only humans and
are found mainly in developing countries where the transmission occurs via contaminated water.
The illness occurred by these genotypes is reported to be self-limiting without progression to
chronic disease in epidemic cases in Asia, Africa and South America for genotype 1 and in Mexico,
Nigeria and Chad for genotype 2116, Genotype 3 and 4 are found mainly in developed countries
and are reported in sporadic cases causing zoonotic infections in humans who consumed
uncooked or undercooked meat from infected animals?. The main host animals reported are
domestic swine, bats, ferrets, rabbits, mongooses, deer and wild boars with swine to be the
primary reservoirs of HEV infection in humans®. In addition, these genotypes are associated with
chronic HEV cases in immunocompromised patients!’ as well there are reports of HEV infections
caused by blood transfusion!*. Genotypes 5, 6 and 8 are reported only in animals, with HEV5 and
HEV6 found only in Japanese wild boar® and HEV8 only in Bactrian camels!®. Regarding genotype
7, itis found in dromedary camels and in 2016 one case of human infection reported in a patient
with liver transplant receptor consumed camel milk and meat!®. The natural hosts and the

transmission route of all HEV genotypes are presented in Figure 12
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Figure 1. HEV Genotypes (HEV1-HEVS8) classification with natural hosts and transmission route reported for each genotype. From
Nimgaonkar et al.2 with permission from Nature Reviews Gastroenterology & Hepatology, Copyright 2018.

Based on nucleotide sequences and phylogenetic analysis, the first 4 HEV genotypes are further
divided into sub-genotypes, the assigned ones presented in Figure 2 combined with the
remaining unassigned demonstrate the genetic diversity of the virus'#2°. The HEV3c, HEV3e,

21,22

HEV3f and HEV3g sub-genotypes are mainly found in Europe

Genotype . - - - Sub-fgenotygpes - i j —
HEV-1
HEV-2
HEV-3
HEV-4

Figure 2. Sub-genotypes of the first 4 HEV genotypes. HEV1 divided into 6 (a-f), HEV2 into 2 (a-b), HEV3 into 11 (a-j, ra) and HEV4
into 9 (a-i) sub-genotypes. From Raji at al.’* available under a Creative Commons Attribution-NonCommercial-No Derivatives

License (CC BY NC ND).
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HEV represents a major public health problem which is constantly growing around the world. The
last decades and especially from 2005 to 2015, there is a 10-fold increase of incidents recorded
in Europe?3, but also the number of the silent infections could not be precisely determined??. The
worldwide distribution of the four HEV genotypes (HEV1-HEV4) that infect humans, directly and

indirectly, is shown in Figure 324,

HEV genotype
HEV1 and HEV2
HEV1 and HEV3

= HEV3

B HEV3 and HEV4

m HEV4
Unknown

Figure 3. Worldwide distribution of the four HEV genotypes (HEV1-HEV4) that infect humans, directly and indirectly. From Kamar
et al.?# with permission from Nature Reviews Disease Primers, Copyright 2017.
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1.3 Genome Organization

Hepatitis E virus is a small, icosahedral virus, member of the alphavirus-like supergroup Il of RNA
single-stranded (ss) + virus and sole member of Hepeviridae family?>?®. It is either non-enveloped
virions found in the faeces and bile with 27 to 34 nm diameter or quasi-enveloped virions (eHEV)
by host-cell-derived membranes found in bloodstream with ~40 nm diameter?27:28, However, the
eHEV particles do not contain glycoproteins in their surface as the other enveloped alpha-like
viruses?®. It contains a ~7.2 kb positive-sense, single-stranded RNA genome which comprises
short non-coding region in both 5’ and 3’ ends and three open reading frames (ORFs), ORF1, ORF2

and ORF32. The viral genome organization is shown in Figure 42,
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Figure 4. Genome organization of Hepatitis E virus. The non-coding and coding regions of the full-length ~7.2 kb and the sub-
genomic ~2.2 kb RNA and the translated HEV proteins are shown. From Nimgaonkar et al.2 with permission from Nature Reviews
Gastroenterology & Hepatology, Copyright 2018.

Protein

The 5’ untranslated region contains a 7-methylguanosine cap (m’G) structure with length of 27
nucleotides (nt) which plays an essential role in the initiation of the viral replication and
infectivity?>3°. The 3’ untranslated region is a polyadenylated (polyA) tail with 68 nt length and
its U-rich region plays important role in the induction of the interferon response in the retinoic
acid-inducible gene | (RIG-I) pathway through the pathogen-associated motif patterns (PAMPs)

found in this non-coding region3%31,
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Regarding the three open reading frames (ORFs), ORF1 protein is expressed from the full-length
~7.2 kb RNA whereas the ORF2 and ORF3 proteins from the ~2.2 kb bicistronic subgenomic RNA32,
ORF1 encodes a non-structural polyprotein of 1693 amino acid (aa) in total that includes multiple
functional domains responsible for the replication of the viral genome33. Until today, it is not fully
clear if the polyprotein functions as a single polyprotein or is cleaved into these domains with
more favorable its proteolysis with recent study showed the detection of cleaved products in
different cellular compartments3%34, The putative functional domains are the methyltransferase
(MeT), the Y domain, the papain-like cysteine protease (PCP), the hypervariable region (HVR) that
includes also a proline-rich region (Pro), the X domain, the helicase (Hel) and the RNA-dependent
RNA polymerase (RdRp)%3935-38 The expression of the methyltransferase domain (MeT) in insect
cells has two products, the 110 kDa protein (P110) and a 80 kDa proteolytic product, which both
have guanine-7-methyltransferase and guanylyltransferase activities crucial for the viral
infectivity3°. The Y domain contains 227 amino acids (residues 216 to 442) with highly sequence
similarity to rubella virus (RubV), but its function is still unclear assuming that it is an extension
of the MeT domain and plays role in the viral replication and infectivity?>3>. Next, the papain-like
cysteine protease (PCP) is similar to the rubella virus (RubV) protease, a crystal structure has been
recently solved (PDB ID: 6nu9), but the current data about its function(s) are controversial3%373°,
Regarding the hypervariable region (HVR) and the proline-rich region (Pro), there is not clear
discrimination of these regions as in some studies they are considered as only HVR and in other
ones as two different domains. Both regions are highly variable among the HEV genotypes in
terms of the sequence and length, it seems that they play a role in the viral replication efficiency,
but their function(s) have to be further investigated?>3°. The X domain known as macro-domain
belongs to the ADP-ribose-1"-monophsosphatase (Appr-1”-pase) family which catalyzes the ADP-
ribose-1”-monophsosphate (App-1”-p) to ADP-ribose?®. Previous studies have shown that it is
important for the viral replication at the post-translational stage, identified as putative interferon
antagonist and interacts with both MeT domain and ORF3 protein forming a viral replication
complex?®29, The helicase (Hel) protein is a member of the helicase superfamily SF1 with motifs
| and Ill to be crucial compared to the non-essential I, IV and VI motifs possessing NTPase

(nucleoside-triphosphatase) activity and unwind RNA strands using ATP hydrolysis energy
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function3®. The RNA-dependent RNA polymerase (RdRp) is the last functional domain of ORF1
polyprotein and member of the supergroup Ill with high similarity to the corresponding ones of
the rubella virus (RubV) and the beet necrotic yellow vein virus (BNYVV). Apart from the
conserved RdRp motifs, it contains an extra Mg?* binding sequence highly conserved motif (GDD)
which is crucial for its activity. RdRp is vital for the viral replication as plays important role in the
catalytic activity and the coordination of metal ions, synthesizes the complementary RNA strand
and studies have shown that it is present in the endoplasmic reticulum (ER), a potential

replication site26:2%:30,

The second open reading frame ORF2 encodes the viral capsid protein, major component of the
HEV virions, that enables the entry in the cell and contains the main targets for neutralizing
antibodies. ORF2 encoded protein contains 660 amino acids with a predicted molecular weight
at 72 kDa3°. At least three ORF2 capsid protein forms are detected, the infectious ORF2i, the
glycosylated ORF2g and the cleaved ORF3c in the efficient HEV cell culture system described by
Montpellier et a/*®. While only the ORF2i form is associated with infectious particles, the other
two forms, ORF2g and ORF2c, are secreted glycoproteins and the most detected in infected
patient sera®. In 2009, Yamashita et al. solved a 3.56 A crystal structure of HEV virus-like particle
(VLP) (PDB ID: 2ztn) which consists of 60 subunits of the truncated ORF2 protein and contains
three domains, the shell (S) domain, 129-319 aa, the middle (M) domain, 320-455 aa, and the
protruding (P or E2s) domain, 456-606 aa, forming icosahedral 2, 3, and 5-fold axes*! (Figure 5).
Between the M and P domain, a long proline-rich hinge (445-462 aa) is detected which provides
protease resistance in the capsid and also conduces to dimer formation on the surface*!. The
capsid protein plays important role in the cell signaling while interacts with cellular proteins and
is detected in various organelles, such as the ER, Golgi and nucleus?®2°:3°, Based on the structural
data which are valuable for vaccine development, many efforts for a specific capsid-detected
vaccine were made targeting either the ORF2 protein unit or the VLP resulting in the

development of the Hecolin® (HEV 239) vaccine which is available only in China?®.
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Figure 5. Crystal structure of HEV virus-like particle (VPL) (PDB ID: 2ztn)*! at 3.56 A resolution which consists of 60 subunits of the
truncated ORF2 protein and contains three domains, the shell (S) domain (129-319 aa) in blue, the middle (M) domain (320-455
aa) in green and the protruding (P or E2s) domain (456-606 aa) in magenta. The proline-rich hinge is between the M and P domains
and provides protease resistance in the viral capsid.

ORF3 encodes a small regulatory multifunctional protein which is poorly characterized. As shown
in Figure 4, ORF3 is expressed from the subgenomic RNA resulting in a 113-115 amino acids
protein with a molecular weight at 13 kDa*. Its coding sequence overlaps almost entirely with
the ORF2 coding sequence (5145-5475 nucleotides) in different reading frame and therefore it
constitutes the most conserved protein among the HEV genotypes3’. Previous studies have
shown that ORF3 is involved in the release of the infectious viral particles and interacts with other
virus and host proteins inside the cell®3. It is also reported ORF3 to be localized in the intracellular
membranes and the plasma membrane®**>, More details about its function(s) are described in

chapter 1.6.

Only in HEV Genotype 1, a fourth open reading frame is reported, ORF4, and encodes a ~20 kDa
short-lived protein expressed only under ER stress conditions. It interacts with host proteins such
as eukaryotic elongation factor 1 isoform-1 (eEF1al) and tubulin B, but also with the Hel, X and
RdRp viral proteins assembling a replication complex that increases the viral RdRp activity and

thus promotes the viral replication®.
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Moreover, there are four highly-conserved across the HEV genotypes cis-reactive elements
(CREs) important for the viral replication. The first one is located at the start of ORF1 coding
region, the second one between the end of ORF2 and 3’ non-coding region which binds to the
RNA-dependent RNA polymerase, the third one in the junction region between ORF1 and ORF3
regions forming a stem-loop and it is the starting point of the subgenomic RNA synthesis and the

last one at the end of ORF2 coding region?%2°,
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1.4 Life cycle of the virus

The life cycle of Hepatitis E virus is not fully characterized until today. The entry of the virus into
the cell is the starting point and the mechanism followed is distinct and needs more investigation
for both non-enveloped (naked) and quasi-enveloped (eHEV) virions*’. The information about
the receptors involved in the entry of naked virions is limited with the heparan sulphate
proteoglycans (HSPGs) and integrin a3 as cofactor to be the main candidates for the cellular
binding!®. Previous studies have shown that eHEV virions enters the cell through the dynamin-
and clathrin-dependent, receptor-mediated endocytosis and the GTPases Ras-related proteins
Rab5 and Rab7 involved in the process?. The lysosomal protein Niemann-Pick disease type C1
(NPC1) is then responsible for the degradation of the lipid membrane?®. In addition, the role of
the ORF3 protein molecules in the lipid-delivered membrane of eHEV virions during the entry
and the uncoating process has to be further studied!®. After the dynamin- and clathrin-mediated
endocytosis, the positive-strand RNA genome is released into the cytoplasm. The translation of
ORF1 protein from the full-length RNA is occurred by the host translational machinery attached
in the 5’ non-coding region with the eukaryotic initiation factor 4F (elF4F) complex to be essential
for the viral replication as described also in other viruses, such as cytomegalovirus (CMV),
influenza virus (IFV), encephalomyocarditis virus (EMCV), Kaposi’s sarcoma-associated
herpesvirus (KSHV) and calicivirus (CV)83%4 The ORF1 domains are expressed and then the RNA-
dependent RNA polymerase (RdRp) transcribes a complementary negative-sense RNA which is a
template for the transcription of both full-length and subgenomic RNA?°, Previous studies have
shown that ORF1 protein is identified in endoplasmic reticulum membranes which is possible the
viral replication site*¥°°, The subgenomic RNA is thus used for the expression of the capsid ORF2
protein and the small regulatory ORF3 protein. The final step is the release of newly formed virus
in enveloped form!8, ORF3 protein is shown that plays essential role in the secretion step while
it probably binds to tumor susceptibility gene 101 protein (Tsg101), a member of the endosomal
sorting complex required for transport-I (ESCRT-I), as shown in other viruses, such as human
immunodeficiency virus (HIV)-1 or Ebola through a P(S/T)AP motif, as called “late domain”>%. The
eHEV virions that exit the cells contain a lipid membrane derived probably from the Golgi network

which is then degraded by bile salts and therefore the HEV virions detected in the stool are
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naked?. The eHEV virions that enters the bloodstream in the enveloped form, where it is
protected from neutralizing antibodies against ORF2 and ORF3 proteins?. The life cycle of

Hepatitis E virus with all steps described above is shown in Figure 62.
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Figure 6. Life cycle of Hepatitis E virus. The entry (1) of naked and eHEV virions, the viral replication (2), the release (3) of the newly
infectious virions to the bile and faeces in naked form and to the blood in quasi-enveloped form (4) are depicted. From Nimgaonkar
et al.2 with permission from Nature Reviews Gastroenterology & Hepatology, Copyright 2018.
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1.5 Treatment of HEV infection

The HEV infection is mostly self-limiting, but the mortality rate, especially in pregnant women,
and the endemic character of the virus mainly in developing countries has been forced to develop
HEV-specific vaccines. For chronic HEV cases, the ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole)
treatment is approved in which the synthetic guanosine/adenosine analog with a broad antiviral
spectrum targets the RdRp hindering the viral replication?®. Recent case study on a liver
transplant male patient who received a combination of ribavirin with sofosbuvir (SOF, GS-
331007), an inhibitor of hepatitis C virus (HCV) polymerase, therapy, has as a result the
elimination of HEV RNA in plasma during the treatment, but not the viral clearance®?. Although
more than 11 experimental preclinical studies on HEV vaccines are conducted since the virus

discovery, only three studies continued to clinical trials in humans®.

The recombinant Hecolin® p239 vaccine, developed and manufactured by Xiamen Innovax
Biotech Co., Ltd., China, is licensed only in China since December 2011, It is based on a 239
amino-acid peptide of the ORF2 capsid protein (residues 368-606 of ORF2 protein sequence)
derived from HEV genotype 1 found in China expressed in E.coli system¥>>, A large-scale phase Ill
clinical trial in China showed a 100% efficacy and safety in 16-65 years-old participants after 3
completed doses and 96% efficacy and safety in ones after at least one dose of the Hecolin® p239
vaccine®®. In addition, two clinical trials were carried out to assess the safety, immunogenicity
and effectiveness of the vaccine, a phase | clinical trial in USA (NCT03827395)>” and a phase IV
clinical trial in rural areas of Bangladesh in pregnant women resulting in the prevention of
maternal and neonatal deaths due to HEV infection (NCT02759991)°%°°, Moreover, it is reported
by World Health Organization that in March 2022, Hecolin® p239 vaccine is used for the first time
in a vaccination outbreak at Bentiu IDP (internally displaced persons) camp in South Sudan’s Unity

state initiated by Médecins Sans Frontiéres and South Sudan’s Ministry of Health?.

A second recombinant HEV protein (rHEV) vaccine, developed and manufactured by
GlaxoSmithKline Biologicals, Rixensart, Belgium, is based on the 56 kDa ORF2 capsid protein®3. A
phase Il clinical trial in Nepal shows a 95.5% efficacy after 3 completed doses and 88.5-89.9%
efficacy after the first dose (NCT00287469)°061,
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The last HEV VLP vaccine (p179) is developed and manufactured by Changchun Institute of
Biological Products Co., Ltd, China, based on genotype 4 found in China®. A phase | clinical trial
in China showed that after 3 completed doses the HEV VLP p179 vaccine is safe and well-tolerated

in 16-65 years-old participants without serious adverse side effects®32.

Because the recombinant Hecolin® p239 vaccine is not commercially available worldwide, the
prevention against the HEV infection is important. The overall good hygiene practices on
individual level and improvement in the quality of public water supplies and disposal systems are
the main practices to limit the outbreak in endemic areas®. Especially, travelers to these areas
have to be cautious, drinking bottled water and avoiding to consume raw shellfish which could

be contaminated through the water®3,
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1.6 ORF3 protein

ORF3 is a small multifunctional protein, highly conserved among the HEV strains due to the fact
that its nucleotide RNA region is almost entirely overlapped with the ORF2 coding sequence by
330 nucleotides in different reading frame3°. It is shown that ORF3 protein plays important role
in the secretion step of newly formed infectious virions, but the full function(s) during the HEV

life cycle remains to be elucidated.

Previous studies have shown that ORF3 protein is phosphorylated at serine residue in position 70
(Ser70) for genotype 3 and in position 71 (Ser71) for genotypes 1, 2 and 4. This is the first proline-
rich domain identified that can be phosphorylated by the extracellularly regulated kinase (ERK),
a member of the mitogen-activated protein kinase (MAPK) family. The serine phosphorylation
probably triggers the interaction with the non-glycosylated capsid ORF2 protein which therefore
plays a role in the virions assembly®4%>, Due to the controversial results about the importance of
the phosphorylation state of ORF3 protein in the viral replication, further investigation is
needed?®. ORF3 protein is also shown that interacts with microtubules, directly or through
another proteins, resulting in the facilitation of HEV infection as promoting the capsid transport
during egress3%®. Moreover, there are various studies that shown that ORF3 protein upregulates
the expression of glycolytic pathway enzymes through the stabilization of hypoxia-inducible
factor 1 (HIF-1) resulting the inhibition of the mitochondrial depolarization and death®”-®8, but
also downregulates the toll-like receptor 3 (TLR-3) mediated nuclear factor kappa B (NF-jB)
signaling via tumor necrosis factor receptor 1-associated death domain protein (TRADD) and

receptor-interacting protein kinase 1 (RIP1)%°.

The ORF3 protein sequence from genotype 3 contains two PXXP motifs, called also late domains,
in the C-terminal region at 86-89 aa and 95-98 aa, whereas the genotypes 1, 2 and 4 contains
only the second one’®. The second PSAP motif detected in all four genotypes is known to interact
with many Src homology 3 (SH3) class | domains and plays essential role in the HEV virion
release’!. Generally, proteins containing SH3 domains are important in signaling pathways
involved in cell growth, differentiation and other regulatory functions’2. Previous studies have

shown that ORF3 protein interacts via PSAP® motif with CIN85, a multidomain adaptor protein
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implicated in the Cbl-mediated downregulation of receptor tyrosine kinases, resulting in the
delayed degradation of the endomembrane growth factor and therefore the prolongation of the
cell survival’®. Moreover, the highly conserved “late domain” of ORF3 protein functionally
interacts with the human tumor susceptibility gene 101 (Tsg101) protein, a member of the
endosomal sorting complex required for transport-l (ESCRT-1), essential for viral budding’"’4. The
same kind of interaction is also shown between Tsg101 protein with “late domains” of other
viruses, such as human immunodeficiency virus (HIV)-1 or Ebola, involved in the viral
secretion®>”>, The ORF3-Tsg101 interaction leads to the synthesis of the quasi-enveloped (eHEV)
particles with ORF3 protein to be present in the outer lipid membrane of the infectious
virions?®7¢. More details about Tsgl01 protein and its interaction with ORF3 protein are
presented in the chapter 2.4. Genotype 1 ORF3 protein contains a second PXXP motif at 66-75
proline-rich region and also a PMSPLR (PXXPX+, which + is either arginine or lysine) motif which

is characteristic for class Il SH3 domains, but with not yet known function””7°.

Besides the host cellular proteins, based on high-throughput yeast two-hybrid (Y2H) and
modified luminescence-based mammalian interactome mapping pull-down assays (LuMPIS)
screening, ORF3 has found to interact with viral proteins, the ORF1 domains, methyltransferase
(MeT), papain-like cysteine protease (PCP), X domain, helicase (Hel) and the RNA-dependent RNA
polymerase (RdRp), suggesting a regulatory function in the formation of the replication

complex®®,

As mentioned above, ORF3 protein has been localized in the intracellular membranes and the
plasma membrane***. While two different groups were trying to identify its function and the
involved regions, both identified ORF3 as associated to the cellular membrane, but two different
modes of binding have been proposed®\2. In early 2017, Ding et al. proposed a transmembrane
insertion of ORF3 protein with N-terminal and C-terminal localized in the lumen of ER and the
cytoplasm, respectively, and its oligomerization that forms an ion channel and correlated the
ORF3 function with a viroporin function®. In general, viroporin plays a vital role in promoting
viral pathogenesis and especially affecting cell entry, viral replication and mainly viral release, but

the mechanism is not yet known®!. Previous studies have shown that viroporins have also found
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in both enveloped (Hepatitis C virus (HCV), HIV-1, influenza A virus (lIAV), rotavirus,
alphavirus/Sindbis virus, coronaviruses) and non-enveloped viruses (simian virus 40 (SV40),
coxsackie B virus (CBV), polio virus)®*2* However, this study did not include biophysical and
structural data to support this model. AlImost two years later, in December 2018, Gouttenoire et
al. published a paper showing the association of ORF3 with the membrane via a post-translational
modification, the palmitoylation of cysteine residues in the N-terminal region at position 1-28 aa
and also the presence of both N- and C-terminus in the cytoplasm without a transmembrane
insertion®2, The palmitoylation of ORF3 protein is essential for the membrane anchoring and
stability of the protein as well the subcellular localization and they proved that mutation of
involved cysteines affects the viral secretion®2. However, the cysteine region that is responsible
for the anchoring of ORF3 in the membrane has to be further investigated. The results obtained
by these two groups are apparently divergent regarding the topology of ORF3 protein. However,
influenza virus (M2 protein) is an example which combines both modes while it has a viroporin
function and it is anchored to the membrane by a palmitoylated cysteine in the C-terminal
region®. Figure 7 illustrates the proposed modes of membrane anchoring of ORF3 protein by
Ding et al8! (a) and Gouttenoire et al.®? (b), but also the potential modes combining the
information obtained by these studies (c).
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Figure 7. Membrane anchoring modes of ORF3 protein. (a) Transmembrane insertion of ORF3 protein with N-terminal and C-
terminal localized in the lumen of ER and the cytoplasm, respectively, forming oligomers to constitute a viroporin, as proposed by
Ding et al.81. (b) Membrane anchoring via a post-translational modification, the palmitoylation of cysteine residues in the N-
terminal region and the presence of both N- and C-terminus in the cytoplasm without a transmembrane insertion, as proposed by
Gouttenoire et al.82. (c) potential modes of membrane anchoring combing the information obtained by the two studies (a) and
(b). Grey barrel: transmembrane region and green line: palmitoylation of cysteine residues.
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In order to better clarify the function(s) of ORF3 protein, its topology, the mode of membrane
anchoring and the mechanism of the viral release, further studies are required and therefore

used to design antivirals to combat HEV infection.
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2. Tumor susceptibility gene 101 (Tsgl101) protein
2.1 ESCRT machinery

The endosomal sorting complex for transport (ESCRT) machinery was initially identified as
ubiquitin-dependent protein sorting pathway of membrane proteins in yeast Saccharomyces
cerevisiae within vacuole which is equivalent to lysosome in eukaryotes®®®’. Until today, its
functions in many biological processes have been studied and Figure 8 depicts the up-to-date
ones as described by Christ et al.88. ESCRT pathway is mainly involved in the sorting, trafficking
and lysosomal degradation of ubiquitinated proteins though the multivesicular bodies (MVB), as
well the membrane recycling, cytokinesis, autophagy or exosome secretion®”:#%, ESCRT machinery
mediates inverse membrane remodeling with the formation of vesicles which contain cytosol and
bud away from it, either at cell surface or inside cellular organelles®. The consequences of failure
to tightly regulate of cell receptors signaling by the ESCRT machinery are associated with many
human diseases, such as cancers and neurodegenerative diseases®. The mechanism for ESCRT

pathway functions have to be further investigated.
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Figure 8. ESCRT pathway involved in many biological processes. From Christ et al.88 with permission from Trends in Biochemical
Sciences, Copyright 2017.
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While many previous studies have focused on the HIV-1 release from the plasma membrane
utilizing the ESCRT pathway, the study of other enveloped viruses’ budding based on this

machinery was performed>%7>929,

The ESCRT machinery consists of five distinct complexes, the ESCRT-0, -I, -ll, -lll and Vps4
complexes, which have different functions required for MVB formation and are sequentially
recruited from the cytoplasm to late endosomes®®. ESCRT-0 is the first complex of the machinery
that localizes to endosomes where it binds to ubiquitin moieties of membrane proteins intended
to degrade and phosphatidylinositol 3-phosphate (PI3P) lipids initiating the MVB pathway®*. It
was not classified as a ESCRT complex, but because it was shown to recruit the ESCRT-I complex,
it was finally included in the pathway®®. ESCRT-0 comprises of two subunits, the hepatocyte
growth factor-regulated tyrosine kinase substrate (HRS) (Vps27 in yeast) and the signal
transducing adaptor molecule1/2 (STAM1/2) (Hsel in yeast)®’. These two proteins assemble a
1:1 heterodimer interacting via long coiled-coil GAT domains as shown in a 2.3 A crystal structure
solved by Ren et al. (Figure 9, PDB ID: 3f1i)%®. They contain a VHS domain in N-terminal region
with not yet known function and ubiquitin- and clathrin-binding domains, one found in STAM and
two in HRS protein®*. The latter one contains an extra FYVE zinc-finger domain which binds
endosomal PI3P lipids and is responsible for locating the ESCRT-0 complex in endosomes®°4, It
is also shown that the ubiquitin-binding protein, Eps15b, binds to HRS subunit of ESCRT-0 in
human cells with proposed involvement in sorting epidermal growth factor receptors (EGFRs) for
degradation®>. Moreover, HRS recruits the ESCRT-I complex interacting directly with the N-
terminal region of Tsg101 (Vps23 in yeast) protein, a subunit of ESCRT-I, via a P(T/S)AP motif in
its C-terminal region®*. ESCRT-0 complex is not conserved, while it is only found in fungi and
animals and is not present in plants and protists in which a yet unknown system recruits ESCRT-I

to initiate the MVB pathway®.
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PDB ID: 3f1i
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Figure 9. (a) Crystal structure of ESCRT-0 complex at 2.3 A resolution solved by Ren at al. (PBD ID: 3f1i)%. (b) Main domains of HRS
and STAM subunits of ESCRT-0 complex. HRS subunit in cyan and STAM subunit in red.

ESCRT-I complex is a soluble hetero-tetrameric complex containing the Tsg101 (Vps23 in yeast)
protein, the Vps28 (same in yeast), the Vps37(A, B, C, D) (Vps37 in yeast) and the Mvb12(A, B)
(Mvb12 in yeast) or the ubiquitin-associated protein 1 (UBAP1)°*. More details about the subunits
and the known structure of the ESCRT-I core complex are presented in the following chapter

(chapter 2.2).

Then, ESCRT-I recruits the ESCRT-Il Y-shaped hetero-tetrameric complex which consists of one
Vps22 (same in yeast and EAP30 in mammalian) molecule, one Vps36 (same in yeast and EAP45
in mammalian) molecule and two Vps25 (same in yeast and EAP20 in mammalian) molecules®”%,
The Vps22 and Vps36 subunits tightly interact forming the base of the Y-shaped complex while
each one interacts with one Vps22 molecule corresponding to the arms of the Y°”%%, In addition,
Vps36 subunit contains a GLUE (GRAM-Like Ubiquitin-binding in EAP45) domain in the N-terminal
regions which is a split pleckstrin homology domain and binds ubiquitin, PI3P lipids found in
endosome membrane and also to the C-terminal domain of Vps28 of ESCRT-I complex with
nanomolecular affinity in yeast®>1%°, Moreover, the Vps36 GLUE domain in yeast contains two
NZF (Npl4-type zinc finger) domains, one interacts with ubiquitin and the second one with Vps28
of ESCRT-I complex, whereas the human Vps36 GLUE domain does not contain NZF domains, but

still binds ubiquitin and the mammalian lacking NZF domains needs further investigation to
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elucidate the interaction between ESCRT-I and ESCRT-Il complexes®. In 2008, Im and Hurley
solved the crystal structure of the human ESCRT-Il complex at 2.6 A resolution (PDB ID: 3cuq)

(and also a second one at 2.9 A resolution, PDB ID: 2zme)°! as shown in Figure 10.
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Figure 10. (a) Crystal structure of ESCRT-Il complex at 2.6 A resolution solved by Im and Hurley (PBD ID: 3cuq)™°~. (b) Main domains
of Vps36, Vps22 and Vips25 subunits of ESCRT-Il complex in human and in yeast. Vps36 subunit in orange, Vps36 subunit in purple
and Vps36 subunit in green. Modified from Im and Hurley01 with permission from Developmental Cell, Copyright 2008.

Next step is the recruitment of ESCRT-IIl complex which only transiently assembles on
endosomes!®. It is a multimeric complex consisting of four core subunits, the highly charged
multivesicular body proteins (CHMP) in mammals, particularly the Vps20 (same in yeast and
CHMP6 in mammalian), the Vps32(A, B, C) (Vps32 or Snf7 in yeast and CHMP4(A, B, C) in
mammalian), the Vps24 (same in yeast and CHMP3 in mammalian) and the Vps2(A, B) (Vps2 in
yeast and CHMP2(A, B) in mammalian) proteins, and several accessory proteins, the most studied
to be the Istl (same in yeast), the Vps46(A, B) (Vps46 or Did2 in yeast and CHMP1(A, B) in
mammalian), the Vps60 (Vps60 or Mos10 in yeast and CHMP5 in mammalian) and the Vtal (same
in yeast and LIP5 in mammalian) proteins®*®>. The four core subunits are small proteins
containing approximately ~230 aa, with similar structure, but distinct function®”°4. Although the
crystallization of entire ESCRT-IIl complex cannot be obtained because of its non-stable nature,
crystal structures of some subunits were solved. The crystal structures of the core human CHMP3
subunit (PDB IDs: 2gd51%, 3frt and 3frvi%4) and the human Ist1 (PDB IDs: 3frr and 3frs'4) display
that the ESCRT-III subunits share structural features as the helical fold®. The inactive form and
autoinhibition of ESCRT-Ill complex is stabilized when the two helices of the negative charged C-

terminal region fold back to the positively charged hairpin structure formed by two helices of the
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N-terminal region in cytoplasm with the mechanism to be yet unknown!%1%, The high-affinity
binding of the Vps25 subunit of ESCRT-II to Vps20 subunit of ESCRT-IIl complex results to the
activation of the latter to the endosomes and therefore the further binding of all its subunits®.
Then, the Vps20 protein recruits the homo-oligomerized Vps32 (Snf7 in yeast) on the complex
and the latter in turn recruits the ESCRT-IIl adaptor protein Alix (Apoptosis-linked gene-2
interacting protein X) (Brol, BCK1-like resistance to osmotic shock protein-1, in yeast) that
stabilizes the Vps32 into filamentous oligomers capped by Vps24 subunit and recruits the
deubiquitinating enzyme Do0a4°71%8, The assembly of ESCRT-IIl complex is completed on the
endosomes when the Vps24 recruits the Vps2 subunit which mediates recruitment of the Vps4
through the MIT (microtubule-interacting and trafficking) domains located in the C-terminal
region®1%7_ Finally, the Vps4 complex consists of the type | AAA-ATPase Vps4 and its co-factor
Vtal and assembles into a stable dodecamer of two stacked hexameric rings with a central
pore®*. The Vtal protein, which also be an accessory protein of ESCRT-IIl complex and interacts
with Vps60, could be a potential adaptor for Vps4 and ESCRT-IIl interaction and upon binding the
ATPase activity of Vps4 is enhanced'%1%0, Vps4 is a mechanoenzyme which is inactive promoter
in monomer or dimer form in the nucleotide-free or ADP-bound state in cytoplasm and necessary
for the dissociation of ESCRT-III from the membrane in the end of a MVB cargo sorting and vesicle
formation!'1-113, Once ESCRT-IIl disassembly, the Vps4 complex is also dissociates into its inactive
protomers until the next assembly process®’. Figure 11 illustrates the assembly of ESCRT
machinery with the components of each complex (ESCRT-0, -I, -ll, -lll and Vps4) and depicted

interactions between the subunits®s.
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Figure 11. Assembly of ESCRT machinery with the components of each complex (ESCRT-0, -1, -Il, -lll and Vps4) and depicted
interactions between the subunits. From Christ et al.38 with permission from Trends in Biochemical Sciences, Copyright 2017.
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2.2 ESCRT-I complex

As mentioned in the previous chapter, ESCRT-l is a hetero-tetrameric complex recruited by
ESCRT-0 essential for the cargo sorting. It is the first ESCRT complex identified in yeast initially
consisting of only Vps23, Vps28 and Vps37 subunits while the Mvb12 protein was later
determined to stabilize the complex!**1%>, In mammalian cells, the existence of multiple isoforms
of Vps37 and Mvb12 subunits could be related to the tissue in which the ESCRT machinery is
utilized®”11, The crystal structure of yeast ESCRT-I complex reveals that one copy of each subunit
assembled in an approximately 18 nm long complex containing a headpiece necessary for binding
with ESCRT-II, a rigid 13-nm long coiled-coil stalk required for ESCRT-I cargo sorting and an
endpiece in the other end of the complex necessary for binding with ESCRT-0'Y7. Figure 12 depicts

the 2.7 A crystal structure of yeast ESCRT-I complex solved by Kostelansky et al. (PBD ID: 2p22)7.
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Figure 12. Crystal structure of yeast ESCRT-I complex at 2.7 A resolution solved by Kostelansky et al. (PBD ID: 2p22)'77 and the
main domains of the four subunits, Vps23 in orange, Vps28 in blue, Vps37 in green and Mvb12 in magenta. The grey arrows
indicate the dynamic motions of the domains which binds to other ESCRTs. Modified from Kostelansky et al.117 with permission
from Cell, Copyright 2007.

Based on the solved structure of the yeast ESCRT-I, the Vps23 (the C-terminal region), Vps37 and
Mvb12 subunits interact to each other in order to form the Stalk. All these subunits are important

in the complex formation, but the two first proteins to be needed for the assembly of the
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headpiecel'’. In addition, the Vps23 (Tsg101 in human) contains a ubiquitin E2 variant domain
(UEV) in the N-terminal region which binds the P(T/S)AP motif in the C-terminal region of the HRS
protein, a subunit of ESCRT-0 complex®”117, The absence of ESCRT-0 complex results the failing
in the recruitment of ESCRT-I complex on the endosomal membranes®. The Vps23-HRS
interaction is similar to the interaction of Tsgl01 with the Gag protein of human
immunodeficiency virus-1 as described previously, important for virus budding®!®. In the other
end of the complex, in the headpiece, the Vps28 subunit interacts with the GLUE domain of Vps36
subunit of ESCRT-Il complex resulting the recruiting of the latter one®”''’, The UEV domain of
Vps23 and the C-terminal domain of Vps28 showed to be dynamic and transit from inactive to
active open conformation in which the binding with other subunits is occurred!’. Regarding the
UBAP1 protein, it binds ubiquitin as the Mvb12 subunit on endosomes, and is more specific for
MVB sorting while the ESCRT-I with Mvb12 subunit is involved in the HIV virus budding®. The
ESCRT-I and ESCRT-II complexes create a stable rigid structure responsible for budding
membranes into the lumen of unilamellar vesicles, but also stabilizing the bud neck of a growing
vesicle*. The ubiquitination of the ESCRT-I substrate Cps1, the binding of GLUE domain of Vps36
of ESCRT-Il complex to the membrane embedded PI3P lipids and the interaction of Vps37 of
ESCRT-I complex with acidic phospholipids have shown that the ESCRT-I located parallel to the
membranes with the three positions for the membrane attachment!?’. In Figure 13, the structural
model (a) and schematic representation (b) of the yeast ESCRT-I complex located on an

endosomal membrane and the interaction with other ESCRT complexes are shown!?’.
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Figure 13. (a) Structural model of the yeast ESCRT-I complex located on an endosomal membrane and interaction with subunits
of ESCRT-0 and ESCRT-Il complexes. The ESCRT-I subunits Vips23 in orange, Vps28 in blue, Vps37 in green and Mvb12 in magenta
(PDB ID: 2p22)117 as well the GLUE domain (PDB ID: 2cay)?® and NZF1 domain (PDB ID: 2j9u)*% of ESCRT-II in cyan are shown. (b)
Schematic representation of yeast ESCRT-I complex in interaction with ESCRT complexes and with the membrane in the three
previously described positions in red. Modified from Kostelansky et al.117 with permission from Cell, Copyright 2007.

Previous studies have shown that all ESCRT complexes are essential, but ESCRT-I and ESCRT-III
complexes are involved in the viral maturation and release. Many enveloped RNA viruses, such
as HIV-17>93, Ebola®!, human T-lymphotropic virus''® or Hepatitis E virus (HEV)’?, hijack the ESCRT
pathway to bud away from the plasma membrane of infected cells, a process that is similar to
vesicles budding into intracellular organelles from the cytosol. This study focuses in the
mechanism of the virus release and specifically the key role of human Tsg101 protein, the ESCRT-

| subunit, in this process.
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2.3 Tsgl01 protein — structure

Regarding the ESCRT-I complex, the tumor susceptibility gene 101 (Tsg101) protein (Vps23 in
yeast) constitutes a central subunit which binds ubiquitinated cargo proteins and then manages
their sorting into endosomes. Apart from the role in the ESCRT machinery, Tsg101 is reported to
play an important role in the formation and release of extracellular vesicles as it is found in
exosomes where their purification process is occured®?®!2l, |n addition, previous studies
proposed that Tsgl01 could be an oncoprotein in certain cell types, but experimental data
showing that its abnormal function results in genesis and progression of cancer are missing®.. In
general, Tsgl01 protein is involved in many intracellular processes with the role in endosomal

trafficking of cargo proteins to be the most studied.

In 1995, Tsgl01 protein was initially identified as a stathmin downstream regulator through
coiled-coil interactions using a yeast two-hybrid screen assay'?2. A year later, Li and Cohen
cloned, expressed and proposed a potential tumor suppressor function of the full-length Tsg101

protein using a controlled homozygous functional knockout assay in mammalian cells??3.

The human Tsgl01 protein contains 390 amino acids with a predicted molecular weight
approximately at 44 kDa and expressed in all tissues and cell types!?#12>, Comparing the human
protein sequence with the one derived from rat and the mouse one, the amino-acid sequence is
predicted to have 94% and 99% similarity, respectively, using the multiple sequence alignment
tool Clustal Omega'?®'?’, Tsg101 protein is consists of four conserved domains with distinct
function and structure, the N-terminal ubiquitin E2 variant (UEV) domain, followed by a proline-
rich region (PRR), a Stalk domain (coiled-coil, CC) and a C-terminal Head domain (a-

helical/steadiness box, SB) (Figure 14)%0124,
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Figure 14. Domains of the human Tsg101 protein. The N-terminal ubiquitin E2 variant (UEV) domain, the proline-rich region (PRR),
the Stalk/coiled-coil (Stalk/CC) domain and the Head/a-helical-steadiness box (Head/SB) domain are presented.
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Figure 15 depicts the predicted AlphaFold2 structure for full-length human Tsg101 protein in

which apart from the disordered PRR domain, the other domains have high prediction scores'?®,

Head/SB

Figure 15. Predicted AlphaFold2 structure for full-length human Tsg101 proteini?8, The N-terminal UEV domain is in cyan, the
disordered proline-rich (PRR) region in pink, the Stalk (Coiled-coil) (Stalk/CC) domain in orange, the PTAP motif in red and the Head
(a-helical-steadiness box) (Head/SB) domain in blue.

The functions and the structure of N-terminal UEV domain will be described in detail in the

following chapter (chapter 2.4).

Next to the UEV region, there is a proline-rich region of approximately 70 amino acids long in
which 30% of its residues are prolines and usually found in surface proteins and transcription
factors®1?4, Due to the high percentage of proline residues, it is predicted to be disordered as
also shown in the AlphaFold2 structure in Figure 15. Previous studies have shown that the
154QATGPPNTSYMPG?® sequence of the PRR region competes with the corresponding proline-
rich sequence of ESCRT-IIl adaptor protein Alix (Apoptosis-linked gene-2 interacting protein X)
for binding to the mid-body protein CEP55A hinge region required for cell abscission during
cytokinesis?*132, Moreover, the PRR region also interacts directly with the ALG-2 (apoptosis-
linked gene 2) protein, which is a dimeric Ca?* binding penta-EF-hand (PEF) protein, but the

function of this interaction remains unclear33134,

As previously mentioned, the crystal structure of ESCRT-I complex has shown that the C-terminal

region of Tsgl01 protein, the Stalk and Head domains, interacts with the ESCRT-I Vps37 and
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Mvb12 subunits to form the a triple-coiled-helices core structure important for the stability of
the complex!t’135 The Stalk or coiled-coil domain was the initial region identified to bind the
cytosolic phosphoprotein stathmin by using a yeast two-hybrid screen assay!?2. It is also shown
that it acts as transcriptional suppressor for estrogen receptor and other nuclear hormone
receptors!3®. Moreover, Tsgl101 protein forms an efficient repressive transcription complex with
Daxx, a Fas interacting protein and transcription regulator, through its coiled-coil domain, that is
co-localized in the nucleus. Studies have associated the deletion of the coiled-coil domain with
Burkitt lymphomas and non-Hodgkin’s lymphomas diseases!3”138, Between the Stalk and Head
domain, a PTAP motif in position 320-323 aa is proposed that modulates the binding of various

proteins to the Tsg101 UEV domain®1139,

Finally, the C-terminal domain, the Head or a-helical/steadiness box (SB) domain, in combination
with the N-terminal region of Vps28 and the C-terminal region of Vps37 subunits form the
headpiece of ESCRT-I complex!’. Looking closer to the structure of SB domain, two long
antiparallel a helices form a hairpin in the end of the protein?4. Although the three subunits that
comprise the ESCRT-I headpiece do not share sequence similarity, they have similar structure
features'®?. Not only the SB domain is important for the stability of ESCRT-I complex together
with the coiled-coil domain, but also previous studies have shown that it plays essential role for
post-translational autoregulation of steady-state levels of Tsg101 protein in murine and human

cells!L,
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2.4 Tsg101 UEV domain

In the N-terminal region of Tsg101 protein, the ubiquitin E2 variant (UEV) domain contains the
first 145 amino acid of the protein sequence with a predicted molecular weight approximately at
16.6 kDa'*2, Although it is homologous to ubiquitin E2 ligases family and binds ubiquitin, the
catalytic cysteine is replaced by tyrosine residue and therefore it is lacking the enzymatic activity
required for the transfer of ubiquitin42. The UEV-ubiquitin interaction plays important role in the
sorting ubiquitinated cargo in the MVB pathway as well the virus release process?4. In addition,
previous studies have shown that Tsg101 has an autoregulate function by interaction of this UEV

domain with its PTAP motif located between the Stalk and Head domains3°:143,

The Tsg101 UEV domain is the most structurally characterized among Tsg101 domains as many
NMR and crystal structures are solved in apo- and bound-state!4?144, In 2002, Pornillos et al.
revealed the first NMR structure of Tsgl01 UEV domain in apo-state!4?. Three years later, the
first crystal structure in free state confirmed the E2 fold structure of the domain consisting of
four a helices packed against one side of four stranded antiparallel B-sheet (PDB ID: 2f0r) (Figure

16)144.

PDB ID: 2fOr

Figure 16. Crystal structure of Tsg101 UEV domain in apo-state in 2.26 A resolution consisting of four a helices packed against one
side of four stranded antiparallel 8-sheet (PDB ID: 2f0r)*44,

The high resolution (at 2 A) crystal structure of UEV domain in complex with ubiquitin (PDB ID:

1s1q) reveals the concave binding site located opposite to the B-sheet as shown in Figure 174,
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Comparing the crystal structure of UEV domain in apo-state and bound to a ubiquitin molecule,

the root-mean-square deviation (RMSD) at 2 A proves that they are extremely similar#4145,

Tsg101 UEV

PDBID: 1s1q

Figure 17. Crystal structure of Tsqg101 UEV domain (in green) in complex with ubiquitin (in cyan) at 2 A resolution (PDB ID: 1s1q)*5.

Next to the ubiquitin binding pocket, there is a hydrophobic groove at the protein surface
through which it interacts with P(T/S)AP motifs found in cellular and viral proteins, such as
regulatory proteins for intracellular trafficking and retroviral proteins'®142145146 NMR and
crystal structures of Tsgl01 UEV domain in complex with P(T/S)AP peptide sequences are also
solved?#14’ The Tsg101 UEV domain interacts with HRS subunit of ESCRT-0 complex via its PSAP
motif and therefore the ESCRT-I recruitment occurs®®*’, A crystal structure of Tsgl01 UEV
domain with a nine-residue human HRS PSAP peptide at high resolution (at 1.4 A) provides more
insight into the interaction!¥’. In addition, previous studies have shown that the ESCRT-I complex
is involved in the virus budding and especially the Tsg101 UEV domain interacts with the viral
“late domains”, P(T/S)AP, to promote their release from the cell**¢48 Specifically, peptides
containing the late motifs from viral HIV-1 Gag, Ebola VP40 and MARV NP proteins derived from
HIV-1, Ebola and Marburg virus (MARV) viruses, respectively, bind to the Tsg101 resulting the
efficient transfer and budding of infectious viral particles binding?46147.149 NMR (DYANA and CNS
ensembles, PDB IDs: 1m4p and 1m4q, respectively)'*® and crystal structures (PDB ID: 3obu, at 1.6
R)147 of Tsg101 UEV domain in complex with HIV-1 PTAP peptides and structurally-modified-
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PTAP-derived peptides (FA459 and FA258, PDB IDs: 3p9g at 1.8 A and 3p9h at 1.8 A,
respectively)'>® as well with Ebola PTAP peptide (PDB ID: 4eje, 2.2 A) are available (Figure 18).

HIV-1 PTAP
'PEPTAPPEE®

Tsg101 UEV

C-ter

NMR DYANA ensemble
PDB ID: Tm4p

j) HIV-1 PTAP FA459
'XPEXTAPPEEX""

S

Tsg101 UEV

Crystal structure
PDB ID: 3p9g

HIV-1 PTAP
'PEPTAPPEE?

Tsg101 UEV
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PDB ID: 30bu

Ebola PTAP
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Tsg101 UEV =
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Figure 18. NMR and crystal structures of Tsg101 UEV domain (in green) in complex with viral late domain PTAP peptides (in red).
(a) NMR DYANA ensemble with HIV-1 PTAP peptide (PDB ID: 1m4p)*#s. (b) Crystal structure with HIV-1 PTAP peptide at 1.6 A
resolution (PDB ID: 30bu)™’. (c) Crystal structure with HIV-1 structurally-modified-PTAP-derived peptide FA459 at 1.8 A resolution
(PDB ID: 3p9g)*5°. (d) Crystal structure with Ebola PTAP peptide at 2.2 A resolution (PDB ID: 4eje).
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In these solved structures, the peptides induce conformational changes on Tsg101 structure and
also comparing the crystal structure of Tsg101 UEV domain in complex with ubiquitin molecule,
it seems that the two binding sites are independent and therefore Tsgl101 UEV could
simultaneously interact with both ubiquitin and PTAP motif from the same or different protein

partners (Figure 19).

C-ter

Tsg101 UEV

ubiquitin
PDBID: 1s1q

HIV-1 PTAP
'PEPTAPPEE?®

PDB ID: 3o0bu C-ter

Figure 19. Alignment of crystal structures of human Tsg101 UEV domain (in green) in complex with ubiquitin (in cyan) (PDB ID:
1s1g)*#5 and with HIV-1 PTAP peptide (in red) (PDB ID: 3obu)!4’” showing the two binding sites.

This second binding site in the protein surface has already constituted an attractive drug target
to develop antivirals against enveloped viruses. Studies based on peptidomimetics have shown
that designed cyclic peptides and small molecules could inhibit the interaction between the
human Tsg101 UEV domain and HIV-1 Gag protein and thus, impede the HIV particles budding

from the cell?>17153,

In 2017, Strickland et al. published that two prazole-based compounds, esomeprazole (referred
as F15) and tenatoprazole (referred as N16), bind to the Tsg101 UEV domain in the ubiquitin
binding pocket disrupting the interaction with ubiquitin and its function, but not the PTAP

binding, resulting in interference with the early HIV-1 assembly*>*. They also reported an NMR
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structure of Tsg101 UEV domain in complex with tenatoprazole which could be used for further

antiviral target compound development (Figure 20, PDB ID: 5vkg)'>*.

Tsg101 UEV

tenatoprazole

PDB ID: 5vkg
C-ter
Figure 20. NMR structure of Tsg101 UEV domain (in green) in complex with tenatoprazole (in red) (PDB ID: 5vkg)*>4.
Moreover, a recent study showed that tenatoprazole and the more potent ilaprazole, a related
prazole compound, could not only block the HIV-1 particles release, but also the Herpes Simplex
Virus (HSV) 1/2 from infected Vero cells in culture suggesting that these prazole-based

compounds could be good candidates for further development of potential drugs®>®.

Therefore, both binding sites of Tsg101 UEV domain, the ubiquitin pocket and the surface groove,
could be used for antiviral drug discovery targeting the enveloped virus budding and which could
be used for multiple viral infections. This study focuses on the interaction of Tsg101 UEV domain

with HEV ORF3 protein important for the release of infectious viral particles.
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3. Nuclear Magnetic Resonance (NMR) Spectroscopy

3.1 General

In 1938, the nuclear magnetic resonance phenomenon was initially reported by Rabi et al. while
they were measuring the nuclear magnetic moment in molecular beams and thus, he received
the Nobel Prize in Physics in 1944 “for his resonance method for recording the magnetic
properties of atomic nuclei”*>®71>8, In early 1946, two research groups working independently,
the group of Edward M. Purcell, Howard C. Torrey and Richard V. Pound in Massachusetts
Institute of Technology in USA and the group of Felix Bloch, William W. Hansen and Martin
Packard in Stanford University in USA, were able to further develop and use the nuclear magnetic
resonance on liquids and solids'>>1°, Edward M. Purcell and Felix Bloch were awarded and
shared the Nobel Prize in Physics in 1952 “for their development of new methods for nuclear
magnetic precision measurements and discoveries in connection therewith”'®!. After mid-1950s
the nuclear magnetic resonance spectroscopy was also used in chemistry and commercial
instruments, which were very primitive compared to today's instruments, were available!®8,
Since then, the development and the application in chemical and biological studies have been
expeditious with milestones, the development of the Fourier transform pulse sequence by
Richard R. Ernst and Weston A. Anderson in 1966 and then the conception of multidimensional
NMR spectroscopy originated by Jean L. C. Jeener introducing the 2D NMR spectroscopy in 1971
and further developed by Richard R. Ernst during the mid-1970s'°8162, Three more Nobel Prizes
have been awarded related to the development of NMR Spectroscopy in distinct fields until
today. Richard R. Ernst received the Nobel Prize in Chemistry in 1991 “for his contributions to the
development of the methodology of high resolution nuclear magnetic resonance (NMR)
spectroscopy”®3, Kurt Wuthrich the Nobel Prize in Chemistry in 2002 “for his development of
nuclear magnetic resonance spectroscopy for determining the three-dimensional structure of
biological macromolecules in solution”*** and Paul C. Lauterbur and Sir Peter Mansfield the Nobel
Prize in Physiology or Medicine in 2003 “for their discoveries concerning magnetic resonance

imaging”'®>.
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Nowadays, NMR Spectroscopy consists a powerful tool in multiple fields and especially in
structural biology while it is used for structural characterization from small organic and inorganic
compounds to biological macromolecules. Focusing on the determination of the structure of the
biomolecules, NMR Spectroscopy, X-ray crystallography and 3D electron microscopy are the
available techniques to provide atomic resolution structures and they have different advantages
and disadvantages. NMR Spectroscopy provides the structural and dynamical parameters needed
to calculate the three-dimensional structure of the protein. In this study, the solution-state NMR
Spectroscopy is used for the characterization of the proteins of interest. The main limitation of
this technique is the size of the studied macromolecule which cannot be more than 30 kDa. In
some cases, this can be overcome due to the development of the labeling methods, for example
the segmental labeling in which only specific domains of the protein are labeled, and the
recorded advanced experiments. In addition, it does not require the crystallization of the protein
as happened in X-ray crystallography and thus, it can be also used to study highly dynamic
systems. The 3D electron microscopy is more favorable used for large complexes, more than one
protein system or proteins with higher than 150 kDa molecular weight, and requires small
amount of sample (about 0.1 mg) compared to solution-state NMR spectroscopy in which the
concentration of the sample depends on the protein size and the available magnetic field.
Moreover, using the solution-state NMR Spectrometry, the interaction of the biomolecule of
interest with small compounds/ligands or other macromolecule can be detected directly and
therefore the binding interface as well in many cases the binding affinity can be easily
determined. The latter could not be determined with X-ray crystallography and 3D electron
microscopy techniques, although the interaction can be observed if the crystallization of the

protein complex and high signal-to-noise ratio images, respectively, are obtained.

NMR spectroscopy like other forms of spectroscopy observes the effect of energy transfer
occurred in the atomic nuclei by an external magnetic field in radiofrequency. The transition from
the ground to the excited state causes a change in the nuclear spin (1), an intrinsic property of all
electrically charged nuclei. Not all the nuclei could be detected in NMR Spectrometry, but only
the ones possess net spin (I # 0), such as hydrogen (*H) which has spin equal to % and constitutes

the most natural abundant isotope (99.98%). Regarding the proteins and their atomic

63



composition, the most abundant isotopes of carbon (2C, 98.90%), nitrogen (**N, 99.64%) and
oxygen (0, 99.76%) are not detectable by NMR%®, The NMR-active isotopes for carbon and
nitrogen, which have spin equal to %, are not naturally abundant with >N isotope to be found
about 0.37% and 3C isotope about 1.11%%%. Therefore, the studied proteins have to be enriched
with these isotopes during their production in the selected expression system, which could be

Escherichia coli as used in this study, eukaryotic cells, cell-free systems or synthetic systems.

The active nuclei in the protein sample behave as magnetic dipoles that are arranged in random
manner in the ground state without the application of a static magnetic field Bo while the spins
get aligned during magnetization process, parallel and antiparallel to the direction of the
magnetic field. When the spin returns to the ground state, the energy emitted as radiofrequency
produces a characteristic signal named free induction decay (FID) which is subsequently Fourier

transformed into an NMR signal of the corresponding nucleus called chemical shift!¢’.

Figure 21 depicts the main components of a liquid-state NMR spectrometer, the superconducting
magnet which generates the strong magnetic field and nowadays could be up to 1.2 GHz field, a
probe in which the sample is placed and is mainly a cryoprobe for enhancing the sensitivity, and
a complex electronic system controlled by a workstation where the experiments’ set up is
occurred®®®, In this study, two different NMR spectrometers, both equipped with distinct
cryoprobe, are used, a 900 MHz spectrometer with 21.1 tesla field strength and a 600 MHz

spectrometer with 14 tesla field strength.

Sample

Bore

®iEE | [[7]

Workstation NMR Console Magnet

Probe
Section

Figure 21. Main components of a liquid-state NMR spectrometer including the superconducting magnet, a probe, an NMR console
and the workstation. (Available at http://www.technologynetworks.com/analysis/articles/nmr-spectroscopy-principles-
interpreting-an-nmr-spectrum-and-common-problems-355891)168,
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3.2 Solution-state NMR of disordered proteins vs folded proteins

Biomolecular solution-state NMR Spectroscopy as the other biophysical techniques mentioned
above could be used in order to determine the three-dimensional structure of the proteins. Based
on the central dogma of structural biology, the proteins are required to adapt a stable structure
which determines their function(s). In 1999, this theory is overturned by Wright and Dyson who
first presented the existence of disordered proteins and therefore the structural characterization
of an intrinsically unstructured protein which folds upon the further interaction with another
protein partner by NMR spectroscopy!®. Since then, the study of disordered protein or protein
regions, named as intrinsically disordered proteins (IDPs) or intrinsically disordered protein
regions (IDRs), respectively, has increased dramatically. The further understanding was essential
while they play vital role in cellular signaling and regulatory networks as well many studies have
shown that their abnormal regulation is associated with diverse diseases. Previous studies have
shown that in human proteome the estimated percentage of intrinsically disordered proteins are
close to 32% and the corresponding one of intrinsically disordered protein regions close to 19%
and therefore together gives an overall percentage of 51%, half of the human proteins!’?, Last
year, Kumar et al. performed an extended bioinformatics analysis on 6,108 viral proteomes which
showed that the broad variability of the content of IDPs/IDRs in these proteomes. They
categorized the studied 283,000 viral proteins based on their IDRs content and physicochemical
properties and observed that DNA virus-encoded proteins contain more IDRs than RNA ones?’™.
Because of their biological significance in various steps of cellular life and the ongoing discovery
of more of their functions, the intrinsically disordered proteins constitute potential drug targets,

while different designed small molecules have shown to interact with them?’2,

Therefore, apart from the well-folded proteins with the stable three-dimensional structure over
time, the intrinsically disordered proteins or protein regions exist as dynamic ensemble of
conformations lacking of stable secondary or tertiary structure over time. Figure 22 illustrates
the difference of a well-folded (globular) protein in panel (a) with an intrinsically disordered

protein in panel (b).
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Figure 22. Three-dimensional structure of a well-folded (globular) protein over time (a) compared to dynamic ensemble of
conformations of an intrinsically disordered protein (b).

The simplest NMR spectrum recorded first is the 1D 'H spectrum in which all the protons are
detectable. Because of the protein is in aqueous sample, the pulse sequence of the experiment
included a water suppression step to eliminate the proton signals from the water molecules
(proton chemical shift at 4.7 ppm). Although the 1D spectrum is not used for the structural
determination, it contains useful qualitative information about the nature of the protein, if it is
well-folded or disordered, an estimation of the concentration of the sample depending the signal
heights and the buffer composition, but also it can be used for detection of any changes on the
protein during the recording time. Figure 23 depicts an 1D 'H NMR spectrum of globular ubiquitin
molecule and the specific regions of different types of protons found in the protein'’3. The methyl
groups (-CHs) and the aliphatic (-CH;) protons are the most shielded with chemical shifts around
1 ppm and up to ~3.5 ppm, respectively. From 3.5 to 5.5 ppm of 1D spectrum, the Ha protons
are detected and also the water protons resonate at 4.7 ppm which could cover the Ha peaks in
case of insufficient water suppression. The region of 6 to 11 ppm is the most important for
protein samples because the protons of side chains of glutamine, asparagine and tryptophan

residues, the aromatic protons and the backbone amide protons (HN) are located in this region.
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Figure 23. 1D 'H NMR spectrum of globular ubiquitin with notated regions of different types of protons found in protein. From
Schanda Paul, Copyright 2007173,

Looking in the 6 to 11 ppm on the 1D *H NMR spectrum of the studied protein, the nature of the
protein could be determined. The well-folded proteins have dispersed peaks within this region
whereas the intrinsically disordered proteins have narrow dispersion and all the protons are

overlapped in ~6.5 to 8.5 ppm region as shown in Figure 24174,
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Figure 24. Comparison of (a) 1D *H NMR spectrum of well-folded (globular) protein with (b) 1D 1H NMR spectrum of intrinsically
disordered protein. (Available at https.//www.slideserve.com/garren/nmr-spectroscopy)i’4
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A 1D H NMR spectrum can be recorded for any protein sample without enrichment with NMR-
active isotopes. The protein sample volume and concentration vary depending the NMR tube
used and the size of the protein, respectively. The sample volume varies from 250 pL to 500 pL
while the protein concentration limit for small proteins (~10 kDa) could be ~70 uM which is
increasing with the increasing of the protein size. For only recording 1D *H NMR spectrum, the
protein does not have to be highly concentrated due to the sensitivity of the spectrum and even

lower concentration could be reasonable.

For recording the multi-dimensional NMR experiments and gain structural information, the

protein sample has to be labeled with nitrogen (**N) and carbon (*3C) active isotopes.

The most common and basic 2D heteronuclear NMR spectrum is the 2D !H, N HSQC
(Heteronuclear Single Quantum Coherence) spectrum. It is considered the “fingerprint” of the
protein because it is unique. It provides the correlation between the nitrogen (*>N) and the amide
proton (*H) of the protein backbone as well the H-N signals from the side chains of glutamine,
asparagine, tryptophan and less often arginine are also detected. Each resonance or peak of the
HSQC spectrum corresponds to a residue of the protein sequence except of prolines. As in 1D H
NMR spectrum, the 2D H, >N HSQC spectrum have characteristics regions where the glycine
residues can be found on the top of the spectrum, the side chains of glutamine and asparagine
residues in pairs, the side chains of tryptophan on the left down corner and also the last residue

of protein has the highest intensity on the spectrum (Figure 25)7>,
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Figure 25. 2D 1H, 15N HSQC spectrum of folded protein with notated regions for side chains of glutamine, asparagine, tryptophan
and arginine and the region where the last residue is located. From Protein NMR75, available at https.//www.protein-
nmr.org.uk/solution-nmr/spectrum-descriptions/1h-15n-hsqc/.

The HSQC spectrum in Figure 25 is a typical spectrum obtained for a well-folded protein as the
peaks are dispersed and the overlap is limited, a factor that also depends on the size of the
protein and the frequency of the spectrometer. The corresponding spectrum for an intrinsically
disordered protein is narrow dispersed in the ~6.5 - 8.5 ppm proton dimension as also observed
in the 1D spectrum and the peaks are overlapped and it is difficult to clearly distinguish the
resonances. The comparison of the 2D HSQC spectra of the two kind of proteinsis shown in Figure

26176.
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Figure 26. Comparison of (a) 2D 1H, >N HSQC spectrum of well-folded (globular) protein with (b) 2D 1H, >N HSQC spectrum of
intrinsically disordered protein. From Breukels et al.17¢, with permission from Current Protocols in Protein Science, Copyright 2011
John Wiley & Sons, Inc.

In order to acquire a high quality 2D HSQC spectrum, the protein has to be concentrated (for 10
kDa proteins to be around ~100 uM while for bigger proteins has to be higher) and pure from
other proteins enriched with only °N isotope as well its size is decisive for the experimental time,

while bigger proteins require more scans and thus, longer acquisition time.

This spectrum is used in combination with various 3D NMR spectra in order to make the link
between every observed peak with an amino acid of the protein sequence, a procedure called
“assignment” of the protein which will be further described in the next chapter. In addition, 2D
HSQC spectra are acquired between 3D experiments in order to observe any changes and check

the stability and the quality of the sample throughout the recording time.
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3.3 NMR assignments and NMR titration protein — protein interaction

The assignment procedure is the first step for the structural characterization of the protein using
NMR spectroscopy. In order to record 3D *H, °N, 13C NMR spectra, the protein has to be enriched
with both nitrogen (**N) and carbon (*3C) isotopes. Combining the information for backbone
atoms from the different triple resonance spectra, the connection of the peaks of 2D HSQC
spectrum with the amino acids of the protein sequence is achieved. This sequentially linkage of
the backbone atoms results in each peak corresponds to a probe for further structural study. The
recording time of the 3D experiments is longer than the time required for acquiring a 2D HSQC
spectrum and varies from couple of hours to few days as well the sensitivity of the 3D
experiments is overall lower than the 2D ones. Due to the long duration of dataset recording, the
protein has to be stable for several days, otherwise the precipitation of the protein has as a result
the limited information and consequently the assignment procedure is harder or even

impossible.

The main 3D experiments necessary for the backbone assignment procedure are the H, °N, 13C
HNCO, HNCACO, HNCACB and HN(CO)CACB. Figure 27 depicts the strategy for the sequential
assignment of 1*Cat and 3CB resonances based on the 3D HNCACB and HN(CO)CACB spectra. The
3D HNCACB spectrum provides the correlation of each NH group with Ca and CB chemical shifts
of the same residue (more intense peaks) and of the preceding one while the 3D HN(CO)CACB
spectrum provides only the correlation of the NH group with Ca and CB chemical shifts of the
preceding residue. Combining the information of these two spectra, a long chain of connected
NH groups based on the Ca and CP resonances can be obtained. The next step is their assignment
on specific amino acid in the protein sequence achieved based on characteristic chemical shifts
of specific residues, such as Glycine has only Ca resonance at ~45 ppm and the CB of Alanine,

Serine and Threonine residues are at ~20 ppm, ~65 ppm and ~70 ppm, respectively.
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Figure 27. Backbone assignment strategy based on 3D H, 15N, 13C HNCACB and HN(CO)CACB spectra. (a) Steps followed for
sequentially linking of Ca and C8 resonances of NH groups. (b) Representation of the long chain of connected NH groups based on
the Co and C8 resonances obtained from 3D HNCACB and HN(CO)CACB spectra. The Ca resonances are shown in blue and the C8
in cyan and the more intense peaks corresponds to the resonances of the same residue on HNCACB spectrum. The Ca and C8 peaks
of the preceding residue of HN(CO)CACB spectrum are shown in magenta. Characteristic chemical shifts of specific residues, such
as Glycine, Alanine, Serine and Threonine residues, are shown. From Protein NMR’7, available at https://www.protein-
nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/.
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Analyzing these 3D spectra and connecting every peak of the 2D HSQC spectrum, the *HN, Ha,
5N, 3Ca, BCB and 3CO resonances are successfully assigned for non-Proline residues. As
mentioned above, the proline residues are not detectable in the 2D *H,>N HSQC spectrum due
to the absence of an amide proton. In order to assign the prolines of the protein sequence,
specific NMR experiments are recorded based on the carbon detection. The most common 2D
carbon detection spectrum is the 2D °N, 13C NCO spectrum which provides the correlation
between the amide (N;) of the same residue and the backbone carbonyl (COi.1) of the preceding
residue. In this experiment, the proline residues are visible in >N region ~132-142 ppm and
combing with either the 3D HNCO or HNCACO experiment, the proline residues could be

successfully assigned (Figure 28).
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Figure 28. 2D carbon detection 15N, 13C NCO spectrum. (left) The magnetization pathway performed?78 and (right) 2D 15N, 13C NCO
spectrum with the proline residues visible in 1°N region ~132-142 ppm (shown in dashed box). From Protein NMR78, available at
https://www.protein-nmr.org.uk/solid-state-mas-nmr/spectrum-descriptions/nco/.

The obtained backbone assignments of the protein or in other words the connection of all the
peaks on the 2D HSQC spectrum with the amino acids of the protein sequence has as a result

each peak corresponds to a probe for further study.

The interaction of an assigned protein with a protein partner or a small compound/molecule or
any other interacting partner, such as RNA, can be studied by NMR spectroscopy and especially
with NMR titration experiments. The protein of interest labeled either only with >N precursor or

with both >N and 3C precursors is in constant concentration and the protein partner or the small
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compound is unlabeled and added in increasing concentration while 2D HSQC spectra and 2D
carbon detection NCO spectra, in case of the double labeled sample for the proline residues, are
recorded for each concentration point. The two parameters monitored during the titration
experiments are the peak shifting and the peak broadening. The interaction of the two proteins
induces chemical shift perturbations (CSP). Analyzing the CSP of all residues along the protein
sequence, the peaks with the highest values correspond to the residues involved in the
interaction or the ones that undergo conformational changes upon binding. Having the 3D
structure of the studied protein and combining the CSP data, the binding site and/or the

conformational changes aside the binding site can be determined.

The exchange rate between the two protein states, the free and the bound state, could be slow,
intermediate or fast (Figure 29). In the slow exchange rate, two peaks corresponding to the free
and bound state of a residue are observed during the titration, the peak of the free state
gradually disappears, its intensity is decreasing, while the bound one appears (Figure 29a). In the
fast exchange rate, the affected peak is shifted smoothly from the free to bound state position,
which corresponds to the weighted average of the chemical shifts of two states in each titration
point (Figure 29c). In the intermediate exchange rate, the peak signal broadens and shifts
simultaneously (Figure 29b). In NMR experiments, the slow exchange usually corresponds to
tight-binding interactions due to the long-lasting interaction that does not dissociate during the
recording time, whereas the fast exchange to weak-binding interactions due to the rapid

interconversion between the two states.
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Figure 29. Exchange rates between two proteins could be (a) slow, (b) intermediate or (c) fast. The peaks for the free (vs) and
bound (vp,) state in each case are observed. Modified from Kleckner and Foster'’?, with permission from Biochimica et Biophysica
Acta (BBA) - Proteins and Proteomics, Copyright 2011.

74



Moreover, the dissociation constant could be also determined analyzing the CSP values of the
affected peaks. In Figure 30, the affected residue L83 is shifted from the free (black) to the bound
(green) state position and by plotting the CSP values against the molar ratio of ligand to protein
concentration, the dissociation constant can be calculated using the appropriate binding

equation?®,
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Figure 30. NMR titration experiment of a labeled protein with increasing concentration of a ligand. The overlay of 2D *H, 1N HSQC
spectra shows the affected peak L83 to move from free state in black to the bound state in green. Analyzing the CSP of the L83
peak during the titration by plotting the CSP values against the molar ratio of ligand to protein, the dissociation constant can be
calculated using the appropriate binding equation. From Ziarek, Baptista and Wagner8, with permission from Journal of

Molecular Medicine, Copyright 2018.

Although the binding site on the protein of interest can be easily determined analyzing the CSP
values, the dissociation constant of the interaction cannot be always calculated using the NMR
titration data because of quick broadening of the affected peaks. Therefore, other biophysical

techniques are used for determination of the kinetics of the interaction.
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3.4 NMR relaxation

NMR spectroscopy provides information also for the dynamics of the protein on large timescale
range, from picoseconds (ps) to seconds (s) timescale motions. There are various NMR methods
for studying the protein dynamics, such as Carr-Purcell Meiboom-Gill (CPMG) relaxation
dispersion, Residual dipolar coupling (RDC), Paramagnetic relaxation enhancement (PRE) and
Nuclear spin relaxation (NSP) and especially °N relaxation measurements. The latter measures
the fast correlated motions from picoseconds (ps) to nanoseconds (ns) timescales, but also
slower motions up to milliseconds (ms) timescales and thus, provides information for the
structure, the rigidity and any existed chemical exchange phenomena. In the >N relaxation
measurements, three parameters are usually measured, the T1 longitudinal relaxation time
constant, the T2 transverse relaxation time constant and the *H->N heteronuclear NOEs (Nuclear
Overhauser effect). The intrinsically disordered proteins are very dynamic macromolecules which
exist as an ensemble of conformations lacking of stable structure over time. Therefore, the >N
relaxation measurements are conducted routinely as part of their structural characterization.
Figure 31 illustrates the R1, R2 relaxation rates and heteronuclear NOEs plots for a protein when
it is well-folded (a) and when is partially disordered (b). The differences in the range of the values
in all three plots and the values’ fluctuation of the protein in panel (b) with higher R1 values and

lower values for R2 and heteronuclear NOEs indicates its partially disordered nature.
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Figure 31. 15N relaxation parameters, R1, R2 relaxation rates and heteronuclear NOEs plots, for a protein when it is well-folded (a)
and when it is partially disordered (b). On the top, the secondary structural elements are shown as al and a2 for a-helices, 61-
811 for B-strands and L8 for a loop. Modified from Alcaraz et al.181, available under a Creative Commons Attribution License (CC

BY 3.0).
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Objectives

ORF3 protein is a small regulatory multifunctional protein essential in the life cycle of HEV and
poorly characterized. Previous studies have shown that ORF3 is mainly involved in the release of
the infectious viral particles and interacts with other viral and host proteins inside the cell. In
addition, it is reported that ORF3 protein is associated with the cellular membranes either via its
oligomerization and transmembrane insertion, or via palmitoylation of its N-terminal Cysteine-

rich region8%82,

In this study, a detailed molecular characterization of the ORF3 protein in order to decipher its
functional role(s) during the HEV life cycle and the mechanism for the release of infectious viral

particles is achieved using NMR spectroscopy and other biophysical techniques.

The first and main aim is the structural and dynamic characterization of HEV ORF3 protein. The
expression and the purification optimization as well the structural characterization of the protein

using NMR spectrometry are needed due to the lack of biophysical data.

Secondly, the determination of the association of ORF3 protein to the membrane is studied. The
structural study of ORF3 protein anchoring will provide a better understanding of its function and
elucidate the preferrable mode out of the two membrane-anchoring ones that have been
proposed in the literature®82, In order to investigate the ORF3 membrane association, the

Nanodisc (ND) technology is used.

Finally, the last important aim of this study is the molecular interaction of HEV ORF3 protein with
different proteins of host cells and especially with human Tsg101 UEV protein using NMR
spectroscopy, Isothermal Titration Calorimetry (ITC) and X-ray crystallography. The
determination of binding sites in both proteins, the affinity of the interaction as well the crystal
structure of the complex will provide more in-depth information about the virus-host proteins

interaction which represents an interesting drug target for anti-HEV compounds.
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Materials and Methods

1. HEV ORF3 protein

1.1 HEV ORF3 constructs

In this study, ORF3 protein sequence of Genotype 3 that infects animals (zoonic infection) and
indirectly humans by consumption of undercooked meat from infected animals is used. Genotype
3 is found mainly on developed countries, such as Europe, United States of America (USA),

Australia and Russial8%24.

Various constructs of ORF3 protein were designed for recombinant expression of the protein in
E. coli, mandatory for biophysical analyses as they require important quantity of purified protein
and/or isotopic labelling. As shown in Figure 32, the constructs used in this study are the ORF3
WT, the ORF3 Cter which is the C-terminal region of the ORF3 protein (aa 48-113), the ORF3 C8A
in which all Cysteines are mutated to Alanine residues, the ORF3 C8S in which all Cysteines are
mutated to Serine residues and the ORF3 C20 and the His-ORF3 C20 in which all Cysteines are
mutated to Serine except of Cysteine in position 20 of the protein sequence. All the ORF3
constructs have been designed in the laboratory and then have been synthesized by GeneCust
company using pET24a(+) as the host vector. The pET24a(+) vector contains a kanamycin gene as

antibiotic resistance gene.
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10 20 30 40 50 60
[MGSPCALGLF CCCSSCFCLC CPRHRPASRL AVVVGGAAAV PAVVSGVTGL ILJPSPSPIF

70 80 90 100 110
IQPTPSPPIS FHNPGLELAL GSRPAPLAPL GVTSPSAPPL PPAVDLPQLG LRRI

1 28 52 94 103 13
HEVORF3 | vV 7 sesapeLeeA )
Cys-rich Pro-rich - disordered?
1 28 52 113
OorRF3WT [ v 7
113
ORF3 Cter e[ T )
1 28 52 113
ORF3C8A [ 8C—A vV 7 foiis
1 28 52 113
orFacss [ 8C—s V777777 Yorig
1 20 28 52 113
orF3c20 [ c v 7 oHis
i 20 28 52 113
His-ORF3 C20  [6His[ c v 7z )

Figure 32. HEV ORF3 genotype 3 sequence (top) and designed constructs used in this study (below).

Apart from the ORF3 Cter protein, all the constructs have in C-terminal region of the protein a
PreScission Protease cleavage site inserted between the protein sequence and the 6xHis-tag
having as a result the expression of the ORF3—PreScission cleavage site—6xHis-tag protein (Figure
33). ORF3 Cter protein has the same cleavage site and a 6xHis-tag in the N-terminus as shown in
Figure 34. His-ORF3 C20 protein does not contain any cleavage site and the 6xHis-tag is in the N-

terminal region (Figure 35).
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ORF3 WT

10 20 30 40 50 60
MGSPCALGLF CCCSSCFCLC CPRHRPASRL AVVVGGAAAV PAVVSGVTGL ILSPSPSPIF

70 80 90 100 110 = 120
IQPTPSPPIS FHNPGLELAL GSRPAPLAPL GVTSPSAPPL PPAVDLPQLG LRRGLEVLFQ
PreScission Protease cleavage site
GPGHHHHHH
6xHis-tag
Figure 33. Sequence of expressed ORF3 WT protein. The 6xHis-tag is colored with cyan, the PreScission Protease cleavage site with

red and the purple star is the last residue of the protein sequence. ORF3 C8S, ORF3 C8A and ORF3 C20 have the same cleavage

site and 6xHis-tag positions.

ORF3 Cter
6xHis-tag PreScission Protease cleavage site
10 20 & 30 40 50 60

MGSSHHHHHH SSGLEVLFQG PTGLILSPSP SPIFIQPTPS PPISFHNPGL ELALGSRPAP

70 80
LAPLGVTSPS APPLPPAVDL PQLGLRR

Figure 34. Sequence of expressed ORF3 Cter protein. The 6xHis-tag is colored with cyan, the PreScission Protease cleavage site

with red and the purple star is the first residue of the protein sequence.

His-ORF3 C20
6xHis-tag
10 & 20 30 40 50 60
MGSHHHHHHH GSPSALGLFS SSSSSFSLCS PRHRPASRLA VVVGGAAAVP AVVSGVTGLI

70 80 90 100 110 120
LSPSPSPIFI QPTPSPPISEF HNPGLELALG SRPAPLAPLG VTSPSAPPLP PAVDLPQLGL

RR

Figure 35. Sequence of expressed His-ORF3 C20 protein. The 6xHis-tag is colored with cyan and the purple star is the first residue

of the protein sequence.
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1.2 HEV ORF3 expression and purification protocol

The plasmid harboring the ORF3 coding sequence is transformed into chemically competent E.
coli BL21 (DE3) cells for overexpression. Pre-cultures are grown in Lysogeny Broth (LB) medium
at 37°C using colonies from the agar plate with shaking at 180 rpm overnight containing 25 mg/L
kanamycin. In this study, unlabeled and labeled protein samples for biochemical and biophysical
experiments are produced. For the unlabeled samples, 10 mL of the overnight pre-culture are
added in 1 L LB medium containing 25 mg/L kanamycin. In order to use NMR Spectroscopy,
labeled protein samples with different labeling scheme are prepared. For these samples, 20 mL
of the overnight pre-culture are centrifuged at 1,800 xg for 10 min at 4°C and then the cell pellet
is resuspended in 1 L M9 minimal medium containing 1 g/L >’NH4Cl (Sigma-Aldrich) as nitrogen
source, 4 g/L 2C D-glucose or 3 g/L 13C D-glucose (Sigma-Aldrich) as carbon source, 42 mM
NazHPOas, 22 mM KH;POs, 8.56 mM NaCl, 1 mM MgS04, 0.1 mM CaCl,, 1X MEM vitamins, 0.5 g/L
15N Isogro or 0.5 g/L °N 13C Isogro (Sigma-Aldrich) and 25 mg/L kanamycin for producing °N or
double '°N, 13C labeled protein, respectively. The cells are grown at 37°C at 180 rpm until the
ODeoo reached ~1.0 and the induction starts adding 0.4 mM isopropyl-B-D-thiogalactopyranoside
(IPTG). After 5 hours at 37°C, the cells are harvested at 6,000 xg for 20 min at 4°C. The cell pellet
is resuspended with ~40 mL of 1x PBS buffer, transferred in a new 50 mL tube and kept frozen at

-80 °C until starting the purification procedure.

Because of the lack of a purification protocol, the optimal conditions and steps for ORF3 protein
purification had to be found. In the resuspended cell pellet that contains the expressed protein
of interest, DNase | 22.9 mg/L (EUROMEDEX) and RNase A 13.3 mg/L (Sigma-Aldrich) is added to
digest the nucleic acids. The cells are passed six times in the Avestin EmulsiFlex C3 Homogenizer
at 4°C for their lysis and thus the cellular content is released. In order to separate the soluble
fraction from the cell membranes and debris, the lysed cells are centrifuged at 39,000 xg for 40
min at 4°C. The first observation is that the protein is insoluble and stuck to the E. coli cellular
debris. In order to recover the protein from the insoluble fraction, a denaturing buffer containing
6 M Urea is used. After the resuspension of the pellet, a centrifugation step at 10,000 xg for 1

hour at 4°C is done for separation of the ORF3 protein from the insoluble cell materials. The
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supernatant is filtered with 0.45 um filter before its injection in the AKTA pure chromatography
system (Cytiva) and using a 1 mL HisTrap column (Cytiva) to further purify the protein of interest
monitoring the 215 nm, 260 nm and 280 nm UV absorbance. ORF3 protein does not contain any
aromatic residues in its sequence and thus, the unspecific 215nm wavelength is important for
the protein detection. In order to successfully isolate the ORF3 protein from the E. coli extract,
the column has to be equilibrated with urea-containing buffer (Buffer A1: 50 mM Tris-HCl pH 6.8,
50 mM NacCl, 10 mM Imidazole, 6 M Urea), the denaturing agent is then slowly removed by
washing the column with Buffer B containing 50 mM Tris-HCI pH 6.8, 50 mM NaCl and 10 mM
Imidazole using a linear gradient over 30 Column Volumes (CV). Then ORF3 is step-eluted with
an imidazole-containing buffer (Buffer A2: 20 mM Tris-HCl pH 6.8, 50 mM NaCl, 300 mM
Imidazole) and 0.5 mL fractions are collected in 96-well plate. Different fractions along the
purification steps are then checked with SDS-PAGE (Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis) to determine the fractions containing the ORF3 protein. All the elution fractions
containing the protein with the correct molecular weight are pooled in a new 50 mL tube and
they can be frozen using liquid Nitrogen and kept at -80°C until proceeding to the next step. In
order to increase the protein purity, a second step of purification is performed by Reverse Phase
(RP) Chromatography. The addition of 0.1% TFA (final concentration) is needed in order to lower
the pH of the sample before the RP run. Using a Zorbax C8 column and 5 mL loop for protein
injection, the column is equilibrated with Buffer A containing 0.1% TFA and 5% Acetonitrile. After
the injection of all the sample, the column is washed with a linear gradient toward 30% Buffer B
(0.1% TFA, 80% Acetonitrile) for ~1 CV. The elution step is done with increasing concentration of
Buffer B from 30% to 100% for ~5 CV. Three UV absorbance curves (215 nm, 260 nm and 280 nm)
are monitoring the purification of ORF3 protein. The elution fractions are checked with SDS-
PAGE, are pooled and diluted with final NMR buffer containing 50 mM NaPi pH 6.1, 50 mM NacCl,
0.1 mM EDTA, 1 mM DTT. The next step is the overnight dialysis at 4°C using 6-8 kDa cut-off
membrane against 3 L NMR Buffer. The concentration of the protein is then performed using
Vivaspin Turbo concentrator with 5 kDa cut-off membrane at 3,900 xg at 4°C for 20-min runs. The
estimation of the ORF3 protein concentration is done with two different ways because of the

absence of aromatic residues. The first one is the Bradford assay estimation using the calibration
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curve specifically built for ORF3 protein as described in the results section. It is used before the

concentration procedure, but also for the calculation of the concentration of the final sample.

The second technique for the concentration’ estimation includes a 4-20% SDS-PAGE with

increasing volume of ORF3 sample. Comparing the bands with the band of the molecular marker

with fixed concentration, the concentration of the final sample is determined. Combining the

results of these two tools, the estimation of ORF3 concentration is as accurate as it could be, and

protein aliquots are prepared to be flash freeze with liquid Nitrogen and be stored at -80°C until

further use.

The biophysical characteristics of uncleaved ORF3 constructs calculated using Expasy Protparam

Tool!® are shown in Table 1.

Table 1. Biophysical characteristics of uncleaved ORF3 constructs based on Expasy Protparam Tool83,

ORF3 constructs
ORF3WT ORF3 Cter ORF3C8A ORF3C8S ORF3C20

Amino acids (aa) 129 87 129 129 129
Molecular weight (Da) 13,150.46 9,020.37 12,893.98 13,021.98 13,038.04
Theoretical pl 8.54 7.07 11.70 11.70 11.30

His-ORF3 C20
122
12,321.16
11.70
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2. Membrane Scaffold Protein (MSP)
2.1 MSP constructs

Membrane Scaffold Proteins (MSPs) derived from the Apolipoprotein, ApoAl, and used for
Nanodisc (ND) assembly. Different engineered truncated MSP variants are available (Figure 36).

The length of the MSP determines the diameter of the ND which varies from 6 to 10 nm.

al o2 o3 o2 o5 o6 o7 o8 a9 al0
M\ANU\A.MMMMI-MAAN«AMMI\AMW AV VWUV

55 100 150 200 243
MSP1D1 —189 aa
AH4/2 _ _178 aa
AH4 _ _167 aa
AHs 0N A 167 22

AH4/2AHS IS "_156 aa
AH4HS IS _145 aa
AH4-HE IS i é TCCT 123 22

Figure 36. Engineered truncated MSP constructs. MSPD1 variants with deletion of different helix(es) are available for Nanodisc
assembly. From Hagn et al.184, with permission from Nature Protocols, Copyright 2018.

Based on the literature, MSP1D1AHS5 protein, MSP1D1 variant with deletion of helix 5, that gives
NDs of about 7-8 nm diameter is stable enough over time and is suitable for NMR Spectroscopy
studies'®4. The plasmid encoding the MSPD1AH5 protein is available in Addgene (pET28a-
MSP1D1deltaH5, plasmid #71714). In the N-terminal region of the protein, a Tobacco Etch Virus
(TEV) cleavage site was inserted between the 6xHis-tag and the protein sequence having as a

result the expression of the 6xHis-tag—TEV cleavage site—MSP1D1AHS5 protein (Figure 37).
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MSPD1AH5

6xHis-tag TEV Protease cleavage site

10 20 30 40 50 60
MGSSHHHHHH ENLYFQGSTF SKLREQLGPV TQEFWDNLEK ETEGLRQEMS KDLEEVKAKV

70 80 90 100 110 120
QPYLDDFQKK WQEEMELYRQ KVEPLGEEMR DRARAHVDAL RTHLAPYSDE LRQRLAARLE

130 140 150 160 170 180
ALKENGGARL AEYHAKATEH LSTLSEKAKP ALEDLRQGLL PVLESFKVSF LSALEEYTKK

LNTQ

Figure 37. Sequence of expressed MSPD1AH5 protein. The 6xHis-tag is colored with cyan, the TEV Protease cleavage site with red

and the purple star is the first residue of the protein sequence.
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2.2 MSPD1AHS5 protein expression and purification

The recombinant plasmid pET28a(+) is transformed into chemically competent E. coli BL21 (DE3)
cells for overexpression. For protein expression, pre-cultures are grown in LB medium at 37°C
using colonies from the agar plate with shaking at 180 rpm overnight containing 25 mg/L
kanamycin based on the gene antibiotic resistance. Adding 10 mL of the overnight pre-culture in
1L LB medium containing 25 mg/L kanamycin, the cells are grown at 37 °C at 180 rpm until the
ODeoo reached 0.6-0.8 and then the induction starts by adding 1 mM IPTG in the culture. After 4-
5 hours at 37 °C, the cells are harvested at 5,000 xg for 20 min at 4 °C. The cell pellet is
resuspended with ~40 mL of Buffer A containing 20 mM Tris-HCI pH 8, 500 mM NacCl, 10 mM
Imidazole and a 1x protease inhibitors tablet is added (cOmplete™, EDTA-free Protease Inhibitor
Cocktail tablets, Roche Diagnostics GmbH). The 50 mL tube with the resuspended cell pellet kept

frozen at -80 °C until starting the purification procedure.

The purification procedure of MSP1D1AHS protein is based on Hagn et al. 201884, |asts three
days and is described below in details. The first day of the purification starts thawing the cell
pellet and adding 22.9 mg/L DNase | and 13.3 mg/L RNase A for nucleic acids’ digestion. The lysis
of the cells is performed using the Avestin EmulsiFlex C3 homogenizer at 4°C. After the cell lysis,
1% Triton X-100 is added and then the cells are centrifuged twice at 10,000 xg for 20 min at 4°C
keeping the supernatant containing the bacterial proteins and protein of interest in new 50 mL
tubes. The filtration of the supernatant with 0.45 um filter is done prior to the 5 mL HisTrap
column (Cytiva) purification using the AKTA pure chromatography system (Cytiva). The protein
purification is monitored using the 215 nm, 260 nm and 280 nm UV absorbance. The filtered
supernatant is passed through the column equilibrated with Buffer A. The column is firstly
washed with 50 mL Buffer A containing 1% Triton X-100 and then with 50 mL Buffer A containing
50 mM sodium cholate. The next wash step of the column is done with Buffer A for 10 CV and
then with 20% Buffer B (50 mM Tris-HCl pH 8, 500 mM NaCl, 500 mM Imidazole) until all the
bacterial proteins removed from the HisTrap column. The MSP1D1AHS5 protein is step-eluted
with Buffer B and 2 mL fractions are collected in 96-well plate. Different fractions in the

purification steps are then checked with SDS-PAGE to determine the fractions containing the
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MSP1D1AHS protein. All the elution fractions containing the protein with the correct molecular
weight are pooled and 1 mM DTT is added to the sample. The next step is the N-terminal 6xHis-
tag cleavage using TEV Protease in ratio 1:100 w/w (TEV protease: target protein) which
specifically cleaves between the Glutamine (Q) and Glycine (G) of the amino-acid sequence
ENLYFQG of the cleavage site prior to the MSP1D1AHS5 protein sequence. The cleavage is done
at 15°C overnight during dialysis against 3 L Dialysis Buffer (20 mM Tris-HCl pH 7.5, 100 mM Nacl)
using 6-8 kDa cut-off membrane. The next morning the efficiency of the TEV Protease cleavage
is checked by SDS-PAGE analysis with samples before and after the TEV Protease addition. The
sample is passed again through the 5 mL HisTrap column using the AKTA pure chromatography
system to separate the cleaved protein from the TEV Protease which binds to the column because
of the presence of a 6xHis-tag in the N-terminus, the cleaved N-terminal 6xHis-tag part and any
remaining proteins. The fractions are checked using SDS-PAGE and the flow-through and wash-
fractions that contain the cleaved protein is directly dialyzed against 3 L MSP buffer containing
20 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5 mM EDTA using 6-8 kDa cut-off membrane overnight
at 4°C. The last day of the purification includes the concentration of the protein. The dialyzed
sample is transferred to a new 50 mL tube and based on the Beer-Lambert law (Beer’s law),
measuring the absorbance at 280 nm, the initial concentration is calculated. The Vivaspin Turbo
concentrator with 5 kDa cut-off membrane is then used to centrifuge at 3,900 xg for 15 min runs
until the final concentration to be around 500-600 uM. After the verification of the final
concentration is reached, aliquots of MSP1D1AH5 protein in appropriate volume for one
Nanodisc assembly reaction are made, flash frozen with liquid Nitrogen and stored at -80°C until
further use. The biophysical characteristics of MSP1D1AH5 protein before and after 6xHis-tag

cleavage by TEV Protease calculated using Expasy Protparam Tool® are shown in Table 2.

Table 2. Biophysical characteristics of MSPD1AHS5 protein based on Expasy Protparam Tool'83,
MSP1D1AHS protein

Uncleaved Cleaved
Amino acids (aa) 184 168
Molecular weight (Da) 21,468.12 19,488.01
Theoretical pl 5.94 5.54
Extinction coefficient, € (M cm™) 19,940 18,450
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2.3 Nanodiscs assembly procedure — Attachment of ORF3 protein

The assembly of the Nanodiscs (NDs) requires the MSP protein, the lipids and the protein of
interest. Apart from the different constructs of MSP protein, variety of lipids depending on their
charge and their length as well as mixture of different kinds can be used for the ND assembly.
The rational of ND assembly is the tendency of MSP protein to wrap lipid bilayer, characteristic
of ApoAl protein, and create stable well-defined diameter particles depending on the MSP
length. The assembly protocol is based on Hagn et al. 2018 and two different procedures are
conducted®®*, The first one includes the protein of interest, ORF3 protein, in the assembly while
the second one is a two-step procedure, preparing an “empty” Nanodisc and then attach the

ORF3 protein on it through modified lipids.

In this study, various lipids are used for ND assembly and have been purchased from Avanti Polar
Lipids. The pairs of neutral and negative charged lipids used are the 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (14:0 PC — DMPC) with the 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (sodium salt) (14:0 PG) and the 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (A9-Cis)
PC — DOPC) with the 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (18:1 PS — DOPS).
The modified lipids used for ORF3 protein attachment are the 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-carboxamide] (sodium salt) (18:1
PE-MCC) or the 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt) (18:1 DGS-NTA(Ni)).

The lipids in powder form are resuspended with 100 mM sodium cholate in MSP buffer for stock
solutions with 50 mM final concentration and further dissolved -if needed- using the sonication
bath for 10-20 min. The lipids in chloroform have to be dried under nitrogen flux heated in glass
tube and continue with lyophilization overnight to get rid of any remaining chloroform. The dried
film is dissolved with 100 mM sodium cholate in MSP buffer to prepare lipid stock with final

concentration of 50 mM.

Regarding the first procedure which includes the ORF3 protein, the ND components are mixed in

an Eppendorf tube with the following order, firstly the MSP buffer, secondly the cholate buffer
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(total final concentration 20 mM), thirdly the lipid mixture (8 mM final concentration), then the
MSP protein (200 uM final concentration) and finally the ORF3 protein (100 pM final
concentration) in final volume of 300 uL. The DMPC and PG lipids are used in ratio 3:1 in powder

form.

The second procedure starts with the formation of “empty” Nanodiscs, their two components
are the MSP1D1AH5 protein (200 uM final concentration) and the lipids (10 mM final
concentration) in MSP buffer with total volume 300 pL. The DMPC, PG and PE-MCC lipids in ratio
73:25:2 in powder form, the DOPC, DOPS and PE-MCC lipids in ratio 73:25:2 and 7:2:1 in
chloroform form and DOPC and DGS-NTA(Ni) lipids in ratio 19:1, 9:1 and 4:1 in chloroform form

are used.

The mixture is incubated at 23°C for 2 h with shaking at 750 rpm on Thermomixer Eppendorf
device. The detergent, the sodium cholate, is replaced by lipids either using Bio-Beads SM-2 (Bio-
Rad) or dialysis against 2 L MSP buffer as a result the Nanodiscs formation. Both options for
detergent removal are effective with the dialysis to be more time-consuming as it lasts about two
days compared to the Bio-beads SM-2 which trap the sodium cholate within few hours.
Therefore, the Bio-beads SM-2 are used for detergent removal, but they need some wash steps
before use. They are firstly washed with 20 mL methanol, secondly with 20 mL ethanol twice,
then with 20 mL milliQ water four (4) times and finally with 20 mL MSP buffer twice. For 300 uL
reaction, 0.3-0.4 g of wet Bio-beads SM-2 are added in two steps, the half of the amount is added
to the mixture after the 2-hour incubation for another 1-hour shaking at 23°C at 750 rpm and
then the second half afterwards for another 2 h. After the incubation with the Bio-beads, the
reaction is carefully transferred in a new Eppendorf tube to remove the Bio-beads from the
mixture. The Bio-beads are washed twice with 150 uL MSP buffer to recover as possible reaction.
After a high-speed centrifugation at 16,100 xg for 10 min at 4°C of the mixture and remove all
the precipitates and remaining beads, the Nanodiscs are purified by Superdex 200 10/300 GL
(Cytiva) size exclusion column using the AKTA pure chromatography system (Cytiva) with 500 uL
injection loop collecting 300 uL fractions in 96-well plate. The fractions of the peak correspond

to the well-assembled ND are pooled and interact with ORF3 protein at 23°C overnight with
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shaking at 300 rpm. The next day, the interaction is purified again with Superdex 200 10/300 GL
(Cytiva) size exclusion column. The shifted peak includes the ND with attached ORF3 protein is
checked with a SDS-PAGE and then the fractions are concentrated to reach the appropriate

volume and concentration to further characterize the interaction using NMR Spectrometry.

The purified “empty” Nanodiscs can be stored for up to two (2) months at 4°C.

93



3. Tsgl01 UEV protein

3.1 Tsgl101 UEV constructs

The DNA encoding the human UEV domain of Tsg101 protein (residues 1-145) (Uniprot accession
number Q99816) is designed with different affinity purification tags for recombinant expression
and then synthesized by GeneCust using pET28a(+) or pGEX-6P-1 as host vector. Three different
constructs are produced in this study, the Tsg101 UEV, the Tsg101 UEV FLAG-tag and the Tsg101
UEV GST-tag. For Tsg1l01 UEV, in the N-terminal region of the protein, a TEV cleavage site is
inserted between the 6xHis-tag and the protein sequence having as a result the expression of the
6xHis-tag—TEV cleavage site—UEV domain of Tsg101 protein and the host vector is the pET28a(+)
(Figure 38). For Tsg101 UEV FLAG-tag, between the TEV cleavage site and the protein sequence
is inserted an extra affinity tag, the FLAG-tag, having as a result the expression of the 6xHis-
tag—-TEV cleavage site—FLAG-tag—UEV domain of Tsgl01 protein and the host vector is the
pET28a(+) (Figure 39). For the Tsgl01 UEV GST-tag, in the N-terminal region of the protein, the
GST-tag and a PreScission Protease cleavage site are prior to the protein sequence having as a
result the expression of GST-tag—PreScission cleavage site—UEV domain of Tsgl101 protein and

the host vector is the pGEX-6P-1 (Figure 40).

Tsg101 UEV
6xHis-tag  TEV Protease cleavage site
10 20 30 40 50 60
MGSSHHHHHH SSGENLYFQG AMAVSESQLK KMVSKYKYRD LTVRETVNVI TLYKDLKPVI
70 80 90 100 110 120
)ISYVFNDGSS RELMNLTGTI PVPYRGNTYN IPICLWLLDT YPYNPPICFV KPTSSMTIK
130 150 160
HVDANGKI YLPYLH PQSDLLGLIQ VMIVVFGDEP PVFSE

Figure 38. Sequence of expressed Tsg101 UEV protein. The 6xHis-tag is colored with cyan, the TEV Protease cleavage site with red

and the purple star is the first residue of the protein sequence.
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Tsg101 UEV —

FLAG-tag

6xHis-tag
10
MGSSHHHHHH

70
VNVITLYKDL

130
ICFVKPTSSM

TEV Protease cleavage site FLAG-tag

20
SSGENLYFQG

80
KPVLDSYVEN

140
TIKTGKHVDA

30

. 40 50

60

ASGDYKDDDD KGSGSMAVSE SQLKKMVSKY KYRDLTVRET

90

100 110

120

DGSSRELMNL TGTIPVPYRG NTYNIPICLW LLDTYPYNPP

150

160 170

180

NGKIYLPYLH EWKHPQSDLL GLIQVMIVVFE GDEPPVEFSRP

Figure 39. Sequence of expressed Tsg101 UEV — FLAG-tag protein. The 6xHis-tag is colored with cyan, the TEV Protease cleavage

site with red, the FLAG-tag with green and the purple star is the first residue of the protein sequence.

Tsg101 UEV —

GST-tag

GST-tag
10
MSPILGYWKI

70
GDVKLTQSMA

130
DFLSKLPEML

190
KRIEAIPQID

250
KMVSKYKYRD

310
IPICLWLLDT

370
VMIVVEGDEP

20
KGLVQPTRLL

80
ITIRYIADKHN

140
KMFEDRLCHK

200
KYLKSSKYIA

260
LTVRETVNVI

320
YPYNPPICEV

PVFSRP

30
LEYLEEKYEE

90
MLGGCPKERA

150
TYLNGDHVTH

210
WPLQGWQATF

270
TLYKDLKPVL

330
KPTSSMTIKT

40 50

60

HLYERDEGDK WRNKKFELGL EFPNLPYYID

100 110
EISMLEGAVL DIRYGVSRIA

160 170
PDFMLYDALD VVLYMDPMCL

120
YSKDFETLKV

180
DAFPKLVCFK

PreScission Protease cleavage site

220 230
GGGDHPPKSD LEVLFQGPLG

280 290
DSYVEFNDGSS RELMNLTGTTI

340 350
GKHVDANGKI YLPYLHEWKH

. 240
SMAVSESQLK

300
PVPYRGNTYN

360
PQSDLLGLIQ

Figure 40. Sequence of expressed Tsg101 UEV — GST-tag protein. The GST-tag is colored with cyan, the PreScission Protease

cleavage site with red and the purple star is the first residue of the protein sequence.
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3.2 Tsg101 UEV expression and purification protocols

The recombinant plasmids are transformed into chemically competent E. coli BL21 (DE3) cells for
overexpression. The pET28a(+) vector contains a kanamycin gene as antibiotic resistance gene
while the pGEX-6P-1 vector contains an ampicillin gene. Pre-cultures are grown in LB medium at
37°C using colonies from the agar plate with shaking at 180 rpm overnight containing 25 mg/L
kanamycin or 100 mg/L ampicillin depending on the vector’s resistance gene. Both unlabeled (all
constructs) and labeled (only for Tsg101 UEV and Tsgl01 UEV FLAG-tag) protein samples are
produced for biophysical and structural characterization. For the unlabeled samples, 10 mL of
the overnight pre-culture are added in 1 L LB medium that contains the appropriate antibiotic.
For labeled samples, 20 mL of the overnight pre-culture are centrifuged at 1,800 xg for 10 min at
4°C and then the cell pellet is resuspended in 1 L M9 minimal medium containing 1 g/L >NH4Cl,
4 g/L *2C D-glucose or 3 g/L *3C D-glucose, 42 mM NazHPOs, 22 mM KH2PO4, 8.56 mM NaCl, 1 mM
MgSQ4, 0.1 mM CaCly, 1X MEM vitamins, 0.5 g/L >N Isogro or 0.5 g/L **N 13C Isogro and 25 mg/L
kanamycin for producing >N or double *°N 13C labeled protein, respectively. The cells are grown
at 37°C at 180 rpm until the ODsgo reached ~1.0 and the induction starts adding 0.4 mM IPTG.
After 4-5 hours at 37 °C, the cells are harvested at 6,000 xg for 20 min at 4 °C. The cell pellet is
resuspended with ~40 mL of Resuspend Buffer (50 mM Sodium Phosphate pH 7.8, 500 mM NacCl,
10 mM Imidazole) for Tsg101 UEV and the Tsgl101 UEV FLAG-tag constructs or ~40 mL 1X PBS
buffer for Tsg101 UEV GST-tag with addition of a 1x protease inhibitors tablet (cOmplete™, EDTA-
free Protease Inhibitor Cocktail tablets, Roche Diagnostics GmbH). The 50 mL tube with the

resuspended cell pellet kept frozen at -80 °C until starting the purification procedure.

The purification procedures of the Tsg101 UEV constructs are similar, the protocol for the Tsg101
UEV and the Tsgl01 UEV FLAG-tag proteins lasts three days while for the Tsg101 UEV GST-tag
lasts two days with slight differences. For all the constructs, the steps before the affinity column
chromatography are the same with first step the addition of 22.9 mg/L DNase | and 13.3 mg/L
RNase A in the cell pellet and the lysis of the cells using the Avestin EmulsiFlex C3 homogenizer
at 4°C. In order to separate the soluble cellular content from the cell membranes and debris, the

lysed cells are centrifuged at 39,000 xg for 40 min at 4°C and then the supernatant containing the
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soluble fraction -including bacterial and protein of interest- is transferred in new 50 mL tubes.
After filtration of the supernatant with 0.45 um filter, a 1 mL HisTrap column (Cytiva) for the two
constructs containing 6xHis-tag in the N-terminal or a 5 mL GSTrap column (Cytiva) for Tsgl101
UEV GST-tag is used with the AKTA pure chromatography system (Cytiva) to purify the protein of
interest, with monitoring the 215 nm, 260 nm and 280 nm UV absorbance. For Tsg101 UEV and
the Tsg101 UEV FLAG-tag, the HisTrap column is pre-equilibrated with Buffer A (50 mM Sodium
Phosphate pH 7.6 and 400 mM NaCl) in presence of 4% of Buffer B (50 mM Sodium Phosphate
pH 7.6, 300 mM NaCl and 300 mM Imidazole). Two wash steps of the column, first with 4% Buffer
B for ~40 CV and then with 15% of Buffer B for ~30 CV, are done to remove all bacterial
contaminants from the HisTrap column. The Tsg101 UEV protein is then eluted with increasing
concentration of Buffer B for 20 CV and 0.5 mL fractions are collected in 96-well plate. For Tsg101
UEV GST-tag, the GSTrap column is equilibrated with 1X PBS buffer and the wash step is done
with the same buffer for 5 CV. The protein is step-eluted with Elution Buffer containing 50 mM
Tris-HCI pH 8, 10 mM reduced Glutathione, GSH (Sigma-Aldrich) and 0.8 mL fractions are
collected in 96-well plate. Different fractions through the purification steps are checked using
SDS-PAGE and the fractions containing the Tsg101 UEV protein are pooled in a new 50 mL tube.
After this step, the two protocols have the main difference. The 6xHis-tag in the N-terminal

region is further cleaved while the GST-tag is remaining for experimental purpose.

For Tsg101 UEV and Tsg101 UEV FLAG-tag constructs, in order to simultaneously eliminate the
Imidazole in the buffer and cleave the 6xHis-tag, the appropriate amount of TEV 6xHis-tag
protease is added to the sample that is then dialyzed overnight at 15°C with 6-8 kDa cut-off
membrane against 3 L Dialysis Buffer containing 50 mM Tris-HCl pH 6.4 or pH 8 (for Tsg101 UEV
and Tsg101 UEV FLAG-tag, respectively), 250 mM NaCl and 5 mM B-Mercaptoethanol. The next
morning, using SDS-PAGE the efficiency and the level of the TEV cleavage is analyzed. The cleaved
protein is passed again through the 1 mL HisTrap column to remove both the TEV 6xHis-tag
protease and the cleaved His-tag from the sample. The following step for unlabeled and labeled
Tsg101 UEV and labeled Tsg101 UEV FLAG-tag protein samples is the overnight dialysis of cleaved
protein with 6-8 kDa cut-off membrane at 4°C against 3 L NMR Buffer (50 mM Sodium Phosphate
pH 6.1, 50 mM NaCl, 0.1 mM EDTA). For unlabeled Tsg101 UEV protein sample used for X-ray
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crystallography experiments, the dialysis is performed in 3 L Buffer containing 10 mM Tris-HCI pH
6.52, 100 mM NacCl. The unlabeled Tsg101 UEV FLAG-tag protein is further purified using HiLoad
16/600 Superdex 75 pg (Cytiva) size exclusion column in the AKTA pure chromatography system
(Cytiva) with SEC Buffer (50 mM Tris-HCl pH 7.8, 50 mM NaCl) and 5 mL injection loop(s) collecting
1 mL fractions in 96-well plate. For Tsg101 UEV GST-tag construct, based on the SDS-PAGE, the
pooled fractions containing the protein are directly injected in HiLoad 16/600 Superdex 75 pg
(Cytiva) size exclusion column in the AKTA pure chromatography system (Cytiva) with SEC Buffer
(50 mM Tris-HCI pH 7.8, 50 mM NaCl) and 5 mL injection loop(s) collecting 1 mL fractions in 96-

well plate.

The last step of the purification is the concentration of the protein in the final concentration
depending on the experiment to be used. Measuring the absorbance at 280 nm and based on the
Beer-Lambert law (Beer’s law), the initial concentration is calculated. The Vivaspin Turbo
concentrator with 5 kDa cut-off membrane is then used to centrifuge at 3,900 xg for 15 min runs
until the target final concentration. After the verification that the final concentration is reached,
the protein is split in aliquots which then are flash frozen with liquid Nitrogen and stored at -80°C

until further use.

The biophysical characteristics of Tsgl01 UEV constructs calculated using Expasy Protparam

Tool'® are shown in Table 3.

Table 3. Biophysical characteristics of Tsg101 UEV constructs based on Expasy Protparam Tool183,

Tsgl01 UEV constructs
Tsgl01 UEV Tsgl01 UEV FLAG-tag Tsgl01 UEV GST-tag

Cleaved Cleaved Uncleaved
Amino acids (aa) 147 161 376
Molecular weight (Da) 16,742.51 18,169.87 43,438.55
Theoretical pl 8.81 7.01 6.52
Extinction coefficient, € (M cm™) 25,900 27,390 68,760

98



4. NMR Spectroscopy

4.1 NMR Spectrometers

The Integrative Structural Biology group can mainly use two (2) NMR spectrometers, a 900 MHz
and a 600 MHz, for biomolecular characterization of the proteins located on Campus CNRS of
Haute Borne and on Pasteur Institute of Lille, respectively. Both spectrometers are equipped with
a 5 mm cryogenic triple resonance probe for higher sensitivity. Specifically, the Bruker Avance
Neo 900 MHz spectrometer is equipped with a 5 mm CPTCI (*H, N, 3C) cryoprobe and the
Bruker 600 MHz Avancelll HD spectrometer is equipped with a 5 mm CPQCI (*H, °N, 13C, 1°F)
cryoprobe. In addition, the 900 MHz and 600 MHz spectrometers are equipped with Samplelet
and SampleCase, respectively, sample changers that give the opportunity to record many
samples automatically. Both spectrometers are used for ORF3 and Tsgl01 UEV protein

characterization.

In this study, the ORF3 C20 protein is further characterized in collaboration with Dr. Anja
Bockmann and her team, Molecular Microbiology and Structural Biochemistry — Protein Solid
State NMR group in Lyon using solid-state NMR Spectrometry. The experiments are conducted

in the 800 MHz spectrometer using the 3.2 mm HCN probe.
4.2 Sample preparation

For liquid-state NMR experiments, *°N or double *°N, 13C labeled protein samples are prepared
in NMR buffer, 50 mM Sodium Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA. For recording any
NMR spectrum, 12 mM 3-(Trimethylsilyl)propanoic acid (TMSP) is added as the internal standard
for proton chemical shift referencing and 5% (v/v) D20 for lock purposes. There are various NMR
tubes used such as 5 mm Shigemi tube, 5 mm tube and 3 mm tube, each one has different volume
limits. The lower volume can be used in a 5 mm Shigemi tube is 250 pL while the volume for 5

mm tube is 500 pL and for 3 mm tube 200 pL.
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For solid-state NMR experiments, 25mg of 1°N, 3C ORF3 C20 labeled protein is precipitated with
100 mM cholate buffer in MSP buffer and is filled into a 3.2 mm rotor. DSS is added for the

calibration of the spectra.

4.3 NMR Experiments

All the spectra are acquired at 293K except of the ones for ORF3 WT protein recorded at 298K
and processed with Bruker TopSpin software package 4.0.7 and 3.6.2. The analysis of the spectra
is done using the NMRFAM-Sparky software 3.19 (T. D. Goddard and D. G. Kneller, SPARKY 3,

University of California, San Francisco)!.

For NMR backbone protein assighments of ORF3 C20 and Tsg101 UEV proteins, the 2D H, °N
HSQC and 3D *H, *°N, 3C HNCACB, HN(CO)CACB, HNCO, HN(CA)CO, HNHA, HN(CA)NNH are the
main experiments needed. Because of the disordered nature of ORF3 C20, the 3D H, *°N, 13C
(H)NCANNH, H(N)CANNH, HCBCACON, (H)NCOCANNH, H(N)COCANNH and HACONH are
recorded to help the assignment procedure providing more information for each peak. For both
proteins, the proline assignments are obtained analyzing the carbon detection 3D H, *°N, 13C
(H)CACON and HCAN and the 2D *°N, 3C NCO and *3C,'3C CACO experiments. All 3D NMR spectra
are recorded using non-uniform sampling and the methyl signal of TMSP is used as proton

chemical shift reference at 0 ppm.

The interaction between the ORF3 C20 and the Tsgl101 UEV proteins is studied also using NMR
Spectroscopy. When the Tsgl01 UEV protein is >N labeled and addition of increasing
concentration of unlabeled ORF3 C20 protein is made, only 1D and 2D H, >N HSQC spectra are
recorded for each titration point. When the interaction is studied from the ORF3 C20 side, a
double °N, 13C labeled protein is used and the addition of increasing concentration of unlabeled
Tsg101 UEV protein is monitoring using both 2D H, >N HSQC and 2D *°N, 13C NCO spectra in
order to also detect the proline affected peaks. For all experiments, each point of interaction is
prepared separately in 5 mm tubes and the Samplelet in 900 MHz spectrometer is used to record

the series of the spectra.
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4.4 Backbone and Proline assignments
4.4.1 ORF3 C20 protein

NMR experiments for backbone and proline assignments of ORF3 C20 protein are recorded at
293K on Bruker 600 MHz Avancelll HD spectrometer equipped with a 5 mm CPQCI (}H, °N, 13C,
19F) cryoprobe. The °N, 3C ORF3 C20 protein sample is at 100 uM in NMR buffer, 20 mM Sodium
Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA, 2 mM THP (Tris(hydroxypropyl)phosphine), 5%
(v/v) D20 placed in a Shigemi tube. All the experiments for backbone and proline assignments

are recorded with the same protein sample.

The 2D H, >N HSQC spectrum is acquired with 2048 and 256 complex points in the direct and
indirect dimensions, respectively, and 16 scans. The spectral width (SW) in indirect >N dimension
is 23 ppm and the position of the carrier (O1P) is at 118 ppm. The 3D H, °N, 3C HNCACB and
HN(CO)CACB spectra are acquired with 1024, 96 and 256 complex points in the direct, indirect
(**N) and indirect (*3C) dimensions, respectively, and 32 scans. The SW in indirect >N dimension
is 23 ppm and the position of the carrier is at 118 ppm while the SW in indirect '3C dimension in
HNCACB is 70 ppm with the carrier at 39 ppm and the SW in indirect 3C dimension in
HN(CO)CACB is 58 ppm with the carrier at 41 ppm. The 3D HNCO spectrum is recorded with 1022,
96 and 128 complex points in the direct, indirect (*’N) and indirect (*3C) dimensions, respectively,
and 16 scans and the 3D HNCACO spectrum with 1176, 96 and 128 complex points and 64 scans.
In both HNCO and HNCACO spectra, the SW in indirect >N dimension is 23 ppm with the carrier
at 118 ppm and in indirect 3C dimension is 10 ppm with the carrier at 172.5 ppm. The 3D
(HINCANNH and H(N)CANNH spectra are acquired with 2048, 128 and 128 complex points in the
direct, indirect (**N) and indirect (**N and !H, respectively) dimensions, respectively, and 32
scans. The SW in indirect >N dimension for both spectra is 23 ppm and the position of the carrier
is at 118 ppm while the SW in indirect °N dimension in (HNCANNH is 23 ppm with the carrier at
118 ppm and the SW in indirect *H dimension in H(N)CANNH is 12 ppm with the carrier at 4.697
ppm. The 3D HCBCACON spectrum is recorded with 2048, 120 and 120 complex points in the
direct, indirect (**N) and indirect (*3C) dimensions, respectively, and 32 scans. The SW in indirect

15N dimension in is 35 ppm with the carrier at 123.5 ppm and in indirect 3C dimension in is 60
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ppm with the carrier at 40 ppm. The 3D (H)NCOCANNH spectrum is acquired with 2048, 140 and
140 complex points in the direct, indirect (}°N) and indirect (*>N) dimensions, respectively, and
64 scans. The SW in both indirect °N dimension in is 23 ppm with the carrier at 118 ppm. The 3D
H(N)COCANNH spectrum is recorded with 2048, 140 and 160 complex points in the direct,
indirect (**N) and indirect (*H) dimensions, respectively, and 64 scans. The SW in indirect **N
dimension in is 23 ppm with the carrier at 118 ppm and in indirect *H dimension in is 10 ppm with
the carrier at 4.698 ppm. The 3D HNHA spectrum is acquired with 2048, 256 and 128 complex
points in the direct, indirect (*H) and indirect (*>N) dimensions, respectively, and 32 scans. The
SW in indirect H dimension in is 12 ppm with the carrier at 4.697 ppm and in indirect >N
dimension in is 23 ppm with the carrier at 118 ppm. The 3D HACAN spectrum is recorded with
2048, 128 and 128 complex points in the direct, indirect (*3C) and indirect (*’N) dimensions,
respectively, and 32 scans. The SW in indirect 13C dimension in is 40 ppm with the carrier at 52
ppm and in indirect °N dimension in is 35 ppm with the carrier at 123.5 ppm. The 3D HACONH
spectrum is recorded with 2048, 64 and 512 complex points in the direct, indirect (**N) and
indirect (*H) dimensions, respectively, and 32 scans. The SW in indirect >N dimension in is 23
ppm with the carrier at 118 ppm and in indirect 'H dimension in is 3 ppm with the carrier at 4.698
ppm. Finally, the 2D carbon detection *°N, 3C NCO spectrum is acquired with 1024 and 520
complex points in the direct (*3C) and indirect (*’N) dimensions, respectively, and 160 scans. The
SW in direct 3C dimension in is 40 ppm with the carrier at 173.5 ppm and in indirect >N

dimension in is 47 ppm with the carrier at 123 ppm.

Combined the information of these all experiments, the backbone and proline assignments of

ORF3 C20 protein are obtained.
4.4.2 ORF3 Cter protein

In addition, the backbone and proline assignments of ORF3 Cter protein are obtained recording
the same data set on Bruker 900 MHz Avance Neo spectrometer equipped with a 5 mm CPTCI
(*H, N, 3C) cryoprobe at 293K using a 300 uM *°N, 3C ORF3 Cter labeled protein sample in
50mM Sodium Phosphate pH 6.8, 50 mM NaCl, 0.5 mM EDTA, 5% (v/v) D20 placed in a Shigemi

tube.
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The 2D H, >N HSQC spectrum is acquired with 3072 and 128 complex points in the direct and
indirect dimensions, respectively, and 32 scans. The spectral width (SW) in indirect >N dimension
is 22 ppm and the position of the carrier (O1P) is at 118 ppm. The 3D H, °N, 3C HNCACB and
HN(CO)CACB spectra are acquired with 1540, 62 and 128 complex points in the direct, indirect
(**N) and indirect (*3C) dimensions, respectively, and 128 scans. The SW in indirect >N dimension
is 22 ppm and the position of the carrier is at 118 ppm while the SW in indirect 13C dimension is
56 ppm with the carrier at 44 ppm. The 3D HNCO spectrum is recorded with 1536, 62 and 96
complex points in the direct, indirect (**N) and indirect (}3C) dimensions, respectively, and 64
scans and the 3D HNCACO spectrum with 1536, 62 and 128 complex points and 192 scans. In
both HNCO and HNCACO spectra, the SW in indirect °N dimension is 22 ppm with the carrier at
118 ppm and in indirect 3C dimension is 12 ppm with the carrier at 174 ppm. The 3D HN(CA)NNH
spectrum is recorded with 2048, 128 and 128 complex points in the direct, indirect (**N) and
indirect (**N) dimensions, respectively, and 64 scans. The SW in both indirect °N dimension in is
22 ppm with the carrier at 118 ppm. The 3D HACAN spectrum is recorded with 2048, 98 and 128
complex points in the direct, indirect (3C) and indirect (*N) dimensions, respectively, and 32
scans. The SW in indirect $3C dimension in is 30 ppm with the carrier at 53.2 ppm and in indirect
15N dimension in is 36 ppm with the carrier at 123 ppm. The 3D HNHA spectrum is acquired with
2048, 98 and 256 complex points in the direct, indirect (*H) and indirect (**N) dimensions,
respectively, and 32 scans. The SW in indirect 'H dimension in is 6 ppm with the carrier at 4.697
ppm and in indirect °N dimension in is 22 ppm with the carrier at 118 ppm. Finally, the 2D carbon
detection N, 3C NCO spectrum is acquired with 1024 and 256 complex points in the direct (:3C)
and indirect (**N) dimensions, respectively, and 32 scans. The SW in direct 3C dimension in is 40
ppm with the carrier at 173.5 ppm and in indirect °N dimension in is 47 ppm with the carrier at

123 ppm.

Combined the information of these all experiments, the backbone and proline assignments of

ORF3 Cter protein are obtained.
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4.4.3 ORF3 WT protein

Furthermore, the backbone assignments of ORF3 WT protein are obtained using the backbone
assignments of ORF3 C20 protein and recording the 2D HSQC and 3D HNCO and HNCACB spectra
on Bruker 900 MHz Avance Neo spectrometer equipped with a 5 mm CPTCI (H, °N, 13C)
cryoprobe at 298K using a 75 uM *°N, 13C ORF3 WT protein sample in 50 mM Sodium Phosphate
pH 6.1, 50 mM NaCl, 5 mM DTT, 0.1 mM EDTA, 5% (v/v) D20 in a closed 5 mm Shigemi tube.

The 2D H, >N HSQC spectrum is acquired with 3072 and 256 complex points in the direct and
indirect dimensions, respectively, and 16 scans. The spectral width (SW) in indirect >N dimension
is 22 ppm and the position of the carrier (O1P) is at 118 ppm. The 3D !H, ¥*N, 3C HNCACB
spectrum is acquired with 1542, 100 and 180 complex points in the direct, indirect (**N) and
indirect (*3C) dimensions, respectively, and 256 scans. The SW in indirect 1°N dimension is 22 ppm
and the position of the carrier is at 118 ppm while the SW in indirect 13C dimension is 65 ppm
with the carrier at 39 ppm. The 3D HNCO spectrum is recorded with 1536, 88 and 128 complex
points in the direct, indirect (*°N) and indirect (*3C) dimensions, respectively, and 128 scans. The
SW in indirect >N dimension is 22 ppm with the carrier at 118 ppm and in indirect 3C dimension

is 15 ppm with the carrier at 173.5 ppm.

Comparing the 3D data set of ORF3 WT protein with the corresponding ones of ORF3 C20 protein,

the backbone assignments of ORF3 WT are reliably transferred on the 2D HSQC spectrum.
4.4.4 Tsgl01 UEV protein

NMR experiments for backbone and proline assignments of Tsg101 UEV protein are recorded at
298K on Bruker 600 MHz Avancelll HD spectrometer equipped with a 5 mm CPQCI (1H, °N, 13C,
19F) cryoprobe. The °N, 13C Tsg101 UEV protein sample is at 330 uM in NMR buffer, 50 mM
Sodium Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA, 5% (v/v) D20 placed in a Shigemi tube. All
the experiments for backbone and proline assignments are recorded with the same protein

sample.
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The 2D H, >N HSQC spectrum is acquired with 2048 and 256 complex points in the direct and
indirect dimensions, respectively, and 16 scans. The spectral width (SW) in indirect >N dimension
is 28 ppm and the position of the carrier (O1P) is at 117.5 ppm. The 3D H, N, 33C HNCACB and
HN(CO)CACB spectra are acquired with 2048, 82 and 120 complex points in the direct, indirect
(**N) and indirect (*3C) dimensions, respectively, and 48 scans. In both spectra, the SW in indirect
15N dimension is 28 ppm with the carrier at 117.5 ppm and in indirect 3C dimension is 60 ppm
with the carrier at 42 ppm. The 3D HNCO spectrum is recorded with 1432, 82 and 128 complex
points in the direct, indirect (**N) and indirect (*3C) dimensions, respectively, and 16 scans. The
SW in indirect >N dimension is 30 ppm with the carrier at 118 ppm and in indirect 3C dimension
is 11 ppm with the carrier at 173 ppm. The 3D HNCACO spectrum is acquired with 1426, 82 and
128 complex points in the direct, indirect (**N) and indirect (*3C) dimensions, respectively, and
64 scans. The SW in indirect °N dimension is 28 ppm with the carrier at 117.5 ppm and in indirect
13C dimension is 14 ppm with the carrier at 173.5 ppm. The 3D HN(CA)NNH spectrum is recorded
with 2048, 128 and 128 complex points in the direct, indirect (*°N) and indirect (*’N) dimensions,
respectively, and 48 scans. The SW in both indirect °N dimension in is 28 ppm with the carrier at
117.5 ppm. The 3D HNHA spectrum is acquired with 2048, 256 and 128 complex points in the
direct, indirect (*H) and indirect (**N) dimensions, respectively, and 32 scans. The SW in indirect
'H dimension in is 12 ppm with the carrier at 4.7 ppm and in indirect °N dimension in is 28 ppm
with the carrier at 117.5 ppm. The 3D HACAN spectrum is recorded with 2048, 128 and 128
complex points in the direct, indirect (3C) and indirect (}*N) dimensions, respectively, and 32
scans. The SW in indirect 3C dimension in is 40 ppm with the carrier at 52 ppm and in indirect
15N dimension in is 28 ppm with the carrier at 117.5 ppm. The 2D carbon detection °N, 13C NCO
spectrum is acquired with 1024 and 160 complex points in the direct (*3C) and indirect (**N)
dimensions, respectively, and 160 scans. The SW in direct 3C dimension in is 40 ppm with the
carrier at 173.5 ppm and in indirect *N dimension in is 47 ppm with the carrier at 123 ppm. The
2D carbon detection 13C, 13C CACO spectrum is acquired with 724 and 256 complex points in the
direct (*3C) and indirect (*3C) dimensions, respectively, and 160 scans. The SW in direct '3C
dimension in is 20 ppm with the carrier at 173.5 ppm and in indirect 3C dimension in is 50 ppm

with the carrier at 173.5 ppm. Finally, the 3D carbon detection 13C,*°N, 13C HCACON spectrum is
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acquired with 1024, 128 and 64 complex points in the direct (*3C), indirect (*>N) and indirect (*3C)
dimensions, respectively, and 32 scans. The SW in direct 3C dimension in is 40 ppm with the
carrier at 173.5 ppm, in indirect >N dimension in is 43 ppm with the carrier at 123 ppm and in

indirect 13C dimension in is 40 ppm with the carrier at 173.5 ppm.

The backbone and proline assignments of Tsg101 UEV protein are obtained and deposited in the

Biological Magnetic Resonance Data Bank (BMRB) under accession code 50765.
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Results

1. Molecular characterization of HEV ORF3 protein in solution

1.1 HEV ORF3 sequence analysis

In this study, as mentioned in Materials and Methods, the protein sequence of HEV ORF3 protein

is derived from Genotype 3 (HEV3) found mainly in developed countries and transmitted

indirectly to humans by consuming of uncooked or undercooked meat from infected

animals18224,

An alignment of ORF3 amino acid sequence of the first four HEV genotypes (HEV1-HEV4) isolated

in human using the multiple sequence alignment tool Clustal Omega!?%12’ shows an identity more

than 73% along these genotypes (Figure 41).

HEV4
HEV3
HEV1
HEV2

HEV4
HEV3
HEV1
HEV2

MEMPPCALGLFCFCSSCFCLCCPRHRPVSRLAVAAGKRG——AAVVSGVTGLILSPSPSPI
-MGSPCALGLFCCCSSCFCLCCPRHRPASRLAVVVGGAAAVPAVVSGVTGLILSPSPSPI
MGSRPWALGLFCCCSSCFCLCCSRHRPVSRLAAVVGGAAAVPAVVSGVTGLILSPSQSPI
MGSPPCALGLFCCCSSCFCLCCPRHRPVSRLAAVVGGAAAVPAVVSGVTGLILSPSQSPI

kOkkkkokk kkokdokkokkk kkkk, kkkk, ..k . skokskskokkokskkkkokkk  kkk

FIQPTPSHLTFQPPPGLELALGSQSVHSAPLGVTSPSAPPLPPVVDLPQLGLRR
FIQPTPSPPISFHNPGLELALGSRPAPLAPLGVTSPSAPPLPPAVDLPQLGLRR
FIQPTPSPRMSPLRPGLDLVFANPSDHSAPLGATRPSAPPLPHVVDLPQLGPRR
FIQPTPLPQTLPLRPGLDLAFANQPGHLAPLGEIRPSAPPLPPVADLPQPGLRR
kokkokskk kEKKIKe §aw kkkk dokkokkkk . . kkkk ko kk

58
59
60
60

112
113
114
114

Figure 41. Alignment of ORF3 amino acid sequence of the first four HEV genotypes (HEV1-HEV4) that infect humans using the
multiple sequence alignment tool Clustal Omegal26:127. HEV1: GenBank accession # 090299, HEV2: GenBank accession # Q03499,
HEV3: GenBank accession # ADV71353 and HEV4: GenBank accession # Q91VZ7. The star (*) sign indicates the conserved residues,
the colon (:) residues with conservation between groups of strongly similar properties and the period (.) conservation between
groups of weaky similar properties.

The sequence of HEV3 ORF3 Wild Type (WT) protein is shown in Figure 42.
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Figure 42. HEV ORF3 WT Genotype 3 sequence with blue boxes the hydrophobic domains, with green the transmembrane region,
with red the Proline residues and with the blue circle the PSAP motif involved in the interaction with Tsg101 UEV protein.

Analyzing the protein sequence, two hydrophobic domains in blue boxes are identified. The first
domain is a Cysteine-rich region that contains eight (8) Cysteine residues (in bold in Figure 42).
Based on Gouttenoire et al. 2018 studies, this region is involved in the anchoring of the protein
to the membrane by a post-translational modification, the palmitoylation of one or multiple
Cysteine residues®?. The second hydrophobic domain (marked also in green in Figure 42) is
predicted to be transmembrane and because of this region, Ding et al. 2017 proposed to a
transmembrane insertion of ORF3 protein and its oligomerization that forms an ion channel and

correlated the ORF3 function with a viroporin function®..

Using the online TMHMM v2.0 server!®®, the prediction of the transmembrane region of HEV
ORF3 WT protein is obtained (Figure 43). The probability of the region between residues Leucine

30 and Leucine 52 (Leu50-Leu52) to be transmembrane helix is high with an overall score of 0.8.

108



HEV ORF3 WT TMHMM2.0 inside 1 29
HEV ORF3 WT TMHMM2.0 TMhelix 30 52
HEV ORF3 WT TMHMM2.0 outside 53 113

TMHMM prosterior probabilities for HEV ORF3 WT protein sequence

12 -
[
1 L
{I'_
b 08 - |J
2 |
-8 06 | |
a _\‘
04t \
\
L [ i . .
20 40 60 80 100
transmembrane inside outside

Figure 43. Transmembrane prediction of HEV ORF3 WT protein using the online TMHMM v2.0 serverss,

In Figure 42, the C-terminal region contains many Proline residues, colored in red and constitute
the 18.6% of the total sequence (21 Proline residues out of total 113 residues). Analyzing the
protein sequence using the online GeneSilico MetaDisorder server!®’, the C-terminus is predicted
to be disordered — a protein that does not have a stable 3D conformation over the time — as well

the first residues in N-terminus (Figure 44).
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Figure 44. Prediction of the disordered regions of HEV ORF3 WT protein using the online GeneSilico MetaDisorder server's’,
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In addition, the C-terminal region contains a PSAP motif pointed in a blue circle in Figure 42 which
is close to the PTAP motif found in other viruses, such as HIV!4®, Ebola®! etc., and through this
motif they interact with the Ubiquitin E2 Variant (UEV) domain of human tumor susceptibility

gene 101 (Tsg101) protein, essential protein for the viral secretion.

As mentioned in Material and Methods section, the constructs of HEV ORF3 protein used are the
ORF3 WT, the ORF3 Cter (C-terminal region, aa 48-113), the ORF3 C8A (all Cysteines are mutated
to Alanine residues), the ORF3 C8S (all Cysteines are mutated to Serine residues), the His-ORF3
C20 and the ORF3 C20 proteins (all Cysteines are mutated to Serine residues except of Cysteine

in position 20) with the latter to be the most characterized protein in this study.
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1.2 Structure prediction for HEV ORF3 protein

The sequence analysis of the HEV ORF3 protein as mentioned above shows that the C-terminus
is predicted to be disordered. A structure prediction is performed in the easy-to-use fast online
ColabFold platform, which combines the multiple sequence alignment MMseqs2 (Many-against-
Many searching) software with AlphaFold2, for further structural analysis®®192, Providing the
ORF3 WT protein sequence (113 aa) in the online platform, the prediction was performed in less

than 15 min.

Figure 45 illustrates the results of HEV ORF3 disordered protein. Specifically, the MMseqs2
module first provides a multiple sequence alignment as a graph shown in Figure 45a and it will
be used by AlphaFold2. The number of found sequences and the sequence identity of the query
are represented with a preferable profile of cyan-bluish color at the top and a flatter smooth
black line. Regarding the ORF3 protein, the multiple sequence alignment contains low number of
sequences on the prediction and the black line fluctuates along the sequence. Next, the
AlphaFold2 predicts five (5) models of the protein structure (Figure 45b). For each model, an
average predicted Local Distance Difference Test (LDDT) that predicts the quality of the model at
each amino acid of the protein is provided in the graph (c) in Figure 45. The predicted LDDT score
of the models of ORF3 protein ranges from 40 to 60. An overall AlphaFold prediction with a pLDDT
score lower or equal to 50 highlights the fact that there is a high probability that ORF3 protein is
disordered. Finally, the Predicted Aligned Error (PAE) plots for each predicted model is provided
and gives the distance error for every pair of residues in 0-35 A range values (Figure 45d). For
ORF3 protein models, the PAE plots are colored in red along all the sequence, more than 25 A
distance error for every pair of residues, indicating that the relative positions and/or orientations
on all pairs in the structure are uncertain which is expected because of the disorder nature and

non-stable 3D conformation over the time.
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Figure 45. Results of structure prediction by ColabFold'88-192 for ORF3 protein. (a) Multiple Sequence Alignment graphs generated
by MMseqs2 module. (b) Predicted (5) models of protein structures by AlphaFold2. (c) Plots of predicted Local Distance Difference
Test (LDDT) scores by AlphaFold2. (d) Predicted Aligned Error (PAE) plots by AlphFold2.
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1.3 HEV ORF3 protein purification and concentration estimation

Before starting my PhD, preliminary experiments were conducted using the ORF3 Cter protein.
This construct was chosen in order to be able to express and purify the protein without the
possibility of failure due to the hydrophobic domains in N-terminal region, the cysteine-rich and

the transmembrane regions.

In order to work with the full-length protein and also avoid purification issues, the mutation of
all Cysteines to Alanines, the ORF3 C8A construct was then used. The ORF3 C8A protein had good
expression, but it was soluble only in presence of detergent (2% octyl-B-D-glucopyranoside, B-
OG) throughout the purification steps. Specifically, this protein has to be eluted using an
imidazole-containing buffer in presence of the detergent and then to dialyze against NMR buffer
including 2% B-OG. The main issue is that the amount of the detergent in the final NMR sample
was not same among the different protein samples prepared based on 1D NMR spectra recorded.
In addition, the quality and the peaks of the 2D H, >N HSQC spectra of ORF3 C8A labeled samples
differed concluding that the amount of detergent is important. Because it was impossible to
control the exact amount of detergent added to the sample during the dialysis step, the

purification of this construct was not performed again.

In order to continue working with the full-length and trying to solve the solubility problem, the
Cysteines in N-terminus were mutated to Serine residues, the ORF3 C8S construct. The
expression level of this construct was very low. Looking back to the vectors design process, the
E. coli codon optimization of the DNA sequence of ORF3 C8S differed from the DNA codon
sequence of the ORF3 C8A which had good expression level. Therefore, the DNA sequence of
ORF3 C8A was used as template and the codon of the amino acids that have to be changed in
order to construct the ORF3 C8S is manually modified. In particular, the codon of the eight
Alanine residues in the N-terminal, mutations of the WT protein sequence, are replaced by the
codon for Serine residues. Using this strategy, the yield of the protein production was recovered
in high levels and it was soluble without the presence of the detergent, but this protein was not

further used.
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The “new” ORF3 C8S DNA sequence is used for the design of the ORF3 C20 construct, the most
characterized protein in this study. It contains only one Cysteine residue in position 20 of the
protein sequence used to study the membrane anchoring by its palmitoylation. Finally, the ORF3

WT protein is also studied in order to confirm that the ORF3 C20 is a valid protein model.

In Material and Methods section, the expression and purification protocol are described in details
and the steps of the final optimum purification procedure for ORF3 protein are shown in Figure
46. Many steps had to be optimized in order to obtain stable ORF3 protein samples. All the ORF3
samples, unlabeled and labeled, have followed the same described procedure. The following data

sets are derived from ORF3 C20 protein purifications unless otherwise stated.
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Figure 46. Diagram of the purification steps of ORF3 protein.

The sequence of ORF3 C20 protein is shown in Figure 47. Between the ORF3 sequence and the
6xHis-tag in the C-terminal region, there is a PreScission Protease cleavage site, Leu-Glu-Val-Leu-
Phe-GIn-Gly-Pro (LEVLFQGP). All the constructs, apart from the His-ORF3 C20 protein, contain
this cleavage site in their sequence. The PreScission Protease specifically cleaves between
Glutamine (Q) and Glycine (G) residues of the cleavage site at 4°C in a Cleavage Buffer containing

50 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM EDTA, 1 mM DTT.

ORF3 C20
10 20 30 40 50 60
MGSPSALGLF SSSSSSFSLC SPRHRPASRL AVVVGGAAAV PAVVSGVTGL ILSPSPSPIF

70 80 90 100 110 120
IQPTPSPPIS FHNPGLELAL GSRPAPLAPL GVTSPSAPPL PPAVDLPQLG LRRGLEVLFQ

PreScission Protease cleavage site
GPGHHHHHH
6xHis-tag

Figure 47. Sequence of ORF3 C20 protein. The 6xHis-tag is colored with cyan, the PreScission Protease cleavage site with red and
the purple star is the last residue of the ORF3 sequence.
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The cleavage of the 6xHis-tag for obtaining the protein as close possible in the nature sequence
was performed after the affinity chromatography during overnight dialysis at 4°C against 3 L
Cleavage Buffer using 6-8 kDa cut-off membrane. The efficiency of the cleavage was checked
using the before and after PreScission Protease addition samples in a 4-20% SDS-PAGE (Figure
48). During the overnight 6xHis-tag cleavage, an initial partial precipitation of the protein was
observed. After the Reverse Phase and during the protein concentration step, the cleaved protein
was precipitated and was very unstable even at 4°C. Therefore, the 6xHis-tag cleavage is not
performed due to the instability of the cleaved protein and it is not included in the purification
protocol. The uncleaved ORF3 C20 protein is used in all the following experiments unless

otherwise stated.
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- E € cleaved ORF3
Figure 48. 4-20% SDS-PAGE of PreScission Protease cleavage of ORF3 C20 protein with Coomassie blue staining.

As mentioned in the protocol, the first obstacle that had to be resolved was the insolubility of
the protein in the bacterial extract. The resuspension with the denaturing buffer helps to
separate ORF3 protein from the E. coli cellular debris, but also adds some extra wash steps during
the HisTrap affinity purification which can be successful only if the denaturing agent was slowly
removed from the column. The chromatogram of the ORF3 C20 HisTrap purification with the
three UV absorbance curves at 280 nm, at 260 nm and at 215 nm and the 4-20% SDS-PAGE with

different fractions are shown in Figure 49. Since ORF3 protein does not contain any aromatic
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residues in its sequence, it is not possible to detect the protein with classical 280 nm wavelength

and therefore the unspecific 215 nm wavelength is used to monitor the chromatography.
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Figure 49. (a) Chromatogram of affinity HisTrap purification of ORF3 C20 protein. In the black box, the elution peak is shown
zoomed. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of fractions
based on the chromatogram (a) with Coomassie blue staining.

In order to increase the protein purity, a second step of purification is performed by Reverse
Phase (RP) Chromatography. Using a 5 mL loop, all the ORF3 C20 sample is injected on a Zorbax
C8 column. Then the protein is eluted with a gradient of acetonitrile. The ORF3 protein is
monitored uniquely with the 215 nm absorbance curve. In Figure 50, the chromatogram of the
RP purification step as well the 4-20% SDS-PAGE substantiate the purity of the protein sample

after the second step of the purification.
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Figure 50. (a) Chromatogram of Reverse Phase purification of ORF3 C20 protein. In the black box, the elution peak is shown
zoomed. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B (0.1% TFA, 80% Acetonitrile). (b) 4-

20% SDS-PAGE of fractions based on the chromatogram (a) with Coomassie blue staining.
In order to estimate the protein concentration in the pooled fractions containing the ORF3 C20
protein after the RP chromatography step and because of absence of aromatic residues and thus,
unable to use the 280 nm UV absorbance and Beer’s Law, a 4-20% SDS-PAGE with increasing
volume of the protein is done and the sample bands are compared with the ones of the molecular
marker with fixed concentration (Broad Range Protein Molecular Weight Markers, Promega).
Specifically, protein samples of 1, 2, 3, 4, 5, 6 and 10 pL were used as well 10 pL of the Promega
molecular weight marker with nine identifiable protein bands at 10, 15, 25, 35, 50, 75, 100, 150
and 225 kDa molecular weight. All the proteins of the marker are at 0.1 pg/uL final concentration

except of the 50 kDa protein which is in threefold concentration, at 0.3 pg/uL and therefore this

band is more intense that the others (Figure 51).
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Figure 51. 4-20% SDS-PAGE of ORF3 C20 protein for the concentration’ estimation after the Reverse Phase chromatography with
Coomassie blue staining. For the Molecular Weight marker (MW), the Broad Range Protein Molecular Weight Markers (Promega)
is used.

Moreover, the initial protocol included a lyophilization step after the RP purification taking
advantage of having the protein in Acetonitrile buffer which easily evaporates under vacuum
conditions. The protein is splitted in 15 mL tubes with specific amount based on the
concentration’” estimation, flash freeze with liquid Nitrogen and lyophilized. This step was
important because the protein was stored in powder form at -20°C for months and thus it could
be resuspended in any buffer of interest depending on the experiment in which it would be used.
This step was followed in the first purifications until the partial protein resuspension caused
problems and losing protein for the following experiments. Although different buffers and
different final concentrations of the protein were tested, this main problem could not be resolved
and therefore this step was replaced by the dilution and dialysis with NMR Buffer overnight at

4°C directly after the RP chromatography to get rid of the RP buffer components.

In order to be more precise and create a tool for the estimation of the final protein concentration
for all future purifications, we performed amino acid analysis determining the exact
concentration of the protein sample that was used in the 4-20% SDS-PAGE analysis with
increasing volume of the purified ORF3 sample and in the creation of a calibration curve using
Bradford reagent. Exceptionally, these experiments were performed for both cleaved and

uncleaved ORF3 C20 protein samples derived from the same expression culture. After the affinity
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purification step, the protein was splitted in two samples, the first one directly proceeded to the
RP chromatography (uncleaved sample) and the second one incubated with PreScission Protease
for the 6xHis-tag removal and then passed through the RP column (cleaved sample). For both
samples, after the RP purification step, tubes with an estimation of 1 mg of ORF3 were
lyophilized. The resuspension of both samples was done with the appropriate amount of 50 mM
Sodium Phosphate pH 6.1, 50 mM NaCl buffer to prepare approximative 2 mg/mL stock protein
samples. During the resuspension, the proteins could not be completely dissolved with a
remaining small pellet for the uncleaved sample and a big pellet for the cleaved sample even
after two sonication runs in a heated sonication bath. Using the supernatant for both samples
and assuming that the concentration was at 2 mg/mL, three experiments were conducted and

described below.

Firstly, the 4-20% SDS-PAGE with increasing volume of both proteins was performed in order to
determine if the estimation of 2 mg/mL was correct. Secondly, assuming that both proteins are
at 2 mg/mL, the calibration curves with increasing amount of the protein in Bradford reagent
were created. Finally, the amino acid analysis for both proteins was conducted by an external
laboratory, Chemistry of Biomolecules Unit, CNRS UMR 3523, Department of Structural Biology
and Chemistry, Institute Pasteur in Paris, and provides the exact concentration of the protein
sample. This technique is based on the detection and quantification of free amino acids of the

studied protein after the sample hydrolysis®3.

In Figure 52, the 4-20% SDS-PAGE for uncleaved (a) and cleaved (b) ORF3 C20 protein samples
for concentration’ estimation are shown. Preparing the protein samples for both proteins as
described above and comparing their bands with the ones of the Promega protein marker, the
concentration of uncleaved protein is estimated to be around 2 mg/mL as expected while the

concentration of cleaved protein is dramatically lower than 2 mg/mL, close to 0.3 mg/mL.
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Figure 52. 4-20% SDS-PAGE of (a) uncleaved and (b) cleaved ORF3 C20 protein for the concentration’ estimation with Coomassie
blue staining. For the Molecular Weight marker (MW), the Broad Range Protein Molecular Weight Markers (Promega) is used.

Meanwhile, the calibration curves for both uncleaved and cleaved proteins using the Bradford
reagent were created. Protein samples of O, 1, 2, 5, 10, 15, 20 and 25 ug were prepared and
incubated with 1X Bradford reagent for 5 min at room temperature on a dark place. The samples
were transferred in cuvettes and the absorbance at 595 nm was measured in duplicates. Based
on the UV measurements, the calibration curve for the uncleaved ORF3 C20 protein was
calculated to be y=0.0076x+0.0278 (R?=0.9488) and for the cleaved ORF3 C20 protein
y=0.003x+0.0428 (R?=0.8669). The measurements of the cleaved protein for each point have
higher standard deviation, the R? of the calibration curve is low and the line is not well-fitted in
the measurement points. The reason of the low value could be the wrong assumption of the
protein concentration and therefore the measurements are in the lower limit of detection of the

absorbance.

The results of the amino acid analysis received couple days later reveal the exact concentration
of the protein samples. In Figure 53, the results of uncleaved ORF3 C20 protein show that the
concentration is 1.17 mg/mL instead of 2 mg/mL while in Figure 54, the concentration of cleaved

ORF3 C20 protein is 0.12 mg/mL.
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ANALYSE DES ACIDES AMINES
Unité de Chimie des Biomolécules
Institut Pasteur, 28 rue du Dr Roux, 75724 Paris Cedex 15

Demandeur : Dr. Xavier HANOULLE, Ph.D.

Unité : Integrative Structural Biology, CNRS ERL 9002 - INSERM U1167- Institut Pasteur de Lille
xavier.hanoulle@univ-lille.fr

Référence échantillon : ORF3-C20 1

Quantité : 25 pL (d’une solutiona 2 mg/mL) lyophilisation ~ nmoles

Analyse demandée : O  Hydrolyse HCI 6N

O  Hydrolyse HCI 6N phénol(Tyr), 20h — 500 pL
O  Oxydation performique (Cys, Met)*
(0)

Détermination concentration en protéine (+NorLeu) — 10 nmoles

soit 20 puL
Date :11/02/2021
MW : 13038
- Opérateur : Chrlste!le Ganneau Théo AA
Frangoise Baleux
CysSO3H
- Date d’hydrolyse : 11/02/2021 CMC
1+1 | Asx D+N 4,3
- Date d’analyse : 16/02/2021 MetSO2
3 [Thr s 5.2
- Analyseur : Hitachi L-8880 20 |Ser S 18,6
2+3 | Glx E+Q 9;1
- Colonne : Hitachi 2620MSC- 4,6x80 13 |Gly G 14,1
12 |Ala A 12,8
- Volume reprise échantillon : 350 pl 1 |Cys * c nd
10 | Val \Y 9,9
1 [Met * M nd
4 |lle I 4,5
Volume injecté : 50 pl 17 |Leu L 17,5
REEL 1,389
tpre THEO | 1,429
Volume injecté : Tyr Y
5 |Phe F 5
BAla/GlucoNH2
Lys K 1,2
2,236 nmoles peptide/protéine pour 25 pL 8 [His H 7,0
= 89,446 nmoles peptide/protéine par mL NH3
soit 1,17 mg/mL 6 |Arg R 4,6
22 |Pro P 21,7
Trp W
GalNHAc

Figure 53. Results of Amino Acid Analysis of uncleaved ORF3 C20 protein conducted by an external laboratory, Chemistry of
Biomolecules Unit, CNRS UMR 3523, Department of Structural Biology and Chemistry, Institute Pasteur in Paris.
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ANALYSE DES ACIDES AMINES
Unité de Chimie des Biomolécules
Institut Pasteur, 28 rue du Dr Roux, 75724 Paris Cedex 15

Demandeur : Dr. Xavier HANOULLE, Ph.D.
Unité : Integrative Structural Biology, CNRS ERL 9002 - INSERM U1167- Institut Pasteur de Lille
xavier.hanoulle@univ-lille.fr

Référence échantillon : ORF3-C20 2
Quantité¢ : 140 pL (d’une solutiona 0,3 mg/mL) Lyophilisation = nmoles

Analyse demandée : O  Hydrolyse HCI 6N

O  Hydrolyse HCI 6N phénol(Tyr), 20h — 500 pL
O  Oxydation performique (Cys, Met)*
(0)

Détermination concentration en protéine (+NorLeu) — 10 nmoles

soit 20 pL
Date :11/02/2021
MW : 12004
- Opérateur : Chrlste!le Ganneau Théo AA
Frangoise Baleux
CysSO3H
- Date d’hydrolyse : 11/02/2021 CMC
1+1 | Asx D+N 3,4
- Date d’analyse : 16/02/2021 MetSO2
3 |Thr I 3,2
- Analyseur : Hitachi L-8880 20 |Ser S 16,4
2+3 |Glx E+Q 6,2
- Colonne : Hitachi 2620MSC- 4,6x80 11 |[Gly G 12,5
12 |Ala A 13,4
- Volume reprise échantillon : 350 pl 1 |Cys * C nd
10 [Val \Y% 9,7
1 |Met * M nd
4 |lle | 3,8
Volume injecté : 50 pl 17 |Leu L 19,3
Nt e REEL 1,449
THEO 1,429
O Volume injecté : Tyr Y
5 |Phe F 5
BAla/GlucoNH2
Lys K 1,2
1,351 nmoles peptide/protéine pour 140 pL 2 |His H 1,4
= 9,652 nmoles peptide/protéine par mL NH3
soit 0,12 mg/mL 6 |Arg R 6,9
21 |Pro P 21,8
Trp W
GalNHAc

Figure 54. Results of Amino Acid Analysis of cleaved ORF3 C20 protein conducted by an external laboratory, Chemistry of
Biomolecules Unit, CNRS UMR 3523, Department of Structural Biology and Chemistry, Institute Pasteur in Paris.
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Using the real exact concentration of the protein samples, the calibration curves were calculated
again having as a result the calibration curve for uncleaved ORF3 C20 protein to be
y=0.0163x+0.0278 (R?=0.9488) and for cleaved ORF3 C20 protein to be y=0.0504x+0.0428
(R?=0.8669) (Figure 55).

Calibration curve of uncleaved ORF3-C20  ¥=0163x+ 00278 Calibration curve of cleaved ORF3-C20 V=050 90428

AS“S nm

0 5 10 15 20 25 0 05 1 15 2 25 3 35

concentration (ug/mL) concentration (ug/mL)

Figure 55. Calibration curves for (a) uncleaved and (b) cleaved ORF3 C20 protein using Bradford reagent.

Because the 6xHis-tag cleavage is not performed in the future experiments, only the Bradford
curve for uncleaved ORF3 protein combined with the results of 4-20% SDS-PAGE with increasing
volume of ORF3 sample in each purification is used for the determination of the protein

concentration.

Another observation during the concentration step of the uncleaved ORF3 protein sample was
that when the concentration exceeds the value of 200 uM, the protein starts to precipitate
concluding that there is a concentration limit at ~200 uM (~2.6 mg/mL). In few cases, it was also
observed an inexplicable phenomenon. The addition of 3 mM THP on the protein has as a result
the fogginess of the sample that was disappeared after its incubation for couple of days at 4°C
without any loss of protein based on the absorbance at 595 nm with Bradford reagent after a

high-speed centrifuge run (16,100 xg) for 10 min at 4°C (Figure 56).
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ORF3-C20
Before After

Figure 56. ORF3 C20 protein at 190 uM after concentration step before and after incubation for couple of days at 4°C.

The only difference in the purification procedure of the ORF3 WT protein is the amount of DTT
used in purification buffers. Because it includes eight Cysteine residues in the N-terminal region
in total, 5 mM DTT final concentration instead of 1 mM DTT is used in order to reduce all the
Cysteines during its purification. For the purification of ORF3 Cter and the His-ORF3 C20 proteins,

the protocol was followed without any changes in any step.

To conclude, we managed to express HEV ORF3 protein in E. coli and successfully purify unlabeled
and labeled protein samples obtaining a yield of ~22-25 mg, ~17-19 mg and ~13 mg per L of

culture for unlabeled, **N labeled and '°N, 3C double labeled samples, respectively.
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1.4 NMR analysis of HEV ORF3 protein constructs

In order to performed a structural and functional characterization of HEV ORF3 we mainly used
solution-state NMR Spectrometry. The preparation of the labeled protein sample, the acquisition
of the NMR experiments, the analysis of the NMR data and finally the structural determination
are the main steps for NMR structural characterization. The first step, the preparation of the
sample was described in the previous chapter. Here, the NMR analysis of the ORF3 protein

constructs is described in details.

ORF3 Cter protein

The NMR analysis of the shortest construct, the ORF3 Cter (residues T48 to R113), is performed
using a 300 uM °N, 13C ORF3 Cter labeled uncleaved protein sample at 293K on 900 MHz
Spectrometer before starting my PhD from other lab members. For backbone and proline
assignments, 2D and 3D classical and carbon detection NMR spectra have to be recorded and
especially a complete NMR dataset containing the 2D H, N HSQC, 3D *H, N, 3C HNCO,
HNCACO, HNCACB, HN(CO)CACB, HN(CA)NNH, HNHA, HACAN and 2D carbon detection N, 3C
NCO spectra was collected. The 2D H, >N HSQC spectrum is the first and main 2D experiment
recorded and is considered the “fingerprint” of the protein because it is unique for each protein.
It provides the correlation between the nitrogen (**N) and the amide proton (*H) of the protein.
Therefore, each resonance or peak of the 2D H, >N HSQC spectrum corresponds to a residue of
the ORF3 Cter sequence except of Prolines. In addition, between each 3D experiment, a HSQC

spectrum is acquired to check the stability and the quality of the sample.

For backbone protein assignments, the standard 2D *H, >N HSQC spectrum is first recorded. All
the nitrogen (**N) and proton (*H) correlations are shown in the spectrum, which are mainly
backbone amide groups, but also the side chain of Asparagine (Asn), Glutamine (GIn) and
Tryptophan (Trp) residues are visible. The 3D HNCO spectrum is the most sensitive triple-
resonance experiment and provides the backbone carbonyl (**CO), amide (**N) and amide proton
(*H) correlations. In each NH HNCO strip, only the carbonyl group of the preceding residue (CO..

1) is detected. This spectrum is used in conjunction with 3D HNCACO in which two carbonyl
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groups are visible for each NH strip in different intensities, one of the same residue (COi) and one
for the preceding one (COi1). The most intense peak belongs to the former (CO;j) and can be
distinguished comparing the peaks on a NH strip of the two spectra. The next experiment, the 3D
HNCACB is very important spectrum for the protein assignment while in each NH strip two sets
of Ca and CB peaks are usually visible, the Cai and CB; of the same residue that are also more
intense and the Cai.1 and CBi.1 of the preceding one. The Ca; and CBi resonances of the same
residue are always detectable in each NH strip of the spectrum and the distinction from the
resonances of the preceding residue is achieved by using the 3D HN(CO)CACB spectrum which
provides only the latter. The 3D HN(CA)NNH spectrum provides the correlation of the backbone
amide group of the same residue (N;) with the amide group of the preceding (Ni.1) and the
following (Nis1) residues. In the 3D HNHA spectrum, two peaks are found in each NH strip
corresponded to the Hai of the same residue and the Hai1 of the preceding residue. The 3D
HACAN spectrum provides the correlation between the amide group of the same residue (N;) and
the carbon Cai.1 and proton Hai.1 of the preceding residue and is secondarily used to obtain more

information.

Based on the sequence analysis of the ORF3 protein, Proline residues constitutes the 18.6% of
the full protein sequence and for ORF3 Cter construct the 25.8% of the sequence. Therefore, the
Proline assignment is significant for the study of these proteins. Consequently, the 2D carbon
detection °N, 13C NCO spectrum is recorded and provides the correlation between the amide
(Ni) of the same residue and the backbone carbonyl (COi.1) of the preceding residue. In this
experiment, the Proline residues are visible in >N region ~132-142 ppm. Combined the 2D NCO
spectrum with either the 3D HNCO or HNCACO experiment, the Proline residues could be

assigned.

Based on the information provided on all these experiments, the backbone and proline

assignments are achieved for ORF3 Cter protein.

In Figure 57, the assigned 2D !H, >N HSQC spectrum of ORF3 Cter (T48-R113) protein is shown
using the numbering of the ORF3 protein sequence. In addition, the assigned pairs of NH; side

chains (sc) of all Asn and GIn residues are depicted in the 2D spectrum.
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Figure 57. 2D 1H, 15N HSQC assigned spectrum of 1°N, 13C ORF3 Cter protein. The NH; side chains (sc) of all Asn and Gin residues

are assigned and their pairs are labeled with dashed line.

The spectrum has a narrow dispersion in its proton dimension that is characteristic for the

disordered proteins. This is the first experimental evidence that the C-terminal region of the

protein is disordered.

All Prolines are assigned as shown in °N region 134-140 ppm of the 2D carbon detection **N, 13C

NCO spectrum in Figure 58.
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Figure 58. 2D carbon detection >N, 13C NCO spectrum of 1°N, 13C ORF3 Cter protein. All 18 Prolines residues are assigned shown in

the zoomed box.
The ORF3 Cter protein sequence contains 87 residues in total of which the 18 are Proline residues
(25.8% of the sequence). In the 2D H, >N HSQC spectrum, 55 residues are assigned out of 69
remaining residues. The ones that could not be detected are the first 12 residues in the N-

terminal region as well the Histidine in position 72 (His72) and the Asparagine in position 73

(Asn73).

Based on all the spectra, 56 out of 69 *HN resonances (81%), 71 out of 87 *Ha resonances (82%),
75 out of 87 >N resonances (86%), 72 out of 87 3Ca resonances (83%), 64 out of 79 13CB

resonances (81%), 76 out of 87 3CO resonances (87%) and 2 out of 8 *Ha, resonances (25%) for
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Gly residues are assigned in total. Regarding to the side chain assignment of Asn and GIn residues,
the 13Cy of all Asn and GIn residues, the 13C§, °*Ne and He of all GIn and the °N6& and H6 of the

Asnh resonances are achieved.

Figure 59 indicates the assigned (in black) and unassigned (in red) residues of ORF3 Cter protein.

ORF3 Cter

36 16 56 66 76 86
MGSSHHHHHH SSGLEVLFQG PTGLILSPSP SPIFIQPTPS PPISFHNPGL ELALGSRPAP

96 106
LAPLGVTSPS APPLPPAVDL PQLGLRR

Figure 59. ORF3 Cter protein sequence with assigned (in black) and unassigned (in red) residues. The purple star shows the first
residue of the actual protein sequence.

ORF3 C8A protein

A 100 uM N 13C ORF3 C8A labeled protein in the presence of 2% B-OG detergent was prepared
in order to record 2D and 3D NMR experiments for protein backbone and proline assignment
purposes before starting my PhD from other lab members. The sample was place on a Shigemi

tube and 2D and 3D dataset were recorded at 293K on 900 MHz Spectrometer.

Although the resolution and the sensitivity of the first 2D H, 1>N HSQC spectrum were satisfying
and proceeding to the 3D dataset, the sample was precipitated over the time and thus, only the
3D HNCO and HNCACB spectra were recorded with low signal-to-noise ratio. Therefore, a new
110 uM >N 13C ORF3 C8A labeled sample was prepared to record again the NMR experiments.
However, the 2D H, >N HSQC spectrum of this sample had lower quality with broad line widths
and lower peak intensities. The overlay of the 2D H, >N HSQC of the two >N 3C ORF3 C8A

protein samples is shown in Figure 60.
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Figure 60. Overlay of 2D 1H, >N HSQC spectra of 100 uM >N, 13C ORF3 C8A protein (first sample) in red and 110 uM 5N, 13C ORF3

C8A protein (second sample) in cyan.

This difference of the spectrum quality was potentially related to the difference of the

concentration of the detergent on the sample and consequently in sample homogeneity. Figure

61 depicts the overlay of the 1D spectra for the two samples the zoomed boxes corresponded to

the B-OG detergent peaks. The three group peaks at 0.85-1.65 ppm region, specially the first at

0.85-0.88 ppm, second one at 1.25-1.37 ppm and the third one at 1.61-1.65 ppm region, and the

peak at 5.8 ppm are characteristic for octyl-B-D-glucopyranoside detergent!®*. Based on the

overlay of the 1D spectra, the first ORF3 C8A labeled sample in red is in threefold concentration

of the detergent while in the second protein sample in cyan the peak at 5.8 ppm barely exists.
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Figure 61. Overlay of 1D spectra of 100 uM 15N, 13C ORF3 C8A protein (first sample) in red and 110 uM >N, 13C ORF3 C8A protein
(second sample) in cyan.

The second labeled sampled had lower concentration of the detergent, the protein was less
stable and the 2D HSQC spectrum had lower quality. Based on these results, higher concentration
of the detergent in the sample, better quality NMR spectra are recorded. Because of the difficulty
to control with precision the amount of the detergent in the protein sample and the preliminary
results obtained showed that the sample homogeneity and stability are utmost importance for
qualitative NMR data sets, the ORF3 C8A protein construct was not further studied. However,
the 2D !H, >N HSQC spectrum of ORF3 C8A protein has a narrow dispersion in its proton

dimension that is characteristic for the disordered proteins, but it had to be further investigated.

ORF3 C20 protein

In this study, the ORF3 C20 protein is the most biophysically and structurally characterized. This
construct was selected for further analysis because it is close to the ORF3 WT protein sequence
containing one Cysteine (in position 20) needed for further membrane anchoring studies and the

remaining 7 Cysteines are mutated to Serine residues.
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A >N, 33C ORF3 C20 double-labeled uncleaved protein sample at 100 uM is prepared for acquiring
the NMR experiments needed for backbone and proline assignments at 293K on 600 MHz
Spectrometer. A complete NMR dataset containing the 2D 'H, >N HSQC, 3D *H, *°N, 3C HNCO,
HNCACO, HNCACB, HN(CO)CACB, HNHA, HACAN, HCBCACON, HACONH, (H)NCANNH,
(HINCOCANNH, H(N)CANNH, H(N)COCANNH and 2D carbon detection *°N, 3C NCO spectra is
recorded. Apart from the spectra acquired for ORF3 Cter assignments, the 3D (H)NCANNH,
(HINCOCANNH, H(N)CANNH, H(N)COCANNH, HACONH and HCBCACON spectra helped to assign
more resonances for ORF3 C20 protein. The 3D HACONH spectrum provides the correlation of
the backbone amide group (Ni) and the amide proton (Hi) of the same residue with the proton
(Hai1) of the preceding one. The 3D HCBCACON spectrum provides the correlation of the
backbone amide group of the same residue (Ni) with the carbon Cai.1 and CBi-1 and the proton
(Hai1) of the preceding residue. The 3D (H)NCANNH spectrum provides the correlation of the
backbone amide group of the same residue (N;) with the amide group of the preceding (Ni.1) and
the following (Ni+1) residues. This spectrum is used in conjunction with the 3D (HJNCOCANNH
spectrum in which only the correlation with the amide group of the following (Ni.1) residue is
visible. The 3D H(N)CANNH spectrum provides the correlation of the backbone amide group of
the same residue (Ni) with the amide proton of the preceding (Hi.1) and the following (Hi:1)
residues. This spectrum is used in conjunction with the 3D H(N)COCANNH spectrum in which only

the correlation with the amide proton of the following (Hi:1) residue is visible.

Combining the information of all these experiments, the backbone and proline assignments are
achieved for ORF3 C20 protein. In Figure 62, the assigned 2D *H,*>N HSQC spectrum of uncleaved
ORF3 C20 protein is depicted and the assigned pairs of NH; side chains (sc) of all Asn and GIn

residues are represented.
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Figure 62. 2D 1H, >N HSQC assigned spectrum of 1°N, 13C ORF3 C20 protein. The NH, side chains (sc) of all Asn and Gin residues
are assigned and their pairs are labeled with dashed line.

The 2D HSQC spectrum of ORF3 C20 protein has also a narrow dispersion in its proton dimension

and thus, it suggests that the full-length ORF3 C20 protein is mainly disordered without excluding

the possibility of the presence of helical segments.

All 22 Prolines of ORF3 C20 protein are assigned as shown in >N region 133-140 ppm of the 2D

carbon detection °N, 13C NCO spectrum in Figure 63.
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Figure 63. 2D carbon detection >N, 13C NCO spectrum of 1°N, 13C ORF3 C20 protein. All 22 Prolines residues are assigned shown in
the zoomed box.

The ORF3 C20 protein sequence contains 129 residues in total of which the 22 are Proline
residues. In the 2D H, >N HSQC spectrum, 94 residues are assigned out of 107 remaining
residues. Apart from the first residue of the sequence (Met1) that it is not detectable in the HSQC
spectrum because of the fast exchange of the NH3* protons of the N-terminal with water
molecules, the Gly2, Ser3 and the Ser13-Ser16 of the Serine stretch in the N-terminal region, the
Arg25 and the 5 Histidine residues of the 6xHis-tag (His125-His129) in the C-terminus could not

be assigned.

Based on all the recorded assigned spectra, 99 out of 107 *HN resonances (93%), 114 out of 129
'Ha resonances (88%), 116 out of 129 °N resonances (90%), 112 out of 129 3Ca resonances

(87%), 98 out of 116 3CB resonances (84%), 117 out of 129 3CO resonances (91%) are assigned
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in total. Regarding to the side chain assignment of Asn and GIn residues, the 13Cy of all Asn and
Gln residues, the 13C§, °Ne and *He of all Gln and the °*N& and 'H& of the Asn resonances are
achieved. In addition, concerning the Prolines residues and their side chain assignments, 11 out

of 22 13C6 and H& resonances (50%) are achieved using the 3D HACAN spectrum.

Figure 64 indicates the assigned (in black) and unassigned (in red) residues of ORF3 C20 protein.

ORF3 C20

10 20 30 40 50 60
MGSPSALGLFE SSSSSSEFSLC SPRHRPASRL AVVVGGAAAV PAVVSGVTGL ILSPSPSPIF

70 80 90 100 110 120
IQPTPSPPIS FHNPGLELAL GSRPAPLAPL GVTSPSAPPL PPAVDLPQLG LRRGLEVLFQ

GPGHHHHHH

Figure 64. ORF3 C20 protein sequence with assigned (in black) and unassigned (in red) residues. The purple star shows the last
residue of the actual protein sequence.

Figure 65 illustrates the overlay of the 2D H, >N HSQC spectra of °N, *3C ORF3 Cter (in red) and
15N, 33C ORF3 C20 (in cyan) proteins. Based on this overlay, we could conclude that the disordered

nature of ORF3 Cter is independent from the hydrophobic N-terminal region of the protein.
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Figure 65. Overlay of 2D 1H, 15N HSQC spectra of 1°N, 13C ORF3 Cter protein in red and >N, 13C ORF3 C20 protein in cyan.

The experimental NMR chemical shifts contain information on the secondary structure elements
of the protein. Disordered proteins do not adopt stable 3D structure over time, they rather exist
as a mixture of dynamic conformers that can contain residual secondary structures, regions that
adopt helical or extended structure part of the time. In order to gain more information about the
residual secondary structure of ORF3 C20 protein, the Secondary Structure Propensities (SSP)
analysis is used to estimate the fraction of alpha-helices and B-strand or extended region along
the protein sequencel®. This method combines the experimental NMR chemical shifts from
different nuclei into a single secondary structure propensity (SSP) score at a given residue®. In
the SSP analysis, positive and negative scores, ranged from 1 to -1, indicate helical and extended
regions propensities, respectively. Although for well-folded proteins all the available chemical
shifts (*N, *HN,33Ca,, 13CB, 13CO and Ha) are used, for disordered proteins, the experimental *Ca,
13CB and *Ha chemical shifts and in some cases also the 3CO chemical shifts, are only used as
input data for SSP calculation. Specifically, using the experimental *H and 3C chemical shifts
(}3Ca, 3CB, 13CO and *Ha) of ORF3 C20 protein in the SSP program, the SSP score values for the

assigned residues through the sequence are calculated and the plot is shown in Figure 66.
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Figure 66. Secondary Structure Propensities (SSP) values for ORF3 C20 protein calculated with the SSP program using the
experimental 13Ca, 13C8, 13CO and *Ha chemical shifts1%. The range of the SSP score is indicated with dashed lines.

Generally, a SSP score at a given residue of 1 or -1 indicates fully formed a-helix or B-strand,
respectively, while if the score is equal to 0.5 that means that the 50% of the conformers in the
disordered state ensemble are helical at that position. The first observation on the plot with the
SSP score values of ORF3 C20 protein is the overall low SSP values for all residues are lower than
0.2/-0.2 which is further experimental evidence of the disordered nature of the ORF3 protein.
Secondly, despite the low values, it seems that few regions have the propensity to adopt helical

conformation, such as the regions Gly75-Ser82 and GIn108-Leu118.

After having analyzed the secondary structural propensities from the chemical shifts, °N
relaxation data was recorded at 293K on 600 MHz Spectrometer using a 170 uM °>N ORF3 C20
protein sample in NMR buffer (50 mM Sodium Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA, 3
mM THP, 5% D,0) placed in Shigemi tube. For disordered proteins, 1°N relaxation measurements
are conducted routinely as part of their structural characterization measuring usually three
parameters, the T1 longitudinal relaxation time constant, the T2 transverse relaxation time
constant and the *H-'>N heteronuclear NOEs. The >N heteronuclear relaxation rates (R1, R2) and
heteronuclear NOE ({*H}-*>°N NOE) of backbone amides of the assighed and not overlapped

residues of ORF3 C20 protein are shown in Figure 67.

137



25—
—~ 2=
«
& T IT r II IXIIIzy
15 T Ix z T IIx 4 I
z =3 Iz::x: IIp I :xznzzrxx TxTIPIITT Ty oo ¥zx 4 , zI TIIr 1 Ty xx: S oIz I
[l O -
05—
0 1 | 1 | 1 | I 1 1 | 1 | I | 1 | I | 1 | 1 | I |
0 10 20 30 40 50 60 70 80 90 100 110 120
5
4 Iz o
Iz I I
z T I I IzIT
- = z .z % Iz Iz I IIIIII;I i, 5 5 .
Rl r Iz Tz, 1 o CEETL L. R I S TEipm T
2z x I
3 zII I T r I
4 2 Tz
-
1 | 1 | 1 1 1 | 1 | 1 | | 1 1 | L | 1 | 1 1 1 |
0
0 10 20 30 40 50 80 70 80 %0 100 110 120
1
w 051
2
f‘Z . i .-Iz’I’=!-_ “““““ - ___ """""""" --=IIII-2_- """ - T = _ ;'-"I";"i“x‘"i'"rx“‘x”
L 05— ki - . - Tt e - - = =
I -
~
is T | | | | | 1 | | | | | | 1 | | | L | | | I |
0 10 20 30 40 50 60 70 80 90 100 110 120

ORF3 sequence

Figure 67. Backbone >N relaxation data of ORF3 C20 protein recorded on 600 MHz Spectrometer. Top plot: R1 relaxation rates;
middle plot: R2 relaxation rates; bottom plot: heteronuclear NOE ({1H}-*>N NOE).

Looking the relaxation data along the ORF3 C20 sequence, only small variations can be found.
The values of R1 relaxation rate range from 1 to 1.5 s for the assigned residues while the
variation in the R2 relaxation rate is a little bit higher with the values range from 2 to 4 s for the
assigned residues with the highest values found in the middle and at the termini of the sequence.
For folded proteins, the heteronuclear NOE values are close to 1 (higher dashed line in the plot).
The overall negative heteronuclear NOE values and the R1 and R2 small variation’ values of all

the ORF3 C20 residues along the sequence reflect the disordered behavior of the protein.

During the optimization of the purification protocol, the need of the Reverse Phase (RP)
Chromatography step and the differences on NMR spectra were tested. Two 100 uM >N ORF3
C20 protein samples were prepared, one following the optimized procedure, the ORF3 C20 RP
sample, and the second one without the RP step dialyzing the protein against NMR buffer directly
after the affinity HisTrap Chromatography step, the ORF3 C20 HisTrap sample. For both samples,
1D and 2D 'H, *N HSQC spectra were recorded and compared in order to determine if the RP

step interferes with the potential “structure” of the ORF3 protein. In the overlay of the 1D spectra
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(Figure 68a), the imidazole peaks at ~7.28 and ~8.18 ppm are intense despite the overnight

dialysis, although in the overlay of the 2D *H, >N HSQC spectra of the samples (Figure 68b), there

are not differences, only few minor peaks in ORF3 C20 RP sample detected.

1D spectrum
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Figure 68. Overlay of (a) 1D spectra and (b) 2D H, 15N HSQC spectra of >N ORF3 C20 RP protein in red and >N ORF3 C20 HisTrap

protein in cyan.

Because the two HSQC spectra are almost identical and due to the presence of the imidazole

peaks in the ORF3 C20 HisTrap protein spectra, the Reverse Phase Chromatography step does

not interfere with the potential ORF3 “structure” and was kept in the protocol for further protein

purification.
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ORF3 WT protein

In this study, the most characterized protein is the ORF3 C20 mutant. However, the ORF3 WT
protein including all 8 Cysteine residues in the N-terminal region is also studied using the NMR

Spectrometry in order to confirm that the ORF3 C20 is a valid protein model.

Firstly, a >N ORF3 WT labeled protein sample at 171 pM in NMR buffer (50 mM Sodium
Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA, 5 mM DTT, 5% D,0) is purified and prepared for
recording a 2D H, >N HSQC spectrum at 293K on 900 MHz Spectrometer placed in 5 mm tube.
Overlaying the 2D HSQC spectrum of ORF3 WT protein with the one of the assigned ORF3 C20
mutant, the obtained assignments of the latter could be transferred in the WT construct. Figure

69 indicates this overlay with ORF3 C20 spectrum in red and ORF3 WT spectrum in cyan.
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Figure 69. Overlay of 2D 1H, 15N HSQC spectra of >N ORF3 C20 protein in red and >N ORF3 WT protein in cyan.

The first observation on this spectrum is the narrow dispersion in the proton dimension as the
one of ORF3 C20 construct concluding that ORF3 WT protein is mainly disordered. Few peaks on
these two spectra are different, this was expected because of the Cysteine mutations, and few

shifted peaks are noticed. In order to reliably transfer the backbone assignments in the ORF3 WT
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protein, a double labeled sample is prepared and two 3D experiments are recorded, a 3D HNCO

and a 3D HNCACB spectra. The 75 uM *°N, 13C ORF3 WT sample is placed in a Shigemi tube and

the data are recorded at 298K on 900 MHz Spectrometer. The recording temperature is higher

than in the other experiments in order to increase the signal to noise ratio on the 3D spectra. The

3D HNCO spectrum is selected because of its sensitivity while the 3D HNCACB because of the

information obtained. The carbonyl group of the preceding residue (COi.1) detected in the HNCO

spectrum in conjunction with the two sets of Ca and CP peaks, from the same (Cai and CBi) and

from the preceding residue (Cai-1 and CBi.1) detected in the HNCACB spectrum are compared with

the corresponding assigned ones of the ORF3 C20 protein. This information is sufficient to

transfer 76 peaks on the 2D !H, >N HSQC spectrum of ORF3 WT protein with the N-terminal

region that could not be assigned (Figure 70).
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Figure 70. 2D 1H, 15N HSQC assigned spectrum of 1°N, 13C ORF3 WT protein. The NH; side chains (sc) of all Asn and Gin residues
are assigned and their pairs are labeled with dashed line.
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The presence of many minor peaks on 2D HSQC spectrum of ORF3 WT protein because of the cis-
trans isomerization of Proline residues and the lower stability of this construct are the reasons

for continuing work with ORF3 C20 protein.

Figure 71 indicates the assigned (in black) and unassigned (in red) residues of ORF3 WT protein.

ORF3 WT

10 20 30 40 50 60
MGSPCALGLFEF CCCSSCFCLC CPRHRPASRL AVVVGGAAAV PAVVSGVTGL ILSPSPSPIF

70 80 90 100 110 120
IQPTPSPPIS FHNPGLELAL GSRPAPLAPL GVTSPSAPPL PPAVDLPQLG LRRGLEVLFQ

GPGHHHHHH

Figure 71. ORF3 WT protein sequence with assigned (in black) and unassigned (in red) residues. The purple star shows the last
residue of the actual protein sequence.
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2. Membrane anchoring of HEV ORF3 protein

In order to determine the association of HEV ORF3 protein with the membrane, the Nanodisc
(ND) technology is mainly used which mimics a bilayer membrane and thus, is closed to the native
environment of membrane proteins'®. This technology enables the possibility of the
investigation of the two different approaches in order to study both the ORF3 transmembrane
oligomerization model®! and the model of ORF3 protein association via post-translational
modification (palmitoylation)® that have been proposed in the literature. As mentioned in
Material and Methods, the assembly of the NDs requires the MSP protein, particularly the
MSP1D1AHS protein, the lipids, such as DMPC, PG, DOPC, DOPS, PE-MCC and DGS-NTA(Ni) mixed
in different ratio, and the protein of interest, the ORF3 C20 protein. In order to study the first
hypothesis corresponding to the transmembrane oligomerization of ORF3, it requires the
simultaneous mixture of the MSP protein, the lipids and the ORF3 protein. If ORF3 possess a
transmembrane segment, then the protein should be incorporated into the NDs during the
assembly procedure. In order to study the second hypothesis corresponding to the membrane
association of ORF3 via its cysteine(s) palmitoylation, we used a two-step procedure, preparing
an “empty” Nanodisc and then attached the ORF3 protein on it through different means (in vitro
palmitoylation of ORF3 C20, use of modified lipids containing either a cysteine-reactive function
or a NTA group). In Figure 72, the transmembrane insertion (a) and the association via post-
translational modification (b), the two hypotheses of ORF3 protein anchoring to the membrane

using the Nanodisc technology, are shown.

(a) Transmembrane insertion (b) Association via post-translational

modification
( » /Iipids
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Figure 72. The two approaches of ORF3 protein anchoring to the membrane using the ND technology, (a) the transmembrane
insertion and (b) the association via post-translational modification.
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2.1 MSP1D1AHS protein purification

The purification protocol for MSP1D1AHS5 protein, MSP1D1 variant with deletion of helix 5 which
gives NDs of about 7-8 nm diameter suitable for NMR studies'®*, is described in details in the
Material and Methods section. It lasts three days including affinity HisTrap chromatography
steps, 6xHis-tag cleavage using TEV Protease, overnight dialysis step and protein concentration

to a final concentration of 500-600 uM for further ND assembly.

After the cell lysis and the separation from the insoluble E. coli cellular debris, the supernatant is
purified by affinity HisTrap step including wash steps with Buffer A (20 mM Tris-HCI pH 8, 500
mM NaCl, 10 mM Imidazole) containing different detergents, firstly with 1% Triton X-100 and
then with 50 mM sodium cholate, which replace any cell bound lipids from the MSP1D1AH5
protein before the elution from the column. The chromatogram of the MSP1D1AH5 HisTrap
purification with the three (3) UV absorbance curves at 280 nm, at 260 nm and at 215 nm (a) and

the 4-20% SDS-PAGE with different fractions (b) are shown in Figure 73.
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Figure 73. (a) Chromatogram of affinity HisTrap purification of MSP1D1AH5 protein. In the black box, the elution peak is shown
zoomed. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of fractions
based on the chromatogram (a) with Coomassie blue staining.
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The efficiency of the 6xHis-tag overnight cleavage using TEV Protease on the pooled protein
fraction is checked by SDS-PAGE before the second affinity purification step (Figure 74a). The
chromatogram of the second HisTrap purification step monitoring using the 280 nm, the 260 nm

and the 215 nm UV absorbance (b) and the 4-20% SDS-PAGE with the fractions (c) are shown in

Figure 74.
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Figure 74. (a) 4-20% SDS-PAGE of pooled MSP1D1AH5 protein fractions before and after TEV cleavage with Coomassie blue
staining. (b) Chromatogram of second HisTrap purification step of MSP1D1AH5 protein after TEV cleavage. Blue: 280 nm, red: 260
nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of fractions based on the chromatogram (b) with
Coomassie blue staining.

The last steps as described above corresponds to the overnight dialysis against the MSP buffer
(20 mM Tris-HCI pH 7.5, 100 mM NaCl, 0.5 mM EDTA), the concentration of the protein and the
preparation of the aliquots used for ND assembly. The yield of the expressed protein is ~30-35
mg per L of culture. Note that in this protein purification shown in the figures above, the yield
was higher than usual and therefore the affinity purification steps and the TEV cleavage step

were performed twice in order to purify the maximal amount of the protein sample.
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2.2 Nanodiscs assembly procedure — Attachment of ORF3 protein

Having prepared the MSP1D1AHS5 protein, the lipids stocks and the ORF3 C20 protein, the two
ND assembly procedures, corresponding to the two hypotheses, can be followed as described in

Material and Methods section.
2.2.1 Transmembrane insertion

In order to study the possibility that ORF3 is a transmembrane protein, the ND assembly in the
presence of ORF3 protein is performed by mixing all the components in a specific order as
described. The detergent removal, to induce the NDs assembly, could be done either using Bio-
Beads SM-2 (Bio-Rad) or dialysis against MSP buffer with the former being preferred due to the

procedure time!84,

Before starting the assembly, the interaction of ORF3 protein with the Bio-Beads SM-2 has to be
tested. After adding the Bio-Beads into the protein in two steps (performed as in the ND assembly
protocol) and incubation at 23°C for 2 h at 750 rpm each step, the ORF3 C20 protein, which
contains a 6xHis-tag in the C-terminal region, is mixed with Ni-NTA beads and is eluted with
imidazole-containing buffer to its recovery. Figure 75 illustrates the procedure followed to check
the interaction as well the SDS-PAGE with samples of ORF3 protein before and after and the Bio-
beads after the interaction. In the ORF3 eluted sample after purification with the Ni-NTA beads
(sample 2, third lane in the SDS-PAGE), no band could be detected while a small amount of the
protein appears in the Bio-beads sample. This shows that ORF3 protein interacts with Bio-beads.
Moreover, Bradford dye reagent is added to the Bio-beads which turned blue, signifying the

presence of ORF3 protein on the beads (Figure 75, right).
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Figure 75. Diagram of the procedure followed to check if ORF3 C20 protein interacts with Bio-beads SM-2. (left) 4-20% SDS-PAGE
with ORF3 C20 protein and Bio-beads samples as labeled in the diagram with Coomassie blue staining. (right) Bio-beads used for
the interaction test with Bradford dye reagent.

Because of the interaction of ORF3 protein with Bio-beads, the dialysis procedure has to be used
for the detergent removal in the ND assembly. Mixing all the components with the following
order, firstly the MSP buffer, secondly the sodium cholate buffer, thirdly the lipid mixture
(DMPC:PG in ratio 3:1), then the MSP1D1AH5 protein and finally the ORF3 C20 protein, a direct
precipitation of the ORF3 protein is observed. After a high-speed centrifugation (at 16,100 xg) for
10 min at 4°C, SDS-PAGE analysis showed that all the amount of ORF3 protein added is
precipitated. In order to determine which of the component(s) is (are) responsible for the
precipitation, ORF3 protein is mixed with all the components separately. A sedimentation of the
protein is observed in all samples prepared. The pellet of each mixture contains the entire
amount of ORF3 protein added based on the SDS-PAGE shown in Figure 76. The component that
tends the ORF3 C20 protein to precipitate is probably the sodium cholate buffer because it is

present in each sample.
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Figure 76. 4-20% SDS-PAGE for ORF3 C20 protein and every component of Nanodisc assembly with Coomassie staining. P: pellet,
S: supernatant.

Therefore, the transmembrane insertion approach cannot be studied using the Nanodisc

technology.
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2.2.2  Association via post-translational modification, palmitoylation

The second approach is the ORF3 protein membrane anchoring via palmitoylation of its Cysteine-
rich region®2. The procedure involves two steps, first the formation of “empty” Nanodiscs (NDs)
containing only the MSP1D1AH5 protein and the lipids and then the attachment of ORF3 C20
protein. A prerequisite for the second step is the existence of modified lipids on the “empty” NDs

or the modification of ORF3 C20 using in vitro palmitoylation assay.

The in vitro palmitoylation of the ORF3 C20 protein is firstly performed using the protocol
described by Yousefi-Salakdeh, Johansson and Strémberg!®® by other lab members before
starting my PhD. The lyophilized ORF3 C20 protein was resuspended with 100% TFA to final
concentration of 600 uM. The one half was used as a control sample and the other half was mixed
with excess of palmitoyl chloride (6.6 mM final concentration) and incubated for 10 min at room
temperature. The reaction was terminated by addition of 80% ethanol, the two samples were
purified by Reverse Phase (RP) Chromatography using the Zorbax C8 column and finally checked
by MALDI-TOF (Matrix Assisted Laser Desorption lonization-Time Of Flight mass spectrometry)
analysis. In the MALDI-TOF mass spectra, the palmitoylated ORF3 C20 protein could not be
detected. A second experiment with 100-time more palmitoyl chloride and overnight incubation

at room temperature has the same negative results.

Due to the unsuccessful in vitro palmitoylation of ORF3 protein, the modified lipids containing
either a cysteine-reactive function (PE-MCC) or a NTA group (DGS-NTA(Ni)) are used, included in
the lipid mixture in the formation of “empty” NDs. The PE-MCC lipids contain a maleimide group,
mimic the palmitoyl and react with the only Cysteine of ORF3 protein. On the other hand, the
DGS-NTA(Ni) lipids is used as a last option for ORF3 attachment via its 6xHis-tag. However, the
interaction of ORF3 protein with “empty” Nanodiscs is studied before introducing these modified

lipids due to the precipitation of the protein during the transmembrane insertion.
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2.2.2.1 Interaction of ORF3 protein with “empty” NDs with DMPC and DMPC/PG lipids

Due to the interaction and precipitation of ORF3 protein during the transmembrane insertion
process, it was important to test whether ORF3 protein also interacts, maybe in an unspecific
manner, with "empty" NDs using NMR Spectroscopy before proceeding to the introduction of

the modified lipids. So, we started with the preparation of “empty” DMPC and DMPC/PG lipids.

Followed the protocol described in the Material and Methods section, “empty” Nanodiscs with
DMPC lipids and mixture of DMPC/PG lipids in ratio 3:1 (stocks in powder form) are prepared
using Bio-beads SM-2 for detergent removal and then purified by Superdex 200 5/150 GL (Cytiva)
Size Exclusion Chromatography (SEC) column in order to check the quality of the assembly and
remove any unbound components. The chromatogram of SEC purification for the “empty” NDs
with DMPC lipids monitoring using the 280 nm absorbance curve is shown in Figure 77. The single

peak at ~1.68 mL corresponds to the assembled “empty” NDs.
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Figure 77. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with DMPC lipids prepared
using Bio-beads SM-2. The 280 nm absorbance curve is used to monitor the purification.

In addition, the size of the “empty” NDs with mixture of DMPC/PG lipids is measured by Dynamic
Light Scattering (DLS) technique resulting in a diameter of about 8 nm as expected. The
chromatogram of SEC step (a) and the DLS size distribution by mass plot (b) for the “empty” NDs

with mixture of DMPC/PG lipids are shown in Figure 78.
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Figure 78. (a) Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with mixture DMPC/PG
lipids prepared using Bio-beads SM-2. The 280 nm absorbance curve is used to monitor the purification. (b) DLS size distribution

by mass plot for “empty” NDs with mixture of DMPC/PG lipids prepared using Bio-beads SM-2.

Moreover, “empty” NDs with mixture DMPC/PG lipids using the dialysis procedure for detergent
removal are prepared. The SEC profile of the assembled NDs is the same with the corresponding
one using the Bio-beads as shown in Figure 79. As mentioned previously, this option is more time-

consuming as it lasts about two days compared to the Bio-beads (few hours) and therefore the

latter is used for the ND assembly.
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Figure 79. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with mixture DMPC/PG
lipids prepared using dialysis against MSP buffer. The 280 nm absorbance curve is used to monitor the purification.

Next to test the potential interaction between ORF3 C20 and empty NDs we used NMR
spectroscopy. “Empty” NDs first with mixture of DMPC/PG lipids (a) and then with DMPC lipids
(b) are prepared and mixed with 100 uM *°N uncleaved ORF3 C20 labeled sample. 2D H, **N
HSQC spectra of ORF3 C20 protein in presence and absence of “empty” NDs (for both (a) and (b)
NDs) are recorded at 293K on 900 MHz Spectrometer. The overlay of the HSQC spectra

demonstrates the shift of some peaks of ORF3 protein indicating interaction with “empty” NDs
(Figure 80).
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Figure 80. Overlay of 2D 1H, 15N HSQC spectra of °N ORF3 C20 protein alone in red, in presence of “empty” NDs with DMPC/PG

lipids in cyan and in presence of “empty” NDs with DMPC lipids in green.

Analyzing the chemical shift perturbations (CSP) of the assigned residues of ORF3 C20 protein

induced by “empty” NDs with mixture of DMPC/PG lipids, the interaction is detected in the N-

terminal and C-terminal region of the ORF3 C20 protein (Figure 81). These regions contain

residues with positive charges, such as Arg23 and Arg29 in the N-terminus and Arg113 in the C-

terminus where the 6xHis-tag is also located. The assembled NDs include neutral DMPC lipids,

which contain one positive and one negative charge, and negative charged PG lipids, which

contain only a negatively charged hydrophilic head group with a single negative charge. As a

result, the “empty” NDs have a total net negative charge which could be the reason of the

observed interaction.
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Figure 81. Normalized CSP values for the assigned residues of 1°N uncleaved ORF3 C20 protein induced by “empty” NDs with
mixture of DMPC/PG lipids.

The same experiments and data analysis are conducted for the ORF3 C20 protein induced by
“empty” NDs with only neutral DMPC lipids in order to elucidate if the charge of lipids is
responsible for the shifted peaks. In Figure 82, the normalized CSP values for the assigned
residues of ORF3 protein show similar results with same previously detected regions of
interaction concluding that the charges could be the reason of the observed interaction in both

experiments.
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Figure 82. Normalized CSP values for the assigned residues of >N uncleaved ORF3 C20 protein induced by “empty” NDs with DMPC
lipids.

The C-terminal positive-charged 6xHis-tag of ORF3 C20 protein could be responsible for the
observed interaction with the “empty” NDs in this region. The comparison of the results of the
same experiments with cleaved ORF3 protein would clarify whether this hypothesis is valid, but

due to the instability of the protein, these experiments could not be conducted.
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Even if we monitored an interaction between “empty” NDs and ORF3 protein, this does not
induce any precipitation of ORF3, probably because the hydrophobic parts of both lipids and
MSP1D1AHS protein are hidden in the assembly. Thus, we decided to pursue our idea to attach
ORF3 to the NDs using modified lipids.
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2.2.2.2 “Empty” Nanodiscs with DMPC/PG/PE-MCC lipids — Attachment of ORF3 protein

The next experiment in the ND assembly is the introduction of a modified lipid, PE-MCC, which
contains a maleimide group that will react with the thiol group of the Cysteine of the ORF3 C20

protein (Figure 83).
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Figure 83. Structure of PE-MCC modified lipid with gray dashed circle indicating the maleimide group. Available on Avanti Polar
Lipids website97,

The goal is the attachment of one protein molecule per Nanodisc surface, so only one modified
lipid in each ND side. Using the MSP1D1AHS5 protein, the inner diameter of the Nanodisc is 6 nm
and the total lipid area is 28 nm? which can fit ¥~52 DMPC molecules as described by Hagn et al.184
(Figure 84). Using DMPC, PG and the modified PE-MCC lipids, the ratio calculated is 38:13:1
(molecules per ND surface).
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Figure 84. Top view of an assembled Nanodisc using MSP1D1AH5 protein with total lipid area 28 nm? which can fit ~52 DMPC lipid
molecules. From Hagn et al.184, with permission from Nature Protocols, Copyright 2018.

The PE-MCC modified lipid stock was purchased in powder form. Attempting to prepare a 50 mM
stock solution in sodium cholate buffer results in partial dissolution of the lipids even after two

15 min sonication runs in a heated sonication bath. Thus, two ND assembly reactions are
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performed in parallel, one with the DMPC/PG stock solution and the supernatant of PE-MCC after
a high-speed centrifugation run (16,100 xg) (ND-1) and a second one with DMPC/PG and the
partially dissolved PE-MCC solution (ND-2) (Figure 85a, chromatograms in magenta). After the
SEC purification of the “empty” NDs and assuming they contain the modified lipids, the
attachment of ORF3 protein is performed using >N uncleaved ORF3 C20 protein in ratio 1:1
overnight at RT (~18°C) on the bench. The reaction samples are further purified by SEC column
while 100 plL fractions are collected to be checked with 4-20% SDS-PAGE analysis. In Figure 85,
the overlay of the 280 nm chromatograms for both assembled NDs (ND-1 and ND-2) before and
after the ORF3 incubation (a) and the 4-20% SDS-PAGE with the fractions collected in the SEC

step for the reaction samples (b) are shown.
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Figure 85. (a) Overlay of 280 nm chromatograms of “empty” Nanodiscs (magenta) and reactions of NDs with 15N ORF3 C20 protein
(blue) using two different stocks of PE-MCC lipids, supernatant (ND-1) and mixed solution (ND-2). (b) 4-20% SDS-PAGE with
fractions collected in the SEC step for the reaction samples for both ND-1 (left) and ND-2 (right) with Coomassie staining.

In the chromatograms of the reaction samples (chromatograms in blue), no peak shift is detected
and in the SDS-PAGE analysis, there is no fraction containing both MSP1D1AH5 and ORF3 C20
proteins. Therefore, the protein is not attached to the NDs, but also the presence of modified
lipids is unclear. In addition, NDs with mixture of DMPC and PE-MCC lipids in three different ratio,
98% DMPC/2% PE-MCC, 90% DMPC/10% PE-MCC and 80% DMPC/20% PE-MCC to determine the
appropriate amount of the modified lipids, are prepared and then incubated with >N ORF3 C20
protein at a ratio 1:1 at 23°C for 16 h at 300 rpm using the Eppendorf ThermoMixer machine. The
corresponding overlay of the chromatograms before and after the incubation with ORF3 protein

as well the SDS-PAGE with the SEC fractions had the same negative results.
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Because of the partial dissolution of the PE-MCC lipids in powder, a stock of PE-MCC lipids
dissolved in chloroform is purchased and the lipid preparation protocol is changed to ensure the
introduction of the modified lipids into the NDs assembly. This protocol, as described in the
Material and Methods section, involves the evaporation of the chloroform making a dried film of
mixture of lipids and then proceeds to the NDs assembly. For this purpose, the DOPC and DOPS

lipids dissolved in chloroform are also purchased.
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2.2.2.3 “Empty” Nanodiscs with DOPC and DOPC/DOPS lipids

Following the protocol for the preparation of the lipid mixture dissolved in chloroform as
described in Material and Methods section, “empty” Nanodiscs with DOPC lipids are firstly
prepared. The chromatogram of SEC purification using Superdex 200 5/150 GL for the “empty”

NDs with DOPC lipids monitoring using the 280 nm absorbance curve is shown in Figure 86.
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Figure 86. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with DOPC lipids. Three
eluted peaks at ~1.57 mL for MSP protein aggregation, at ~1.67 mL for assembled NDs and at ~1.87 mL for MSP protein. The 280
nm absorbance curve is used to monitor the purification.

In the SEC chromatogram, three peaks are eluted, one at ~¥1.57 mL corresponds to aggregates of
MSPD1AHS protein, a second one at ~1.67 mL corresponds to the assembled “empty” NDs and
one at ~1.87 mL corresponds to MSPD1AH5 protein based on their molecular weight. The SEC
profile is the same for assembled “empty” NDs with DOPC lipids in powder form. The existence
of the two additional peaks in the NDs assembly needs to be further studied. In order to find the
correct ratio of MSP1D1AHS5 protein to lipids and achieve a single peak, different conditions are
tested. The ratio of MSP1D1AHS5 protein to lipids used for NDs assembly is 1 to 50 as previously

mentioned.

Firstly, the amount of the MSP1D1AHS5 protein used is reduced by keeping the concentration of
the lipids constant, namely two different ratio 3:200 and 1:100 of MSP protein to lipids resulting

in MSP protein aggregation at higher levels (Figure 87).
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Figure 87. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs at ratio of MSP protein to
DOPC of 3:200. The 280 nm absorbance curve is used to monitor the purification. Same SEC profile obtained for the “empty” NDs
at ratio 1:100.

In the next experiments, the concentration of the protein is the same and the amount of the
lipids is reduced and the ratios tested are 1:40 and 1:25. The level of ND assembly is lower while

the MSP protein in free state is at higher levels in these cases (Figure 88).
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Figure 88. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs at ratio of MSP protein to
DOPC of 1:25. The 280 nm absorbance curve is used to monitor the purification. Same SEC profile obtained for the “empty” NDs
at ratio 1:40.

The same results with “free” MSP protein are observed when the concentration of the protein is

increased and the amount of lipids are constant at ratios used of 3:100 and 4:100 (Figure 89).
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Figure 89. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs at ratio of MSP protein to
DOPC of 4:100. The 280 nm absorbance curve is used to monitor the purification. Same SEC profile obtained for the “empty” NDs
at ratio 3:100.

Moreover, “empty” NDs with mixture of DOPC/DOPS lipids in ratio 3:1 are prepared with the

same three eluted peaks as shown in Figure 90.
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Figure 90. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with mixture DOPC/DOPS
lipids. Three eluted peaks at ~1.62 mL for MSP protein aggregation, at ~1.74 mL for assembled NDs and at ~1.94 mL for MSP
protein. The 280 nm absorbance curve is used to monitor the purification.

Other experiments in which the amount of MSP1D1AHS5 protein is reduced and the DOPC/DOPS
lipid concentration is constant in the final mixture, namely two ratio of MSP protein to lipids
3:200 and 1:100 are used, have the same results as the assembled NDs with only DOPC lipids at

these ratios (Figure 87).

Based on these results, the NDs assembly using DOPC lipids or mixture of DOPC/DOPS lipids
cannot be achieved without a level of aggregation or free MSP protein in the mixture. Therefore,
the initial MSP protein to lipids 1:50 ratio is used for the further NDs preparation and introduction

of the modified PE-MCC lipids for ORF3 C20 protein attachment.
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2.2.2.4 “Empty” Nanodiscs with DOPC/DOPS/PE-MCC lipids — Attachment of ORF3 protein

As described above, for NDs assembly with modified PE-MCC lipids in powder form, 38 molecules
of DMPC, 13 molecules of PG and 1 molecule of PE-MCC are mixed for the attachment of one
protein molecule per Nanodisc surface. Using the same lipid ratio, “empty” NDs are assembled
with 73% DOPC lipids, 25% DOPS lipids and 2% modified PE-MCC lipids. The chromatogram of
SEC purification using Superdex 200 5/150 GL monitoring using the 280 nm absorbance curve has

the same three eluted peaks as shown in Figure 91.

mAl
280 -

260
240
220
200
180
160
140
120
100
80
60
40
20
0

Aggregates

/
|
N

(o}

Assembled NDs

\
\

MSP1D1AHS5 protein
2 25 3

Figure 91. Chromatogram of SEC purification using Superdex 200 5/150 GL column for the “empty” NDs with mixture of 73%
DOPC/25% DOPS/2% PE-MCC lipids. Three eluted peaks at ~1.61 mL for MSP protein aggregation, at ~1.75 mL for assembled NDs
and at ~1.94 mL for MSP protein. The 280 nm absorbance curve is used to monitor the purification.
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In order to separate these peaks, the assembled NDs are purified by Superdex 200 10/300 GL
column collecting 300 pL fractions. Figure 92 illustrates the SEC chromatogram in 8-15 mL region
where the eluted peaks are detected (a) as well the 4-20% SDS-PAGE with the collected fractions

(b).
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Figure 92. (a) Chromatogram of SEC purification using Superdex 200 10/300 GL column for the “empty” NDs with mixture of 73%
DOPC/25% DOPS/2% PE-MCC lipids collecting 300 uL fractions. The 280 nm absorbance curve is used to monitor the purification.
(b) 4-20% SDS-PAGE with fractions collected in the SEC purification (a) with Coomassie staining.
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Based on the SEC profile, there are four (4) peaks with the first two (2) to correspond to the MSP
protein aggregation (fractions C6-C8 and C9-C11), the third one to the assembled NDs (fractions
D1-D4) and the fourth one to “free” MSP1D1AHS5 protein (fractions D5-D8). The 4 pooled
fractions’ samples are concentrated up to 50 pL and incubated with 100 pL of 217.7 uM ORF3
C20 protein at 23°C overnight at 300 rpm using the Eppendorf ThermoMixer machine to check
the reaction with ORF3 protein. The next day, each reaction is further purified by Superdex 200
5/150 GL column collecting 100 pL fractions which are then checked by SDS-PAGE. The four SEC
chromatograms (a) and the 4-20% SDS-PAGE (b) are shown in Figure 93.
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Figure 93. (a) Chromatograms of SEC purification using Superdex 200 5/150 GL column for the 4 reactions with ORF3 C20 protein
collecting 100 uL fractions. The 280 nm absorbance curve is used to monitor the purification. (b) 4-20% SDS-PAGE with fractions
collected in the SEC purification (a) with Coomassie staining.

The eluted peaks of the first two reactions are at ~1.52 mL (reaction 1) and ~1.60 mL (reaction 2)
correspond to the MSP protein aggregation peak while in the SDS-PAGE analysis only MSPD1AH5
protein band is detected. In the reaction (3), a peak at ~1.77 mL is eluted corresponding to the
assembled "empty" NDs peak with only MSPD1AHS5 protein band detected. The eluted peak in
the reaction (4) at ~1.80 mL is hardly detected on SDS-PAGE (slight band) because of the low
concentration and corresponds to the “free” MSPD1AH5 protein. Based on these results, the

ORF3 C20 protein is not attached to the NDs.

The presence of modified PE-MCC lipids is verified by SAMSA Fluorescein (A-685) reagent (5-((2-
(and-3)-S-(acetylmercapto)succinoyl)amino)fluorescein) (Molecular Probes). SAMSA fluorescein
reagent reacts with the maleimide groups forming thiol-containing fluorescent protein

conjugates with excitation at 495 nm and emission at 520 nm. Its molecular weight is 521 Da and
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the extinction coefficient is ~80,000 cm*M at 495 nm. The removal of the acetyl protecting
group with 0.1 M NaOH activates the SAMSA fluorescein which is then neutralized with 6 M HCI
and buffered with 0.5 M Sodium Phosphate pH 7 before usel®®. The conjugates will be then
confirmed with MALDI-TOF (Matrix Assisted Laser Desorption lonization-Time Of Flight mass

spectrometry) analysis and the detection of the molecular weight difference.

The fractions of the 4 reactions of NDs with ORF3 protein are incubated with the activated SAMSA
fluorescein at 10-fold molar excess at 23°C for 30 min at 300 rpm in the dark using the Eppendorf
ThermoMixer machine. Then, the unbound SAMSA fluorescein reagent is removed by buffer
exchange with MSP buffer using a 0.5 mL Zeba Spin Desalting column (7K MWCQO) (Thermo Fisher
Scientific). The verification of the existence of the modified lipids is performed using MALDI-TOF
analysis. The samples are prepared using Reversed-Phase ZipTipca pipette tips and then
measured using the a-Cyano-4-hydroxycinnamic acid (HCCA) (Sigma-Aldrich) matrix in ratio 1:1.
In the MALDI-TOF mass spectra, no peak is detected and therefore either the modified lipids are

not included in the ND assembly or the procedure was not conducted correctly.

Due to these results, the amount of modified PE-MCC lipids on the NDs assembly procedure is
increased to 10% while the amount of DOPC and DOPS lipids decreases to 70% and 20%,
respectively. The assembled “empty” NDs are purified by Superdex 200 10/300 GL column and
the fractions C6-C11 (peak 1), C12-D4 (peak 2) and D5-D7 (peak 3) are pooled (Figure 94).
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Figure 94. (a) Chromatogram of SEC purification using Superdex 200 10/300 GL column for the “empty” NDs with mixture of 70%
DOPC/20% DOPS/10% PE-MCC lipids collecting 300 uL fractions. The 280 nm absorbance curve is used to monitor the purification.

The two thirds of pooled fractions corresponding to peak 1 of the SEC chromatogram are then

incubated with 200 pL of 217.7 uM ORF3 C20 protein at 23°C overnight at 300 rpom. Both samples
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before and after the addition of ORF3 protein are purified by Superdex 200 5/150 GL column and
the chromatograms are overlayed as shown in Figure 95a. A 4-20% SDS-PAGE with the fractions

collected in the both SEC runs are shown in Figure 95b.
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Figure 95. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with ORF3 C20 protein of assembled
NDs containing 70% DOPC/20% DOPS/10% PE-MCC lipids using Superdex 200 5/150 GL column. The 280 nm absorbance curve is
used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the SEC purifications (a) with Coomassie staining.

The exact overlap of the SEC peaks and also the absence of the ORF3 band on the SDS-PAGE
indicate that the ORF3 C20 protein is not conjugated through the thiol group of Cys20 on the

maleimide group of the PE-MCC modified lipids of the “empty” NDs.

Therefore, the optimal conditions for the ORF3 attachment in the NDs assembly containing

modified PE-MCC lipids have to be further investigated.
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2.2.2.5 “Empty” Nanodiscs with DOPC/DSG-NTA(Ni) lipids — Attachment of ORF3 protein

Due to the negative results using the PE-MCC modified lipids and attachment using ta cysteine-
reactive function, the strategy for the protein attachment on the NDs assembly had to be
changed. Liu et al. 2019 used the modified DGS-NTA(Ni) phospholipids in a mixture with DOPC
lipids'®°. DGS-NTA(Ni) lipids contain nickel ion and thus recombinant proteins containing 6xHis-

tag can be bound (Figure 96).

Figure 96. Structure of DGS-NTA(Ni) modified lipid with gray dashed circle indicating the NTA(Ni) group. Available on Avanti Polar
Lipids website29,

The ORF3 C20 construct used in the NDs assembly contains a C-terminal 6xHis-tag. The two
hydrophobic regions of HEV ORF3 protein, the Cysteine-rich and the predicted transmembrane
region, involved in the membrane anchoring, are located in the N-terminus. In order to bind the
ORF3 protein and bring the N-terminal region closer to the ND assembly, the His-ORF3 C20
construct, which contains the 6xHis-tag in N-terminal region without any cleavage site, was

designed.

In order to increase the possibility of the protein attachment and based on Liu et al. 2019
studies!®, the percentage of the mixture of DOPC and modified DGS-NTA(Ni) lipids in NDs
assembly initially tested is 95% and 5% (ratio 19:1), respectively. The 300 pL assembled NDs
sample is directly incubated with 260 pL of 216.1 uM His-ORF3 C20 protein at 23°C at 300 rpm
overnight using the Eppendorf ThermoMixer machine. Analytical SEC purifications before and
after the addition of protein using the Superdex 200 5/150 GL column as well a 4-20% SDS-PAGE

with the fractions collected in the second SEC run are performed and shown in Figure 97.
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Figure 97. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with His-ORF3 C20 protein of assembled
NDs containing 95% DOPC/5% DGS-NTA(Ni) lipids using Superdex 200 5/150 GL column. The 280 nm absorbance curve is used to
monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the second SEC run (in red) with Coomassie staining.

In the SEC profile of these samples, the MSP protein aggregation, assembled NDs and “free”
MSP1D1AHS protein peaks are firstly observed and eluted in the same size as the previous ones.
In addition, based on the overlay of the SEC chromatograms and the SDS-PAGE, the protein does
not bind to the “empty” NDs and therefore in the next experiment the amount of DOPC to DGS-
NTA(Ni) lipids is adjusted to 90% to 10% (ratio 9:1). The assembled NDs is purified by Superdex
200 10/300 GL column and the fractions of C6-C11 (peak 1), C12-D4 (peak 2) and D5-D7 (peak 3)
are pooled. The two thirds of the first eluted fraction (C6-C11) are then incubated with 200 pL of
216.1 uM His-ORF3 C20 protein at 23°C overnight at 300 rpm and further purified by Superdex
200 10/300 GL column collecting 300 pL fractions. In Figure 98, the overlay of the SEC
chromatogram of the “empty” assembled NDs with the chromatogram of the reaction with His-
ORF3 C20 protein (a) and the 4-20% SDS-PAGE with the fractions of the reaction’ SEC run (b) are

shown.

166

<MSP1D1AHS
<ORF3 C20



a b & . &
Q/O% Q/\e\v 0y (',:’\(
QS OO
RN o
kDa
116.0
sV
300 —— ND before ORF3 - 662 -
—— ND after ORF3 N\ - K o g o o £ & ‘
280 after / 5 e 8 B : 5 oo 45.0
Y4 ° 10 1 12 35.0 w
200 \
/ \ e
150 \ / \.\ 250
N S 18.4
100 e " & MSP1D1AH5
_______________________ ) RSN 14.4%,
201 55 B e ik R e R T e N \\ P T — < ORF3 C20
@ ‘o 1o o N |0 oo ) T O 1o o[- i‘\—/ \L ‘n o
0 —— - - — mi
8 9 10 11 12 13 14 15

Figure 98. (a) Overlay of SEC chromatograms before (in blue) and after (in red — zoomed panel) incubation with His-ORF3 C20
protein of assembled NDs containing 90% DOPC/10% DGS-NTA(Ni) lipids using Superdex 200 10/300 GL column. The 280 nm
absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the second SEC run (in red)

with Coomassie staining.

In the SEC chromatogram of the reaction with His-ORF3 C20 protein, a small shifted peak is
detected at ~8.80 mL. Although the ORF3 band is not detected in the SDS-PAGE because of the

low concentration of the sample, this is the first clue of the protein attachment on the NDs.

Due to these results, the NDs assembly are then prepared using 80% DOPC and 20% DGS-NTA(Ni)
lipids (ratio 4:1). The purification of assembled NDs by Superdex 200 10/300 GL column and the
reaction of peak 1 (fractions C6-C11) with N His-ORF3 C20 labeled protein (two thirds of the
peak 1 sample incubates with 200 pL of 216.1 uM His-ORF3 C20 protein at 23°C at 300 rpm
overnight) are performed as described above with DOPC/DGS-NTA(Ni) lipids ratio 9:1. Figure 99
illustrates the overlay of the SEC chromatogram of the “empty” assembled NDs with the
chromatogram of the reaction with His-ORF3 C20 protein (500 pL injection run) (a) and the 4-

20% SDS-PAGE with the fractions of the reaction’ SEC run (b).
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Figure 99. (a) Overlay of SEC chromatograms before (in blue) and after (in red — zoomed panel) incubation with His-ORF3 C20
protein of assembled NDs containing 80% DOPC/20% DGS-NTA(Ni) lipids using Superdex 200 10/300 GL column. The 280 nm
absorbance curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the second SEC run (in red)
with Coomassie staining.

The second band in the fourth lane of the 4-20% SDS-PAGE (Figure 99b) confirms that the shifted
peak eluted at ~8.88 mL (fractions C1-C5) contains the assembled NDs with His-ORF3 C20 protein
attached. The overlay of the analytical runs (100 pL injection run using Superdex 200 5/150 GL
column) before and after the His-ORF3 C20 protein incubation clearly shows the peak shift and

is further confirmed by SDS-PAGE (Figure 100).
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Figure 100. (a) Overlay of SEC chromatograms before (in blue) and after (in red) incubation with His-ORF3 C20 protein of assembled
NDs containing 80% DOPC/20% DGS-NTA(Ni) lipids using Superdex 200 5/150 GL column (analytical runs). The 280 nm absorbance
curve is used to monitor the purifications. (b) 4-20% SDS-PAGE with fractions collected in the SEC runs with Coomassie staining.

After incubating the remaining peak 1 sample of the initial SEC step with °N His-ORF3 C20 protein
and performing SEC purifications for the entire sample, the fractions C1-C5 of all runs are
concentrated up to 280 ulL and placed in a Shigemi tube to record a 2D *H, >N HSQC spectrum at

293K on 900 MHz Spectrometer. The same spectrum is acquired for N His-ORF3 C20 protein
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alone because its protein sequence slightly differs from ORF3 C20 protein in which the backbone
assignments are already obtained. This experiment will provide us more information about the

affected residues of ORF3 C20 protein when it is attached in the NDs and therefore about the

The overlay of the two spectra is shown in Figure 101, the control spectrum in red and the one

with assembled NDs with >N His-ORF3 C20 protein attached in cyan.
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Figure 101. Overlay of 1H, >N HSQC spectra of 1°N His-ORF3 C20 protein in red and assembled NDs with >N His-ORF3 C20 protein
attached in cyan.

Looking closer to the Glycine area in the 2D HSQC spectrum of the control sample (in red), more
Glycine peaks than expected are observed. Figure 102 shows the sequence alignment of ORF3
C20 and His-ORF3 C20 proteins using the multiple sequence alignment tool Clustal Omega'?1?7,
The total number of glycine residues is 11 and 13 in His-ORF3 C20 and ORF3 C20, respectively.
When compared to ORF3 C20, in His-ORF3 C20 there is an extra Gly in the N-terminal region
before the 6xHis-tag (Gly2 in His-ORF3 C20 sequence) while 3 Gly are missing at the end (Gly114,
Gly121 and Gly123 in ORF3 C20 sequence). The Glycine residues differ in the two constructs are

marked with a red box in Figure 102.
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His—-ORF3-C20 MGSHHHHHHHGSPSALGLFSSSSSSFSLCSPRHRPASRLAVVVGGAAAVPAVVSGVTGLI 60
ORF3-C20 - -MGSPSALGLFSSSSSSFSLCSPRHRPASRLAVVVGGAAAVPAVVSGVTGLI 51
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Figure 102. Sequence alignment of His-ORF3 C20 and ORF3 C20 proteins using the multiple sequence alignment tool Clustal
Omegal26:127,

The 2D H, N HSQC spectrum of >N His-ORF3 C20 protein (in red) is then compared to the one
for 1°N, 13C ORF3 C20 protein recorded for the assignment procedure (in cyan) as shown in Figure
103. In the zoom panel, the assigned Gly residues of ORF3 C20 protein are marked. The Gly114,
Gly121 and Gly123 peaks are present and exactly overlap in the 2D HSQC spectrum of *°N His-
ORF3 C20 protein, and there is also an additional peak possibly corresponding to the Gly2 of the
His-ORF3 sequence.
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Figure 103. Overlay of 1H, 1N HSQC spectra of 1°N His-ORF3 C20 protein in red and >N, 13C ORF3 C20 protein in cyan.

170



The existence of the Gly peaks of the C-terminal region of ORF3 C20 protein may indicates, for
an unknown reason, the presence of both ORF3 protein constructs in the NMR sample. In order
to further investigate this assumption, MALDI-TOF measurements are performed. We analyzed
the NMR >N His-ORF3 C20 sample, a sample from the same *N His-ORF3 C20 protein stock, a
15N ORF3 C20 sample and a mixture of N His-ORF3 C20 and °>N ORF3 C20 in ratio 1:1. The
samples are prepared using Reversed-Phase ZipTipca pipette tips and then crystalized using the
a-Cyano-4-hydroxycinnamic acid (HCCA) (Sigma-Aldrich) matrix in ratio 1:1 (v/v). The overlay of
the MALDI-TOF mass spectra of all four samples and the main peaks detected during the

measurements are shown in Figure 104.
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Figure 104. Overlay of mass spectra of the NMR >N His-ORF3 C20 sample in red, a sample from the same >N His-ORF3 C20 protein
stock in magenta, a >N ORF3 C20 sample in green and a mixture of >N His-ORF3 C20 and *N ORF3 C20 in ratio 1:1 sample in
orange using MALDI-TOF analysis. The main peaks detected in the measurements are marked on the overlay.

In the mass spectrum of the NMR >N His-ORF3 C20 sample (in red), one peak at 12363.49 Da is
detected which correspond to the molecular weight of >N His-ORF3 C20 protein (including >N
labeling and removal of the first Met) and thus the NMR tube contains only this construct. There
are other four main peaks at 2673.37 Da (named as peak 1), 5632.15 Da (named as peak 2),
6752.58 Da (named as peak 3) and 9717.46 Da (named as peak 4) which the combination of two
and especially the peaks 1 with 4 and peaks 2 with 3, correspond to the molecular weight of °N

His-ORF3 C20 protein. This observation indicates that the protein is probably partially cleaved
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into two regions. Of note, the MS analysis was performed on the NMR tube several weeks after
it has been prepared for NMR experiments. Using the Expasy PeptideCutter tool*®3 providing the
His-ORF3 C20 protein sequence, the potential cleavage sites along the sequence caused by
various proteases are predicted. Using the information provided from this tool and after several
trials using the Protein Parameter Calculator?®! tool which provides the molecular weight of
samples with isotopic labeling schemes, for each pair of peaks two potential cleavage regions of

15N His-ORF3 C20 protein are predicted (Table 4).

Table 4. Potential cleavage regions of >N His-ORF3 C20 protein predicted by using Protein Parameter Calculator?°t,

Molecular MALDI-TOF Cleavage

Sequence . .
Weight (Da) mass peak position (aa)
?GSHHHHHHHGSPSALGLFSSSSSSF* 2660.42 1
7751 CSPRHRPASRLAVVVGGAAAVPAVVSGVTG 2%
LILSPSPSPIFIQPTPSPPISFHNPGLELALGSRPAPL 9706.24 4

APLGVTSPSAPPLPPAVDLPQLGLRR'?

?GSHHHHHHHGSPSALGLFSSSSSSFSLCSPRHRP

ASRLAVVVGGAAAVPAVVSGVTGLILSPSPSPIFI 9713.84 4 "
QPTPSPPISFHNPGLELALGSRPAPL™
*” APLGVTSPSAPPLPPAVDLPQLGLRR'? 2652.81 1

2GSHHHHHHHGSPSALGLFSSSSSSFSLCSPRHRP

5 5669.56 2
ASRLAVVVGGAAAVPAVVSGVT -
58
GLILSPSPSPIFIQPTPSPPISFHNPGLELALGSRP
< - 6697.09 3
APLAPLGVTSPSAPPLPPAVDLPQLGLRR
2GSHHHHHHHGSPSALGLFSSSSSSFSLCSPRHRP
. 674274 3
ASRLAVVVGGAAAVPAVVSGVTGLILSPSPSPI "
69,
FIQPTPSPPISFHNP PAP VT
QPTPSPPISFHNPGLELALGSRPAPLAPLGVTS . o) 5

PSAPPLPPAVDLPQLGLRR'?

The protein cleavage could be occurred because of the protein storage at 4°C for about two
weeks before performing the MALDI-TOF analysis. Therefore, the recording of a 2D *H, N HSQC
spectrum, a MALDI-TOF measurement as well SDS-PAGE analysis for a new >N His-ORF3 C20
protein sample have to be conducted again in the same day. Using a new protein stock to perform
these experiments, the HSQC spectrum is identical with the one recorded previously. Also, the
mass spectrum obtained by MALDI-TOF measurement contains two peaks at 12363.49 Da [M+H]*
and 6180.78 Da [M+2H]?* as expected. In the SDS-PAGE, a slight difference between the His-ORF3
C20 and ORF3 C20 proteins can be detected and also the two °N His-ORF3 C20 samples from the

two NMR samples prepared for the control experiment are in the same size.
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In addition, in the mass spectra of the >N His-ORF3 C20 sample (in magenta) and >N ORF3 C20
sample (in green), two peaks at 12363.49 Da [M+H]* and 6182.59 Da [M+2H]?* and two peaks at
13085.72 Da [M+H]* and 6542.54 Da [M+2H]?*, respectively, are detected as expected. The mass
spectrum of the mixture of >N His-ORF3 C20 and >N ORF3 C20 in ratio 1:1 sample (in orange)

contain these four peaks as expected.

Based on all the above information and regarding the 2D HSQC spectrum of assembled NDs with

15N His-ORF3 C20 protein attached in Figure 101, a reliable conclusion could not be drawn.
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2.3 Transmembrane insertion study using liposomes

In order to reconstitute the ORF3 protein in a lipid environment and thus, study transmembrane
insertion and simultaneously its oligomerization state, a preparation of liposomes using E. coli
polar lipid extract (Avanti Polar Lipids) is performed. It is the total lipid extract derived from E.
coliB (ATCC 11303) during the growth phase of Kornberg Minimal medium culture incubated at
37°C, mimics the E. coli inner membrane and contains phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin lipids. A 10 mg/mL stock in sodium cholate buffer was
prepared after vortex and sonication steps in a heated sonication bath for 20 min total time.
Three different lipid concentration (1, 2 and 5 mg/mL) samples were mixed with 100 uM ORF3
C20 protein, which immediately precipitated. The foggy samples were incubated at 23°C at 300
rpm overnight and the next day both supernatant and pellet samples for the three mixtures and
also a ORF3 C20 protein sample (as control sample) were loaded in a native PAGE. In native PAGE
analysis, proteins are separated depending their size, net charge and eventually their structure
while it is performed at 4°C with constant 90 V for 3 hours. No band could be detected after the
Coomassie blue staining without reasonable explanation. The E. coli polar lipid extract was
insoluble in other buffers containing detergents such as Triton X-100, so this approach could not

be further studied.
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2.4 Solid-state NMR analysis of ORF3 C20 protein membrane anchoring

Although the protein is pure and soluble in NMR buffer (50 mM Sodium Phosphate pH 6.1, 50
mM NaCl, 0.1 mM EDTA, 1 mM DTT) up to ~200 uM concentration, ORF3 C20 protein possesses
a strong tendency to interact with hydrophobic (or amphiphilic) molecules, such as membrane
lipids and detergents, having as a result the precipitation of the protein as described above. In
collaboration with Dr. Anja Béckmann and two members of her team, Dr. Marie-Laure Fogeron
(research assistant) and Dr. Lauriane Lecoq (researcher), Molecular Microbiology and Structural
Biochemistry — Protein Solid State NMR group in Lyon, solid-state NMR experiments of ORF3 C20
protein are performed to gain more information regarding its membrane determinant(s). The
objective was to reconstruct and then sediment the ORF3 C20 protein in lipid mixture
(phosphatidylcholine-cholesterol) and record the 2D *3C-3C DARR, 2D HC-INEPT, 2D NCA, 2D
NCO, 3D NCACX, 3D NCOCX and 3D CANCO spectra on a *°N, 3C labeled sample which would be
used for the assignments of ORF3 resonances in interaction with lipids. Compared with the
obtained liquid-state NMR data and protein assignments in absence of lipids, the residues
potentially involved in the interaction with the membrane during HEV infection could be
determined. Two labeled ORF3 C20 samples, 10 mg (213 uM) of *N ORF3 C20 and 25 mg (203
uM) of 15N, 13C ORF3 C20 protein, are prepared and sent in Lyon. Marie-Laure Fogeron conducted
the tests for the protein preparation using >N ORF3 C20 sample while Lauriane Lecoq was

responsible for carrying out the NMR experiments using >N, 13C ORF3 C20 sample.

The first experiment conducted was the addition of PC/Chol at LPRO.5 or 1 (Lipid-to-Protein Ratio)
lipids in presence and absence of mBCD to ORF3 C20 sample to achieve the protein
sedimentation. In Figure 105, the protocol scheme of sample preparation (a) and the 4-20% SDS-
PAGE (b) for all the tested conditions’ samples are shown resulting in non-precipitation of ORF3

protein in any case.
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#6: no lipids, mBCD (a)
#7: no lipids, mBCD (b)

Figure 105. (a) Protocol scheme for sample preparation with addition of PC/Chol at LPRO.5 or 1 lipids in presence (with) and
absence (w/0) of mB8CD. (b) 4-20% SDS-PAGE for all tested conditions’ samples indicated on the scheme (a) with Coomassie blue
staining. P: pellet, SN: supernatant. Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja Béckmann.
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Because the protein stayed soluble with the addition of the PC/Chol lipids and knowing that
sodium cholate buffer induces the ORF3 precipitation, the next experiment was the addition of
sodium cholate buffer (100 mM sodium cholate in MSP buffer containing 20 mM Tris-HCl pH 7.7,
100 mM NacCl, 0.5 mM EDTA) in presence and absence of PC/Chol at LPR0.8 or 1.4 lipids. In Figure
106, the protocol scheme of sample preparation (a) and the 4-20% SDS-PAGE (b) for all the tested
conditions’ samples are shown. Although the ORF3 protein precipitates in presence of sodium
cholate buffer without the PC/Chol lipids as expected, interestingly the sample was soluble in the

presence of both cholate buffer and lipids.

a 15N ORF3 C20 protein b
sent to Lyon @ 4°C
frozen in liquid nitrogen upon arrival, and stored @ -80°C #1 #2 #3 #4 #5
5x 139 pg in 50 pL
g k. Il::lcho!:TmonX-mO@SmglmL kDa < %é ] %é Q %e Q @e Q %e
SNolSdFi,ub:"c::)lale buffer 70
50
incubate 30 min @ 4°C 37
; o 25
‘1) 30 min @ 20.000g, 4°C -
/\ 15
Pellet SN <{ORF3
; . 10
NP >ming 00, 8°C #1: MSP buffer only
#2: cholate 1X
Pellet SN (pooled with first SN) #3: cholate 2X
l #4: cholate 1X + PC/Chol LPR1.4
#5: cholate 2X + PC/Chol LPRO0.8
SDS-PAGE

Figure 106. (a) Protocol scheme for sample preparation with addition of sodium cholate buffer in presence and absence of PC/Chol
at LPR0.8 or 1.4 lipids. (b) 4-20% SDS-PAGE for all tested conditions’ samples indicated on the scheme (a) with Coomassie blue
staining. P: pellet, SN: supernatant. Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja Béckmann.

The last test performed before the final preparation of the double-labeled sample for recording
the NMR data was the ultracentrifugation of the samples instead of high-speed centrifugation
steps at 20,000 xg. The protein alone, the protein in presence of PC/Chol lipids, the protein in
presence of PC/Chol lipids and mBCD and the protein in presence of PC/Chol lipids and sodium
cholate buffer were prepared and ultracentrifuged at 200,000 xg for 4 h at 4°C. In Figure 107, the
protocol scheme of sample preparation (a) and the 4-20% SDS-PAGE (b) for all the tested

conditions’ samples are shown.
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a 15N ORF3 C20 protein b
sentto Lyon @ 4°C #1  #2 #3 #a
frozen in liquid nitrogen upon arrival, and stored @ -80°C
4x 139 pg in 50 pL

kDa R &R & Q & ¢ &

70
PC/Chol in Triton X-100 @ 5 mg/mL 50 «
y 37
- mix ORF3, lipids MSP buffer
¥ - incubate 15 min @ 4°C 25
20+
- add mBCD and cholate
¥ - incubate 30 min @ 4°C 15
W e e < ORF3
4h @ 200.000g, 4°C 10
#1: protein only
#2: protein + PC/Chol LPR1
Pellet/\SN #3: protein + PC/Chol LPR1 + mBCD
l l #4: protein + PC/Chol LPR1 + cholate
SDS-PAGE

Figure 107. (a) Protocol scheme for sample preparation using an ultracentrifugation step at 200,000 xg for 4h at 4°C. (b) 4-20%
SDS-PAGE for all tested conditions’ samples indicated on the scheme (a) with Coomassie blue staining. P: pellet, SN: supernatant.
Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja Béckmann.

The ORF3 C20 protein alone and in presence of PC/Chol LPR1 lipids in with and without mBCD
was soluble after the ultracentrifugation step. The only observation for these samples was that
the addition of mBCD has a result the formation of a transparent pellet corresponding to Triton
X-100-depleted PC/Chol lipids. However, adding the sodium cholate buffer to the protein-lipid

mixture and followed the ultracentrifugation step, ORF3 C20 could be only partially sedimented.

Based on the results of all these tests and specifically the unsuccessful sedimentation of the
protein without sodium cholate buffer, the °N, 3C ORF3 C20 labeled protein was mixed only
with sodium cholate buffer in order to effectively precipitate all the sample, then a 3.2-mm NMR
rotor was filled and finally 2D and 3D solid-state NMR experiments were collected in Lyon by Dr.
Lauriane Lecogq. In Figure 108, the procedure for sample preparation (a) and the 4-20% SDS-PAGE
(b) for the supernatant samples of each step are shown. The precipitation of the protein with the
addition of sodium cholate buffer and the filling of the rotor were sufficient allowed to proceed

to the NMR measurements.
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a . 10 pL + 2.5 pL Laemmli 5X
13C, 15N ORF3 C20 protein > SDS-PAGE (2.7 L)

sent to Lyon @ 4°C
frozen in liquid nitrogen upon arrival, and stored @ -80°C
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) 16h @ 200.000g, 4°C
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SN2 > SDS-PAGE (1 pL, 5 L)

The rotor was only 50% full. Addition of 300 pL
cholate buffer to the SN did not lead to precipitation.

Figure 108. (a) Preparation procedure of the 1°N, 13C ORF3 C20 sample for recording 2D and 3D NMR dataset using a 3.2-mm
rotor. (b) 4-20% SDS-PAGE for the supernatant samples of each step indicated on the scheme (a) with Coomassie blue staining.
Figure prepared by Dr. Marie-Laure Fogeron and Dr. Anja Béckmann.

Although the rotor was only 50% full, it was adequate to record a 2D 3C-*3C DARR and a 2D NCA
spectra on the 800 MHz Spectrometer with the temperature to be around 293K in the rotor. The
NMR signal in both experiments was good as shown in panel (a) in Figure 109, but the profile of
ORF3 C20 protein is typical of an aggregated protein with overlapped not dispersed peaks and
therefore, the inter-residue contacts for assignment could not be obtained. In panel (b) in Figure
109, the corresponding 2D spectra of a well-folded protein with identical experimental times are

represented. Because of the aggregation of the protein, the 3D NMR data could not be recorded.

179



a 15N, 1¥C ORF3 C20 protein

2D 13C-13C DARR s

¥2 (ppm)

0 Fligpm

50 F1 (ppm)

150

160

#2 [ppm)

'
I
|
I
|
|
I
|
|
I
I
|
I
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
1
|
|
|
|
|
'

b

N, 3C well-folded protein

2D 13C-13C DARR =
e - -z - :

BRPAE. SE

w ¥ LT

Zo Fippml

e _4‘,’1;.’..’.

B0 F1tppm)

120 100

150

F2 lppm)

Figure 109. 2D 13C-13C DARR (top) and 2D NCA (bottom) NMR spectra recorded with identical experimental times at 293K at 800
MHz Spectrometer for 1°N, 13C ORF3 C20 protein (a) and well-folded protein (b) filled in a 3.2-mm rotor. Figure prepared by Dr.

Lauriane Lecoq and Dr. Anja Béckmann.
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3. Interaction of HEV ORF3 protein with human Tsg101 UEV domain

The last aim of this study is the interaction of HEV ORF3 protein with other protein partners and
especially with Ubiquitin E2 Variant (UEV) domain of human Tumor susceptibility gene 101
(Tsg101) protein, mention as Tsg101 UEV protein, an important ESCRT-I complex component and
essential for viral secretion. As mentioned in the HEV ORF3 sequence analysis, a PSAP motif is
located in the C-terminal region of HEV ORF3 protein and is close to the PTAP motif found in
other viruses, such as HIV#¢, Ebola®! etc., and through this motif they interact with the Tsg101
UEV protein. The characterization of the interaction of the two proteins is performed by various
biophysical techniques as solution-state NMR Spectroscopy, Isothermal Titration Calorimetry
(ITC), X-ray Crystallography, Thermal Shift Assay (TSA) and Fluorescence Polarization (FP) assays

and the obtained results are presented in the following chapters.
3.1 Human Tsgl101 UEV protein purification

The purification protocol for the preparation of labeled and unlabeled Tsg101 UEV samples is
described in details in Material and Methods. The structural characterization and the interaction
with HEV ORF3 protein is performed on Tsgl01 UEV construct (147 amino acids, ~16.7 kDa
protein). The two other constructs, the Tsg101 UEV FLAG-tag and the Tsg101 UEV GST-tag, are
prepared for screening purposes and further described in the Homogeneous Time Resolved
Fluorescence (HTRF) chapter. The purification steps for the three constructs differ depending on
the presence of TEV Protease cleavage site and the purpose of the sample preparation. The main
Tsg101 UEV purification procedure lasts three days including affinity HisTrap chromatography

steps, 6xHis-tag cleavage using TEV Protease, overnight dialysis step and protein concentration.

After the cell lysis and the separation from the insoluble E. coli cellular debris, the supernatant is
purified by affinity HisTrap column and the corresponding chromatogram monitoring using the
280 nm, the 260 nm and the 215 nm UV absorbance (a) and the 4-20% SDS-PAGE with different

fractions (b) are shown in Figure 110.
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Figure 110. (a) Chromatogram of affinity HisTrap purification of Tsg101UEV protein. In the black box, the elution peak is shown
zoomed. Blue: 280 nm, red: 260 nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of fractions
based on the chromatogram (a) with Coomassie blue staining.

Then the 6xHis-tag of the purified protein is cleaved using TEV Protease before the second affinity
purification step (Figure 111a). The chromatogram of the second HisTrap purification step with
the three UV absorbance curves at 280 nm, at 260 nm and at 215 nm (b) and the 4-20% SDS-
PAGE with the fractions (c) are shown in Figure 111.
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Figure 111. (a) 4-20% SDS-PAGE of pooled Tsg101 UEV protein fractions before and after TEV cleavage with Coomassie blue
staining. (b) Chromatogram of second HisTrap purification step of Tsg101 UEV protein after TEV cleavage. Blue: 280 nm, red: 260
nm, magenta: 215 nm and green: concentration of Buffer B. (b) 4-20% SDS-PAGE of fractions based on the chromatogram (b) with
Coomassie blue staining. (*) In (a) 4-20% SDS-PAGE, the Before TEV* sample is a sample from a tube that is incubated at room
temperature with the protein and TEV protease left on the tube.

The last steps include the overnight dialysis against the NMR buffer (50 mM Sodium Phosphate
pH 6.1, 50 mM NaCl, 0.1 mM EDTA), the concentration of the protein and the preparation of the

aliquots stored at -80°C until further use.
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3.2 NMR characterization of human Tsg101 UEV domain

The first technique used for the characterization of the interaction of HEV ORF3 protein with
human Tsg101 UEV domain is NMR Spectrometry. In order to study this interaction process, we
need both purified partners and at least one should be with an isotopic labeling. In addition, if
the NMR assignments are known, then we can identify, at a per residue level, the binding site on
the protein of interest. Regarding ORF3 we indeed purified the protein with various isotopic
enrichments and we performed the assignment, which include the proline residues. Due to the
fact that the backbone and proline assignments of free human Tsg101 UEV domain are not
available in the Biological Magnetic Resonance Data Bank (BMRB) or in any publicly available
database, before proceeding with the interaction experiments, we performed the NMR

assignment of Tsg101 UEV NMR spectra.

A 5N, 13C Tsg101 UEV labeled protein sample at 330 uM is prepared for recording the NMR
experiments needed for backbone and proline assignments at 298K on 600 MHz Spectrometer.
A complete NMR dataset containing the 2D 'H, N HSQC, 3D H, N, '3C HNCO, HNCACO,
HNCACB, HN(CO)CACB, HNHA, HACAN, HN(CA)NNH, the 2D carbon detection *°N, *3C NCO and
13C, 13C CACO and the 3D carbon detection 3C ,*°N, 3C HCACON spectra is recorded. The 2D
carbon detection 13C, 3C CACO spectrum provides the correlation between the carbonyl group
(COy) and the carbon Ca (Ca;) of the same residue while the 3D carbon detection 3C ,**N, 3C
HCACON spectrum provides the correlation of the carbonyl group (CO;) and the carbon Ca (Cai)

of the same residue with the amide group of the following (Ni.1) residue.

After TEV cleavage, there are two extra remaining residues in N-terminal region that are not
considered in the numbering for the protein assignment. Therefore, the first residue (residue 1)
is the Methionine (Met) of human Tsg101 UEV domain and this residue is detectable in the H,

15N HSQC spectrum because of the presence of the two extra residues from the N-terminal tag.

Combining the information of all these experiments, the backbone (including proline residues)
assignments are achieved for Tsgl01 UEV protein in its apo-state. Figure 112 illustrates the

assigned 2D H, >N HSQC spectrum of Tsg101 UEV protein.
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Figure 112. 2D 1H, 15N HSQC assigned spectrum of 1°N, 13C Tsg101 protein. The NH; side chains (sc) of Trp, Asn and Gin residues
are also assigned and the pairs of Asn and Gin side chains are labeled with dashed line.

The 2D H, N HSQC spectrum of Tsg101 UEV protein is a classical HSQC spectrum of a well-

structured protein with dispersed peaks from ~6.5 ppm to ~11 ppm in the proton dimension. All

the protein residues, but Asn45 are assigned in the HSQC. Also, the NH; resonances from side

chains of all Trp and GlIn are assigned while the 6 out of 7 NH; resonances from side chains of Asn

are assigned (the side chain of Asn54 is not detected).

In addition, all 13 Prolines of Tsg101 UEV protein are assigned as shown in °N region 132-143

ppm of the 2D carbon detection *°N, 3C NCO spectrum in Figure 113.
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Figure 113. 2D carbon detection 1N, 13C NCO spectrum of 1°N, 13C Tsg101 UEV protein. All 13 Prolines residues are assigned shown
in the zoomed box.

Based on all the recorded spectra, 131 out of 132 *HN resonances (99%), 138 out of 145 Ha
resonances (95%), 145 out of 145 >N resonances (100%), 145 out of 145 '3Ca resonances (100%),
133 out of 138 13CP resonances (96%), 144 out of 145 3CO resonances (99%) and 5 out of 7 *Ha
resonances (71%) for Gly residues are assigned in total. Regarding to the side chain assignment
of Trp, Asn and GIn residues, the **Ne and 'He resonances (100%) of all Trp residues, the 3Cy,
13C8, °Ne and He resonances (100%) of all GIn residues and 6 out of 7 3Cy,'>N& and 'H&
resonances (86%) of Asn residues are achieved. In addition, concerning the Prolines residues and
their side chain assignments, 8 out of 13 *3C8 and *H6 resonances (62%) are achieved using the
3D HACAN spectrum. Looking closer to the 3CB resonance of Prolines, the Proline residues Pro81
and Pro120 are in cis conformation with 3CB to ~34 ppm. These two Prolines are also referred

as cis peptides in the crystal structure of the Tsg101 UEV domain under PDB ID: 2f0Or#4,
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The backbone and proline assignments of free Tsg1l01 UEV protein are obtained and deposited

in the Biological Magnetic Resonance Data Bank (BMRB) under accession code 50765.

Using the experimental NMR chemical shifts, the secondary structure of the protein is analyzed
using online available servers, the CSI 3.0 server?? and the TALOS+ server?®3 and the Secondary
Structure Propensities (SSP) program?®®®. Theses analyses are compared with the secondary
structure analysis of the crystal structure of the Tsg101 UEV domain (Figure 114 — top) (PDB ID:
2f0r)!#4, The CSI 3.0 web server?®? uses the backbone chemical shifts in order to predict the
secondary elements of the protein. In Figure 114 (upper), it is shown that the free Tsg101 UEV
domain composed by three a-helices, five edge B-strands and three more extended interior -
strands. The flexibility and the rigidity of the protein regions are predicted using TALOS+ server?%
and the values of the Random Coil Index S? (RCI-S?) for all residues are shown with blue dots in
Figure 114 (middle — dots). Finally, the Secondary Structure Propensities (SSP) analysis'®> was
used to estimate the fraction of a-helices and extended region along the protein sequence. The
grey bars in Figure 114 (lower —bars) show the SSP score values for the assigned residues through
the sequence calculated based on the experimental *°N, *HN,*3Ca, 3CB, '3CO and Ha chemical
shifts of the protein. Finally, all three secondary structure analysis tools are in agreement and

well correlated with the crystal structure of Tsg101 UEV domain (PDB ID: 2f0r) as shown in Figure
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Figure 114. Secondary structure analysis of Tsg101 UEV domain. (top) Secondary structure in crystal structure of Tsg101 UEV
domain (PDB ID: 2f0r)*#4, (upper) Prediction of secondary structure based on the backbone chemical shifts (1HV, 15N, 13Ca, 1Ha,
13C8 and 13C0O) of the protein using the CSI 3.0 web server?92, Red cartoon represents the a-helix and blue arrow the 8-strand.
(middle — blue dots) Predicted order parameter (Random Coil Index S2, RCI-S?) for all the residues based on the backbone chemical
shifts (1HN, 15N, 13Ca, Ha, 13C8 and 13CO) using the TALOS+ server?%3, (lower — bars) Secondary Structure Propensities (SSP) score
values for the assigned residues based on 1HN, 15N, 13Ca, Ha, 13C8 and 13CO chemical shifts of human Tsg101 UEV domaini.,
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3.3 NMR study of the interaction between ORF3 protein and Tsg101 UEV domain

The backbone and proline assignments of ORF3 and Tsg101 UEV proteins are further used to
monitor their interaction using solution-state NMR Spectroscopy. This technique requires the
labeling of one protein used at a constant concentration and the addition of the second unlabeled
one at increasing concentration while NMR experiments are recorded. In this study, the analysis

of the interaction was performed for both proteins.
3.3.1 NMR titration of **N, *C ORF3 protein with unlabeled Tsg101 UEV domain

Due to the fact that ORF3 protein contains the PSAP motif in the C-terminal region, the first
interaction experiment is conducted using ORF3 Cter construct and Tsgl01 UEV protein.
Exceptionally and using a specific NMR *H, >N IDIS HSQC experiment, 123 puM *°N, 13C ORF3 Cter
double-labeled protein is mixed with 135 uM *°N Tsg101 UEV labeled protein in NMR buffer (50
mM Sodium Phosphate pH 6.1, 50 mM NacCl, 0.5 mM EDTA) placed in a Shigemi tube and NMR
data are recorded at 298K on 600 MHz Spectrometer. Using this pulse sequence, two H, 1°N
HSQC spectra are recorded at the same time and the separation of the spectra is based on the
difference correlation between the *H-N(*2CO) and *H->N(*3CO) of the labeled and double-
labeled proteins, respectively?®*. These 'H, ®N HSQC spectra are then compared to the
corresponding ones of the protein in its free state and used to monitor the spectral perturbations
(Chemical Shift Perturbations (CSP) and/or line broadening) induced upon binding for both

proteins.

In addition, *°N, 13C ORF3 Cter protein is used to record the 2D carbon detection *°N, 3C NCO
spectra before and after the addition of Tsg101 UEV domain and thus also collect the information
on affected Proline residues. Figure 115 depicts the overlay of (a) the H, >N HSQC spectra and
(b) the N, 13C NCO spectra of °N, 13C ORF3 Cter protein in the presence and absence of Tsg101
UEV protein.
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Figure 115. Overlay of (a) 1H, 1N HSQC spectra and (b) 1°N, 13C NCO spectra of 1°N, 13C ORF3 Cter protein in the presence (in cyan)
and the absence (in red) of Tsg101 UEV domain.

The analysis of the CSP values for all assigned residues of ORF3 Cter protein induced by Tsg101

UEV domain is shown in Figure 116.
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Figure 116. Chemical Shift Perturbation (CSP) values of all assigned residues of ORF3 Cter protein induced by Tsg101 UEV domain.
The blue bars represent the CSP values of all residues except of Prolines while the orange bars represent the CSP values of Proline

residues. The “empty” bars correspond to the residues that are disappeared with the addition of Tsg101 UEV protein. The
unassigned residues of ORF3 Cter protein are marked with a star sign.

Based on the NMR data and the CSP analysis, the first conclusion drawn is that ORF3 Cter protein
directly interacts with Tsg101 UEV domain. The binding site on ORF3 Cter side can be determined,

it corresponds to residues Leu87-Asp105. This binding site encompasses the >>PSAP®® motif.

In order to further characterize the interaction with the full-length ORF3 C20 protein, a five-point
NMR titration experiment of *°N, 3C ORF3 C20 double-labeled sample at 104 pM with addition
of 20, 40, 100, 170 and 320 uM of unlabeled Tsg101 UEV domain in NMR buffer (50 mM Sodium
Phosphate pH 6.1, 50 mM NaCl, 0.1 mM EDTA) is performed. For each point, a sample with the
appropriate amount of each protein is placed in a 5 mm tube and both 2D H, *N HSQC and 2D
15N, 13C NCO spectra are recorded at 293K on 900 MHz Spectrometer in order to detect all the

affected residues including the affected proline peaks.

Figure 117 illustrates the overlay of the 2D H, >N HSQC spectra for all titration points with the
control spectrum (free 104 uM >N, 13C ORF3 C20 protein) in red and the last titration point (104
uM >N, 13C ORF3 C20 protein with 320 uM unlabeled Tsg101 UEV domain) in blue. In the zoom

panels (magenta cycles), the affected peaks Ala88, Val 92, Ala97 and Val104 are shown.
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Figure 117. Overlay of 2D 1H, 15N HSQC spectra of 1°N, 13C ORF3 C20 protein with addition of unlabeled Tsg101 UEV protein. Red:
control spectrum without addition of Tsg101 UEV domain, pink: 20 uM Tsg101 UEV, orange: 40 uM Tsg101 UEV, cyan: 100 uM
Tsg101 UEV, green: 170 uM Tsg101 UEV and blue: 320 uM Tsg101 UEV.

The overlay of the 2D HSQC spectra of all titration points depicts some peaks that broaden and
then disappear, such as Ala97, few peaks which split, such as Ala88, few peaks that have very low
intensity in the final titration point, such as Arg83 and Ala85, and peaks with slow exchange

between free and bound states, such as Val92 and Val104.

In Figure 118, the overlay of the 2D N, 13C NCO spectra for all titration points with the control

spectrum in red and the last titration point in blue depicts the affected Prolines peaks in the

zoomed panel.
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Figure 118. Overlay of 2D 15N, 13C NCO spectra of 1°N, 13C ORF3 C20 protein with addition of unlabeled Tsg101 UEV protein. Red:
control spectrum without addition of Tsg101 UEV domain, pink: 20 uM Tsg101 UEV, orange: 40 uM Tsg101 UEV, cyan: 100 uM
Tsg101 UEV, green: 170 uM Tsg101 UEV and blue: 320 uM Tsg101 UEV.

Apart from the affected residues in HSQC spectra, the affected Proline residues which are also

located in the C-terminal region of ORF3 C20 protein, can be easily detected in the overlay of the

2D NCO spectra.

The Chemical Shift Perturbation (CSP) values for all assigned residues of ORF3 C20 protein
induced by Tsg101 UEV domain from both 2D HSQC and NCO spectra are analyzed and shown in

Figure 119.
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Figure 119. Chemical Shift Perturbation (CSP) values of all assigned residues of ORF3 C20 protein induced by Tsg101 UEV domain.
The blue bars represent the CSP values of all residues except of Prolines while the orange bars represent the CSP values of Proline
residues. The “empty” bars correspond to the residues that are disappeared with the addition of Tsg101 UEV protein. The
unassigned residues of ORF3 C20 protein are marked with a star sign. On the top, the ORF3 C20 protein sequence is shown with
red the affected residues, Arg83-Asp105.

The analysis of all NMR data of all titration points demonstrates the direct interaction of ORF3
C20 protein with Tsg101 UEV domain with the affected peaks in the ORF3 C20 sequence being
23 out of 129 of the total sequence and located in the C-terminal region, particularly the residues
Arg83 to Aspl05. This binding region, which corresponds to the region for which the NMR
resonances undergone the higher perturbations, includes the *>PSAP® motif of ORF3 C20 protein.
Due to the quick broadening and disappearance of the affected peaks in the 2D spectra, a
titration curve cannot be built and therefore, the affinity of the interaction cannot be calculated
using these NMR data. For further characterization of the complex of ORF3 with Tsg101 UEV
protein, pepORF3, a 10-residue ORF3-derived peptide with sequence %*TSPSAPPLPP!??, was

designed and then chemically synthesized by GeneCust.
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3.3.2 NMR titration of **N Tsg101 UEV domain with unlabeled ORF3 protein

As mentioned above, the first interaction experiment is performed in a mixture of *N, 3C ORF3
Cter double-labeled protein and °N Tsg101 UEV labeled protein in ratio 1:1 and a specific NMR

1H, 5N IDIS HSQC experiment, in which two HSQC spectra are acquired in a single experiment, is

recorded?%.

The 2D H, >N IDIS HSQC spectrum of Tsg101 UEV domain (in cyan) is compared to the HSQC
without the ORF3 Cter protein (in red) as shown in Figure 120. In the HSQC spectrum of Tsg101
UEV domain in presence of ORF3 Cter protein, peaks from ORF3 Cter protein can be also observed

which could be due to the improper filter efficiency.
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Figure 120. Overlay of 1H, 1N HSQC spectra of 1°N Tsg101 UEV domain in the presence (in cyan) and the absence (in red) of ORF3
Cter protein.

The analysis of the Chemical Shift Perturbations (CSP) values for all assigned non-Proline residues
of Tsg101 UEV domain induced by ORF3 Cter protein as well the affected residues colored in the

crystal structure of Tsg101 UEV domain (PDB ID: 2f0Or)'44 are shown in Figure 121.
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Figure 121. Chemical Shift Perturbation (CSP) values of all residues except of Prolines of Tsg101 UEV domain induced by ORF3 Cter
protein. The “empty” bars correspond to the residues that are disappeared with the addition of ORF3 Cter protein. The Proline,
the unassigned Asn45 and the ambiguous residues of Tsg101 UEV protein are marked with a star sign. The affected residues are
colored on the Tsg101 UEV domain (PDB ID: 2f0r) with red for the residues are disappeared, raspberry color the ones with high
CSP value and with pink color the ones that have very low intensity.

This first interaction experiment depicts the direct interaction of ORF3 Cter protein with Tsg101

UEV domain and the binding side of the latter protein can be also determined.

In order to study the interaction in the Tsg101 UEV side with the full-length ORF3 C20 protein, a
five-point NMR titration experiment of °N Tsg101 UEV sample at 70 uM with the addition of 20,
40, 70, 120 and 160 uM of unlabeled ORF3 C20 protein is performed. For each point, a sample
with the appropriate amount of each protein is placed in a 5 mm tube and a 2D !H, N HSQC

spectrum is recorded at 293K using the Samplelet on 900 MHz Spectrometer overnight.

Analyzing the 2D 'H, >N HSQC spectra of the titration points, except from the control experiment,
in all the spectra, the ORF3 C20 protein is detectable. Figure 122 shows the overlay of the HSQC
spectrum of free 70 pM *°N Tsg101 UEV protein in red, the one recorded for 70 uM °N Tsg101
UEV domain with 40 pM ORF3 C20 protein sample in cyan and the HSQC of 100 uM *°N 13C ORF3

C20 protein in magenta.
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Figure 122. Overlay of 1H, 1N HSQC spectra of free 70 uM >N Tsg101 UEV domain in red, the 70 uM >N Tsg101 UEV domain with
40 uM ORF3 C20 protein titration point in cyan and 100 uM 5N, 13C ORF3 C20 recorded for backbone assignment procedure in

magenta.

In the H, >N HSQC spectrum of the titration point in cyan, both proteins can be observed with

the ORF3 C20 corresponding peaks to be located in the middle of the spectrum due to its

disordered nature. The reason of the presence of ORF3 C20 peaks in the HSQC was thought to be

the erroneous use of °N labeled protein stock instead of the unlabeled one. Because of this

unexpected result, the NMR titration experiment is repeated with freshly prepared protein

samples and the same concentration points are used.

In the second NMR titration experiments, when the first points are recorded, the same results

are observed, the presence of ORF3 C20 peaks in the H, N HSQC spectra (Figure 123).
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Figure 123. Overlay of 1H, 1N HSQC spectra of the second NMR titration experiment of free 70 uM >N Tsg101 UEV domain in red,
the 70 uM >N Tsg101 UEV domain with 40 uM ORF3 C20 protein titration point in cyan and 100 uM 1N, 13C ORF3 C20 recorded
for backbone assignment procedure in magenta.

Trying to understand the reason of the detection of ORF3 C20 protein, a 40 uM ORF3 C20 sample
is placed in 5 mm tube using the same protein stock and a quick 2D *H, >N HSQC spectrum is
acquired with 3072 and 64 complex points in the direct and indirect dimensions, respectively,
and 4 scans with a total recording time of 5 min 9 sec. Figure 124 illustrates the H, N HSQC

spectrum obtained for the 40 uM unlabeled ORF3 C20 protein sample.
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Figure 124. 2D H, 1N HSQC spectrum of 40 uM unlabeled ORF3 C20 protein recorded with 3072 and 64 complex points in the
direct and indirect dimensions, respectively, and 4 scans with a total recording time of 5 min 9 sec.

The detection of the ORF3 C20 peaks in a 2D 'H, >N HSQC spectrum was unexpected and
unexplained because of the unlabeled origin of the sample. For this reason, 1D spectra with and
without >N decoupling pulse in acquisition are recorded for the ORF3 C20 sample. The unlabeled
samples have identical 1D spectra regardless the >N decoupling option as shown in Figure 125

for the 40 uM unlabeled ORF3 C20 protein sample.
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Figure 125. Overlay of 1D spectra of 40 uM ORF3 C20 protein with 1>N decoupling in red and without >N decoupling in cyan.
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In the other hand, the 1D spectra of a >N labeled protein differ in the range 6 to 11 ppm where
mainly the backbone proton amides (*HN) are observed. Turning off the *°N decoupling has as a
result the split of the peaks in this range because of the J-coupling effect?®. Figure 126 shows the
overlay of the 1D spectra for the 70uM *°N Tsg101 UEV protein sample using °N decoupling in

red and without in cyan.
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Figure 126. Overlay of 1D spectra of 70 uM >N Tsg101 UEV protein with >N decoupling in red and without >N decoupling in cyan.

To exclude the possibility of the incorrect concentration’ estimation of the unlabeled ORF3 C20
protein stock, a 4-20% SDS-PAGE with increasing volume of ORF3 C20 protein sample used for
recording the NMR spectra (40 uM unlabeled NMR sample) (left) and lysozyme (right) was done
and the bands of the two proteins are compared to each other and with the ones of the molecular
marker with fixed concentration Broad Range Protein Molecular Weight Markers, Promega)

(Figure 127).
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Figure 127. 4-20% SDS-PAGE with increasing volume of ORF3 C20 (left) and lysozyme (right) proteins for concentration’ estimation
with Coomassie blue staining. For the Molecular Weight marker (MW), the Broad Range Protein Molecular Weight Markers
(Promega) is used.

Based on the SDS-PAGE, the concentration of ORF3 C20 sample was in the correct range.
Therefore, the detection of ORF3 C20 protein for second time using different protein stocks is

still inexplicable.

In order to successfully perform the NMR titration experiment, we decided to prepare a *°N, 3C
Tsg101 UEV double-labeled sample and new unlabeled ORF3 C20 protein, record the specific
NMR H, >N IDIS HSQC experiment for each point in order to filter out the detection of the ORF3
C20 protein. Before setting-up the NMR IDIS HSQC experiment and in order to test if the ORF3
C20 protein is detectable again, we record a classical 2D 'H, >N HSQC spectrum for the 70 uM
15N, 13C Tsg101 UEV with 70 uM unlabeled ORF3 C20 sample. Due to the fact that the latter
protein is not detectable, for the NMR titration experiment the classical HSQC spectrum is

obtained for all the titration points.

Figure 128 illustrates the overlay of the 2D H, >N HSQC spectra for all titration points with the
control spectrum (free 70 uM >N, 3C Tsg101 UEV domain) in red and the last titration point (70
UM °N, 13C Tsg101 UEV domain with 160 uM unlabeled ORF3 C20 protein) in blue. In the zoom
panels (magenta cycles), some of the affected peaks Gly65 and Gly100 (left), Lys90, Lys98 and
Lys118 (right) are shown.
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Figure 128. Overlay of 2D 1H, >N HSQC spectra of >N, 13C Tsg101 UEV domain with addition of unlabeled ORF3 C20 protein. Red:
control spectrum without addition of ORF3 C20 protein, pink: 20 uM ORF3 C20, orange: 40 uM ORF3 C20, cyan: 70 uM ORF3 C20,

green: 120 uM ORF3 C20 and blue: 160 uM ORF3 C20 protein.

The overlay of the 2D HSQC spectra of all titration points depicts some peaks that broaden and

then disappear, such as Lys90 and Lys118, few shifted peaks, such as Phe88 and Leulll, few

peaks that have very low intensity in the final titration point, such as Tyr113 and Leul14, and

peaks with slow exchange between free and bound states, such as Gly65, G100 and Lys98.

The Chemical Shift Perturbation (CSP) values for all assigned non-Proline residues of Tsg101 UEV

domain induced by ORF3 C20 protein based on the HSQC spectra are analyzed and shown in

Figure 129 with affected residues are colored accordingly on the Tsg101 UEV domain (PDB ID:

7nlc).
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Figure 129. Chemical Shift Perturbation (CSP) values of all assigned non-Proline residues of Tsg101 UEV domain induced by ORF3
C20 protein. The “empty” bars correspond to the residues that are disappeared with the addition of ORF3 C20 protein, the orange
bars to the shifted peaks, the cyan bars to the slow exchange peaks and the green ones to the peaks with low intensity in the last
titration point. The Proline residues of Tsg101 UEV protein are marked with a star sign. The affected residues are colored on the
Tsg101 UEV domain (PDB ID: 7nic) with red for the disappeared residues, with orange the shifted ones, with cyan the slow
exchange residues and with green color the ones that have low intensity.

The analysis of the NMR data of all titration points with full-length ORF3 C20 protein
demonstrates the direct interaction and the binding site on the Tsg101 UEV domain is located in
the C-terminal as shown in Figure 129 and the color-coded residues. Due to the quick broadening
and disappearance of the affected peaks in the 2D spectra, a titration curve cannot be built and

therefore, the affinity of the interaction cannot be calculated using these NMR data.
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3.4 Isothermal Titration Calorimetry (ITC) experiments

Isothermal Titration Calorimetry (ITC) is a biophysical technique used for the determination of
the thermodynamics parameters of an interaction process between two molecules. The titration
of one molecule placed in the syringe to the other molecule placed in the sample cell results in
the emission or absorption of heat and thus the raw heat pulses are translated to binding
isotherm which provides useful information about the interaction as its affinity, stoichiometry
and thermodynamics?°®. Because of the extreme sensitivity of the technique, the temperature
during the measurement has to be stable and the samples have to be in exactly the same buffer.

The schematic representation of an ITC experiment is shown in Figure 130.
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Figure 130. Schematic representation of an Isothermal Titration Calorimetry (ITC) experiment. (left) The isothermal titration
calorimeter with the syringe (one molecule is placed either small molecule or a protein) and the sample cell (other molecule is
placed that is protein) are shown, (middle) the raw titration thermogram, the heat per unit of time that is released after each
injection, is translated to (right) the binding isotherm which provides the affinity, the stoichiometry and the thermodynamics of
the interaction. (Figure derived from 2bind.com website297).

In this study, the NMR titration data could not be used for the determination of the affinity of
the interaction between ORF3 and Tsg101 UEV due to the quick broadening of the affected peaks.
Therefore, two ITC experiments are performed for further characterization of this interaction.
Before the ITC experiment, both proteins are overnight dialyzed at 4°C using Spectra-Por® Float-
A-Lyzer® G2 MWCO 3.5-5 kDa (1 mL) device in the same buffer containing 50 mM Sodium
Phosphate pH 6.1, 50 mM NaCl. In the first experiment, the Tsg101 UEV domain is placed into
the syringe at 1.2 mM final concentration and is titrated into the full-length ORF3 protein placed
in the sample cell at 100 uM concentration (Figure 131a). In the second experiment, the pepORF3

peptide, designed on the basis of the NMR data, is resuspended with dialysis buffer to a final
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concentration of 1.5 mM, placed in the syringe and then titrated into the sample cell that

contains Tsg101 UEV protein at 100 uM concentration (Figure 131b).
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Figure 131. Isothermal Titration Calorimetry (ITC) experiments for characterization of the human Tsg101 UEV domain and ORF3
protein interaction. (a) Titration of Tsg101 UEV domain (syringe) to the full-length ORF3 protein (sample cell) with calculated Kp
value of 28 uM and a stoichiometry of 1. (b) Titration of pepORF3 peptide (syringe) to the Tsg101 UEV domain (sample cell) with
calculated Kp value of 23 uM and a stoichiometry of 1.

The Kp value is calculated to be 28 uM and 23 uM for the first and the second experiment,
respectively. For both ITC experiments, the stoichiometry is equal to 1 meaning that one
molecule of ORF3 protein interacts with one molecule of Tsgl01 UEV domain. The
thermodynamic ITC data of both experiments reveal hydrogen bonding with unfavorable
hydrophobic interaction and conformational changes as indicated by the negative (favorable)
binding enthalpy (AH) and positive (unfavorable) entropy factor (-TAS). In Figure 132, a graphic
representation of thermodynamic ITC data in three possible binding experiments is shown with

our experimental data represented by (A) binding experiment?%,
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Figure 132. Graphic representation of thermodynamic ITC data, AG values are shown in blue bars, AH in green and -TAS in red
bars in (A) binding with favorable enthalpy, (B) binding with favorable entropy and (C) binding with favorable enthalpy and

entropy. Favorable parameters are represented by negative values while unfavorable by positive values. From Frasca et al.2%,
available under a Creative Commons Attribution License (CC BY 4.0).

The Kp values of both experiments are about the same, which is a clue that the 10-residue
pepORF3 contains all the required elements to establish its proper interaction with Tsg101 UEV.

Therefore, pepORF3 can be used for further study of the interaction.
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3.5 Crystal structure of Tsg101 UEV domain with pepORF3 peptide

In order to get atomic details of the interaction between ORF3 and the Tsg101 UEV domain, the
10-residue ORF3-derived peptide, pepORF3 (°*TSPSAPPLPP!%?), is used in co-crystallization

experiments to obtain crystals of its complex with the human Tsg101 UEV domain.

The co-crystallization of the human Tsg101 UEV domain and the pepORF3 peptide is performed
in two different set of concentrations, 20 mg/mL of Tsg101 UEV domain with 2 mM of pepORF3
and 10 mg/mL of Tsg101 UEV domain with 1 mM of pepORF3. Then, using the CyBio liquid
handling system robot and a sitting-drop setting, five 96-conditions crystallization kits (JCSG+
Suite, Protein Complex Suite, pH Clear Suite, Cryos Suite and AmSQO, Suite), which correspond to
480 different conditions in total, are screened at 21°C for both set of concentrations. After about
10 days, crystals in various conditions are detected, but they are not unique and look like
interleaved crystals meaning the co-crystallization has to be further optimized. In the pH Clear
Suite plate, in the condition of 2.4 M Ammonium sulfate pH 4 with 0.1 M Citric acid and in the
drop of 10 mg/mL Tsg101 UEV with 1 mM pepORF3, big crystals are found. This crystallization
condition was chosen to start the optimization using the hanging-drop setting. To optimize the
crystallization condition, a screening of the Ammonium sulfate concentration from 2 to 3 M and
pH 3.5, 4, 4.5 and 5 is performed. Unfortunately, no crystals were obtained after few days.
However, as at the end of the process a cryoprotectant has to be included in the crystallization
condition (to be able to freeze the crystal), a new optimization screen including a cryo-protectant
reagent, 10 to 15% glycerol, is performed. After few days at 15°C, clear, unique, sharped, well-
defined crystals in many wells for both set of concentrations of the complex were obtained
(Figure 133). The range of the crystallization conditions in which the crystals were obtained is 2-
3 M Ammonium sulfate pH 3.5, 0.1 M Citric acid with 10-15% glycerol. Using different size of
loops and the optical microscope, several crystals from different drops of these crystallization
conditions are selected and freeze with liquid Nitrogen for storage until the collection of the
diffraction data. Several diffraction datasets with high resolution are collected using the Proxima

2a beamline of the SOLEIL synchrotron facility in Saint-Aubin, Paris.
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Figure 133. Crystals of human Tsg101 UEV domain grown in the presence of the pepORF3 peptide.

The next step is to solve the crystal structure and check if the pepORF3 peptide is present in the
asymmetric unit of the crystal. Using the dataset with the highest resolution, corresponding to
the crystal grew in 2 M Ammonium sulfate pH 3.5, 0.1M Citric acid with 13.34% glycerol and 10
mg/mL Tsg101 UEV with 1 mM pepORF3, the X-ray structure of the complex is solved using the
molecular replacement method and PDB ID: 3obgq as atomic model using the CCP4i2 interface?®
of the CCP4 program suite?!°, After several atomic building and refinements steps, using Coot
and Refmac softwares, respectively, the final resolution of the structure is 1.4 A. The solved
structure indeed corresponds to the complex of human Tsgl01 UEV protein with pepORF3
peptide (in red) as shown in Figure 134 and is deposited on Protein Data Bank (PDB) database
under the accession code 7nlc (Table 5). In agreement with the ITC measurements, one molecule

of Tsg101 UEV domain interacts with one molecule of pepORF3 peptide.

/ \\ /\\o(\\’ &= \y’/ i PDB ID: 7nlc
i A é\; (¥4 Sl
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Figure 134. Crystal structure of human Tsg101 UEV domain in presence of HEV pepORF3 peptide in red (PDB ID: 7nlc).
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Table 5. Structure statistics for human Tsg101 UEV domain in complex with HEV pepORF3 peptide (PDB ID: 7nlc).

Space group P41212

Unit-cell parameters
a(A) 426
:((é)) i;’:z Metric Percentile Ranks Value

Resolution (A) 47.04-1.40 Rfree IfjEN I (244

Total observations 35531

Unique reflections 1777 Clashscore NN I I 5

% Data completeness (in resolution range)  99.9 (47.04 - 1.40)

I/a(1) 1.34 (at 1.40 A) Ramachandran outliers NN 0

R (% 229 =

Rf( u)(%] 244 Sidechain outliers I 0.7%
iS4 o

R—}!;‘;:S‘(’Z‘)"a“°"s n— RSRZ outliers S 10.4%
Angles (°) 1791 Worse Better

F..F. correlation 0.96 B Percentile relative 1o all X-ray structures

Total number of atoms 2905 [| Percentile relative to X-ray structures of similar resolution

Average B, all atoms (A?) 27.0

The crystal structure demonstrates more details in atomic level not only for the Tsgl01 UEV
domain, but also for the interaction with pepORF3 peptide. For example, the hydrogen bonds
between the peptide and the residues in the binding site are detected, an information which is
missing from NMR analysis. In addition, solving the crystal structure of the complex, it is shown
that indeed the binding site of the pepORF3 peptide in the Tsg101 UEV domain is the same with
the binding site of “late peptide” of HIV-1 Gag protein on the available structures (PDB ID: 1m4p
and 1m4q)*¢ and (PDB ID: 3obx, 3obqg and 3obu)'*” as well with the binding site of Ebola PTAP
late domain peptide (PDB ID: 4eje). Comparing this crystal structure with each of the known
structures, aligning the backbone atoms of Tsg101 UEV domain, the RMSD is in the range 0.357
to 0.523, which means that the structures do not have big differences (Figure 135). Moreover,
the orientation of pepORF3 peptide in the binding site is the same with the orientation of the
“late peptides” and also there are hydrogen bonds between two specific Tsg1l01 UEV domain
residues, Asn71 and Ser143, with residues of the peptides. Especially, in all structures, Ser143
binds a Proline residue in the C-terminal region of the peptides, in position 6, via a hydrogen

bond, as shown in Figure 135 with yellow dashed lines.
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PDB ID: 30bq PDB ID: 3obu
HRS PSAP peptide: PTPSAPVPL HIV-1 PTAP peptide: PEPTAPPEE

Figure 135. Comparison of crystal structures of human Tsg101 UEV in complex with “late peptides”. Alignment of the backbone
atoms of the Tsg101 UEV domain with HEV pepORF3 peptide in cyan (PDB ID: 7nic) with the ones with HRS PSAP peptide in green
(PBD ID: 30bq)**” and with the ones with HIV-1 PTAP peptide in orange (PDB ID: 30bu)!4’. The yellow dashed lines correspond to
the hydrogen bond of Ser143 of human Tsg101 UEV protein with Pro residue in position 6.

The binding site in which the pepORF3 peptide is located is a groove at the protein surface (Figure
136a). To break this kind of interaction it is much more difficult than in a usual protein-protein
interaction involving a pocket binding site. Our high-resolution crystallographic structure of the
Tsgl101 UEV-pepORF3 complex could be used for the sake of new HEV inhibitors development.
Indeed, specific compound(s) that can interfere with the Tsg101 UEV domain-ORF3 interaction

and ultimately prevent the release of new virions from the infected cell need to be identified.

Looking closer to the solved crystal structure and Figure 136, there are two binding sites on the
Tsg101 UEV domain that are very close, but also, non-overlapping. The groove in which the
pepORF3 peptide is located (Figure 136a) and the ubiquitin binding site which is a binding pocket
(PDB ID: 1s1q)** (Figure 136b). Also, a solution-state NMR structural ensemble of Tsg101 UEV
domain in complex with tenatoprazole compound, an inhibitor drug candidate, shows that the

latter binds in ubiquitin binding site though a disulfide bond with Cys73 of the protein (PBD ID:
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5vkg). This drug proved to interfere with the early HIV-1 assembly, independently of its
interaction with the HIV-1 Gag PTAP late domain®*. In addition, Leis et al. published a paper last
year showing that tenatoprazole and the more potent related prazole drug, ilaprazole, effectively
block the release of HIV-1 and Herpes Simplex Virus (HSV) 1/ 2 infectious particles from infected
cells in culture®>. Regarding HEV infection, this class of molecules need to be further

investigated.

a b

93TSPSAPPLPP102

pepORF3
PDB ID: 7nlc PDB ID: 1s1q PDB ID: 5vkg

Figure 136. Binding sites of human Tsg101 UEV domain. (a) Crystal structure of Tsg101 UEV domain in presence of pepORF3
peptide in purple (PDB ID: 7nlc), (b) Crystal structure of Tsg101 UEV domain in complex with ubiquitin in red (PDB ID: 1s1q)*4>, (c)
Solution-state NMR structural ensemble of Tsg101 UEV domain in complex with tenatoprazole in yellow (PBD ID: 5vkg)*>*.
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3.6 Assay development for drug screening

Our high-resolution crystallographic structure of the Tsg101 UEV-pepORF3 complex (PDB: 7nic)
could be used for the sake of new HEV inhibitors development. Indeed, specific compound(s) that
can interfere with the Tsg101 UEV domain-ORF3 interaction and ultimately prevent the release

of new virions from the infected cell need to be identified.

As mentioned above, the peptide is located in a groove at the Tsg101 UEV surface which is very
close, but non-overlapped to the ubiquitin binding pocket. To break this kind of the interaction
and therefore block the release of new virions from the cell, is much more difficult than a usual
protein-protein interaction in a pocket binding site. In order to find specific compound(s) which
would only interfere with the Tsg101 UEV domain-ORF3 interaction, a high-throughput screening
has to be performed. Due to the existence of two binding sites on the Tsg1l01 UEV domain, the
screening procedure has to rely on a methodology that ascertain the targeting of the ORF3
binding groove and not the ubiquitin binding pocket. Solution-state NMR spectroscopy, using the
NMR assignment of Tsg101 UEV, it will allow the direct identification of the binding site of the
compounds, but it is not suited for a high-throughput screening. The other option is to use a

competition assay with the displacement of the pepORF3 peptide from the Tsg101 UEV.

For this goal, we first developed a fluorescence polarization (FP) assay, in which we can monitor
the displacement of a fluorescent-ORF3-derived peptide. Due to the potential autofluorescence
of some compounds in the high-throughput screening, an experimental assay relying on

Homogeneous Time Resolved Fluorescence (HTRF) technology was then considered.
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3.6.1 Fluorescence Polarization of Tsgl01 UEV domain with FITC-pepORF3 peptide —

Titration and Competition Assays

In order to develop a fluorescence polarization (FP)-based competition assay, we take advantage
of our crystallographic structure of the complex and we chose the minimal ORF3-derived peptide
that can bind Tsg101 UEV, corresponding to the %*SPSAPPLP1%2 ORF3 sequence. This peptide has
been synthesized (GeneCust) with a fluorescent probe (FITC) at its N-terminus giving the FI-
pepORF3 peptide (FITC-SPSAPPLP). The FP technique is based on the detection of polarized light
of a fluorescent small molecule which is inversely proportional to its tumbling rate?!. When the
fluorescent molecule is bound by a larger molecule, as a protein, its molecular tumbling rate
decrease and thus the polarization of the light emitted is increased. First, we checked if this
experimental setting can be used to monitor the interaction between Tsg101 UEV and the small
Fl-pepORF3 peptide. Using either a 25 uM or 2.5 uM Fl-pepORF3 concentration, increasing
concentrations of Tsg101 UEV protein in 1X PBS buffer (2-fold dilutions with initial concentration
at 500 uM, 14 points) were added in a final reaction volume of 30 pL using a 384-well plate. The
fluorescence is measured using a PHERAstar microplate-reader (BMG labtech) equipped with a
FITC excitation and emission filter (FITC excitation max at 490 nm and FITC emission max 525
nm). Figure 137 illustrates the data obtained and shows that indeed we are able to monitor the
interaction between Tsgl01 UEV and the Fl-pepORF3 peptide using FP assay. Then, a 1:1
molecular interaction equation is used to fit the experimental points and to calculate the
dissociation constant (Kp) of the interaction. Both assays with 25 uM and 2.5 uM Fl-pepORF3
peptide give similar Kp values 27.4 uM and 28.9 uM, respectively. These values are in the same
range that the ones obtained using ITC experiments, 28 uM and 23 uM for full-length ORF3 and
pepORF3, respectively. This means that the smaller peptide sequence is still sufficient to interact

with Tsg101 UEV and that the fluorescent probe does not interfere with the interaction.
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Figure 137. Fluorescence polarization plots and their analysis of (a) 25 uM and (b) 2.5 uM Fl-pepORF3 peptide with increasing
concentration of Tsg101 UEV protein performed using PHERAstar microplate-reader (BMG labtech).

Next, in order to reduce the amount of the Fl-pepORF3 peptide used, we repeated the former
titration experiment with lower Fl-pepORF3 concentrations, from 2 uM to 1.25 nM. To keep a
good signal to noise ratio the concentration of 100 nM is found to be suitable. The titration curve
for 100 nM Fl-pepORF3 peptide with increasing concentration of Tsgl01 UEV domain and same

titration points is shown in Figure 138.
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Figure 138. Fluorescence polarization plot of 100 nM Fl-pepORF3 peptide with increasing concentration of Tsg101 UEV protein
performed using PHERAstar microplate-reader (BMG labtech).

Proving that the FP assay is working and obtained the same affinity data with Fl-pepORF3 peptide
in several concentrations we started the competition assay. We choose a concentration of 100
nM for the fluorescent Fl-pepORF3 peptide and a concentration of 150 uM for Tsg101 UEV
protein. This corresponds to roughly 80% of the peptide in the bound state. Using this setting,
we performed several competition assays. To validate the competition assay, we first used the

unlabeled pepORF3 peptide to compete with the FI-pepORF3 peptide.

Having the concentration of Tsg101 UEV domain and Fl-pepORF3 peptide constant, the unlabeled
pepORF3 peptide is added in the reaction with initial concentration at 500 uM and 2-fold dilution
with 14 points are prepared and the polarization of the fluorescent peptide is recorded. Figure
139 depicts the decrease of the fluorescent polarization upon the addition of the unlabeled
peptide signifying its competition with the FITC peptide and it scoops the FI-pepORF3 out of the
Tsg101 UEV groove. This result proves that the fluorescence polarization assay is suitable for a
screening of compounds that can interfere with the interaction between Tsg101 UEV and ORF3

proteins.

214



100nM Fl-pepORF3 - 150uM Tsg101 UEV
Inhibition pepORF3
150

1oo-®®<1><1><l><1>®<1>¢4><}

FP (mP)

50 - o

0 T T el T T T T T T T T T T LA |
0.1 1 10 100 1000

pepORF3 (uM)

Figure 139. Fluorescence polarization plot of 100 nM Fl-pepORF3 peptide with 150 uM Tsg101 UEV protein and increasing
concentration of unlabeled peptide pepORF3 performed using PHERAstar microplate-reader (BMG labtech).

In order to screen the Fr-PPIChem library, a library of compounds which is dedicated to target
protein-protein interactions and contains 10.3 thousand compounds, a collaboration with Carine
Derviaux and Xavier Morelli, leaders of the HiTS/IPCdd platform in Marseille Cancer Research
Center, is started. Whereas the FP assay has been validated and is suitable for high-throughput
screening purpose it suffers from potential false positive identifications in case of
autofluorescence of the compounds tested. We thus agree to test another assay, the

Homogeneous Time Resolved Fluorescence (HTRF) technology.
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3.6.2 Homogeneous Time Resolved Fluorescence (HTRF) technology

The Homogeneous Time Resolved Fluorescence (HTRF) technology is based on the fluorescence
resonance energy transfer (FRET) principle which involves a fluorescent donor and a fluorescent
acceptor and measures the transferred energy between them based on their spatial proximity

(Figure 140)%2,
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Figure 140. Principle of fluorescence resonance energy transfer (FRET) technology. The spatial proximity of fluorescent donor and
acceptor generates a FRET signal (in red). From Degorce et al.?12, available under a Creative Commons Attribution License (CC BY
2.5).

For this purpose, the Tsg101 UEV FLAG-tag construct with an extra Flag-tag (DYKDDDDK) in the
N-terminal is designed and an ORF3 peptide with a biotin in N-terminal, Biotin-GSTSPSAPPLPP,
biotin-pepORF3, is designed and then synthesized by GeneCust.

The Tsg101 UEV FLAG-tag protein is first purified using Ni-affinity chromatography, the 6xHis-tag
is cleaved by TEV protease, both the cleaved his-tag and the TEV protease are removed from
Tsgl01 UEV FLAG-tag using a HisTrap column. The latter is further purified by HiLoad 16/600

Superdex 75 pg (Cytiva) size exclusion column. Figure 141 illustrates the SEC chromatogram
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monitoring using the 280 nm absorbance curve (a) and the 4-20% SDS-PAGE with the SEC

fractions (b).

b &
AU &

30081‘ e & & )
{ S of 57 a7 a7 oy
| kDa
‘ 116.0 Wy
| ™\

\ \
: [ )
| | | ~ 66.2

1500 | T-E-L g A '
| “ | = Sg Sé i 70 - 72 7; i 7; E 7; i 80 450

1000 | ‘ k
| ‘ | 35.0 %
| 1
| |

' l‘ \ Qo 25.0 %
| | \ £
J \
0| PP I R V Y R TP S g £ T T e - T S WL 18.4
€| 1| (48] Teb] |eF| 4] [4b] TR (6] |ed] Tua[ ] w3 Tl 10T 18] Tt ] 0 2
t et el G I M aat I A e e = W -
0 40 60 8 100 120 140

Figure 141. (a) Chromatogram of SEC purification of Tsg101 UEV FLAG-tag using HiLoad 16/600 Superdex 75 pg column monitoring
using the 280 nm absorbance curve. (b) 4-20% SDS-PAGE with fractions collected in the SEC purifications (a) with Coomassie
staining.

The concentrated Tsgl01 UEV FLAG-tag protein and the biotin-pepORF3 are then sent to the
HiTS/IPCdd platform in Marseille. Using streptavidin for the peptide and an antibody for the Flag-
tag which both carry a fluorescence probe, they first test the system, but unfortunately, they
could not detect any signal. In order to exclude the possibility that either the Flag-tag in Tsg101
UEV or the biotin moiety on the ORF3 peptide interfere with the interaction a four-point titration
experiment using NMR Spectroscopy is performed using these 2 molecules. A 100 uM *°N Tsg101
UEV FLAG-tag labeled protein in NMR buffer containing DMSO (50 mM Sodium Phosphate pH
6.1, 50 mM NaCl, 0.1 mM EDTA, 2.67% DMSO) is mixed with 20, 50, 100 and 400 pM of biotin-
pepORF3 peptide. For each point, a sample with the appropriate amount of protein and peptide
is placed in a 3 mm tube with 200 pL total volume and a 2D H, >N HSQC spectrum is recorded
at 293K on 900 MHz Spectrometer. In Figure 142, the overlay of the 2D HSQC spectra of °N
Tsg101 UEV FLAG-tag with and without the biotin-pepORF3 peptide in ratio 1:1 (a) is compared
with the corresponding ones of °N Tsg101 UEV domain with and without unlabeled ORF3 C20

protein in ratio 1:1 (b). The blue arrows indicate the affected peaks which are the same in both

experiments. Therefore, the new constructs do not disrupt the interaction.
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Figure 142. (a) Overlay of 2D 1H, 1N HSQC spectra of 1°N Tsg101 UEV domain without (in red) and with (in cyan) unlabeled ORF3
C20 protein in ratio 1:1. (b) Overlay of 2D H, >N HSQC spectra of 1°N Tsg101 UEV FLAG-tag domain without (in red) and with (in
cyan) biotin-pepORF3 peptide in ratio 1:1. The blue arrows indicate the affected peaks which are the same in both (a) and (b)

experiments.

A possible explanation for the negative HTRF results is that the anti-Flag antibody, once bound

to the N-terminal Flag sequence in Tsg101 UEV FLAG-tag, may interfere with the interaction with

the biotin-pepORF3 peptide, as a consequence of steric hinderance. To overcome this, we plan

to use another Tsg101 UEV protein that this time is fused, at its N-terminus, to a GST protein. The

GST being much larger than the Flag-tag peptide, an anti-GST antibody may not interfere with

the interaction studied. As mentioned in the Material and Methods section, the protein construct

does not contain any cleavage site and therefore it is purified in two steps using an affinity GSTrap

(Cytiva) column and a HiLload 16/600 Superdex 75 pg (Cytiva) size exclusion column. The

concentrated protein has been recently sent to Marseille and the HTRF experiments have to be

done.
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3.7 Study of interference of the prazole drugs with the ORF3-Tsg101 UEV interaction

As mentioned above, recent data in the literature have shown that prazole-based compounds,
tenatoprazole and ilaprazole, are bound in the ubiquitin binding site of Tsg1l01 UEV domain
resulting the blockade of the release of infectious HIV-1 from cells in culture without disruption
of PTAP binding activity!®* and infectious Herpes Simplex Virus (HSV)-1/2 release from Vero cells
in culture'®. A solution-state NMR structural ensemble of Tsg101 UEV domain in complex with

tenatoprazole compound is also available (PBD ID: 5vkg)*>*.

Therefore, we wondered if prazole-based compounds could interfere with the Tsgl01 UEV
domain-ORF3 interaction. For this purpose, we conducted Thermal Shift Assay (TSA), NMR
Spectroscopy and fluorescence polarization (FP) experiments, and the results are described

below.

3.7.1 Thermal Shift Assay (TSA) of Tsg101 UEV domain with pepORF3 peptide and prazole

drugs, ilaprazole sodium and tenatoprazole

The Thermal Shift Assay (TSA) technique was used to detect any difference in the thermal stability
of the Tsg101 UEV domain first in presence of pepORF3 peptide and using this information to

study the effect with prazole drugs, tenatoprazole and ilaprazole sodium.

This technique is based on the differential scanning fluorimetry (DSF) measuring the fluorescence
of SYPRO Orange dye (Thermo Fisher Scientific) during the denaturation of the protein while the
fluorophore binds to the exposed hydrophobic surfaces. The melting temperature of the protein
(Tm) is determined from the fitted curve and is the temperature at which 50% of the protein

denaturation is occurred?!3. The principal of Thermal Shift Assay is shown in Figure 143,
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Figure 143. Principal of Thermal Shift Assay (TSA) using SYPRO orange dye. (Figure derived from website?4).
The TSA experiments are performed with the LightCycler® 480 white Multiwell Plate 96 (Roche)
device located at Pasteur Institute under the guidance of Adrien Herledan. First, the optimal
conditions, the concentration of the protein and the SYPRO orange dye as well the buffer, were
determined to be 10 uM, 10X and TSA Buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, 1mM
EDTA, respectively. The melting temperature of Tsg1l01 UEV protein alone is calculated around

69°C using the LightCycler Thermal Shift Analysis software v2.0%'> (Figure 144).

s 10uMTsg101 UEV protein o
= 10X SYPRO orange dye

s

Figure 144. Thermal Shift Assay (TSA) curves for 10 uM Tsg101 UEV protein with 10X SYPRO orange dye in TSA Buffer (20 mM Tris
pH 7.5, 50 mM NaCl, ImM EDTA).

After determination of the melting temperature of Tsgl01 UEV protein, the effect of HEV
pepORF3 peptide, tenatoprazole and ilaprazole sodium in protein stability is studied. In general,
an increase of the melting temperature means the increase of the stability of the protein bound

to the molecule while the shift in lower temperatures means the protein destabilization. Before
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studying the interference of prazole compounds with ORF3 protein, in this case with HEV
pepORF3 peptide because of the disordered nature of the protein, the melting temperature of
Tsgl101 UEV protein in presence of each molecule is determined. A TSA experiment of 10 uM
Tsgl01 UEV protein with 10X SYPRO orange dye and 0, 7.5 and 20 uM pepORF3 peptide,
ilaprazole sodium and tenatoprazole in TSA Buffer (20 mM Tris pH 7.5, 50 mM NaCl, 1mM EDTA)
is performed as shown in Figure 145. The presence of pepORF3 peptide does not cause any
change to the TSA curves and thus in the melting temperature of Tsgl01 UEV protein. For
ilaprazole sodium and tenatoprazole, there is a clear shift of the Tm peak at ~56°C and ~60°C,
respectively, and the presence of two peaks at 20 uM of the molecule, as previously described in
literature!>. Due to the non-effect of melting temperature of Tsg101 UEV protein in presence of
pepORF3 peptide, the interference with prazole compounds could not be further studied using

this technique.

pepORF3 peptide

ilaprazole sodium

OuM

7.5uM

tenatoprazole

Figure 145. Thermal Shift Assay (TSA) curves for 10 uM Tsg101 UEV protein with 10X SYPRO orange dye and 0, 7.5 and 20 uM
pepORF3 peptide, ilaprazole sodium and tenatoprazole in TSA Buffer (20 mM Tris pH 7.5, 50 mM NaCl, ImM EDTA).
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3.7.2 NMR study of **N Tsgl101 UEV domain in presence of unlabeled ORF3 C20 protein,

ilaprazole sodium and both.

Due to a lack of useful TSA results, the next technique used for the detection of the interference

of the ilaprazole to the Tsgl01 UEV domain-ORF3 protein interaction is solution-state NMR

Spectroscopy. The ilaprazole compound is selected for NMR study because it is more potent than

tenatoprazole regarding the in vitro binding properties!®>.

A 100 uM N, 13C Tsg101 UEV protein sample in NMR Buffer (50 mM Sodium Phosphate pH 6.1,

50 mM NaCl, 0.1 mM EDTA) placed in 5 mm tube is used to record 2D 'H, >N HSQC spectra at

293K on 900 MHz Spectrometer. Apart from the control spectrum (in red), 2D HSQC spectra are

recorded for the labeled Tsg101 UEV domain with 100 uM unlabeled ORF3 C20 protein (in cyan),

with 500 uM ilaprazole sodium (in green) and with both 100 uM unlabeled ORF3 C20 protein and

500 uM ilaprazole sodium (in blue). The overlay of the four 2D spectra is shown in Figure 146.

@ control

100 uM ORF3 C20
@ 500 uM ilaprazole sodium
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Figure 146. Overlay of 2D 1H, >N HSQC spectra of 100 uM >N, 13C Tsg101 UEV domain (in red), with 100 uM unlabeled ORF3 C20
protein (in cyan), with 500 uM ilaprazole sodium (in green) and with both 100 uM unlabeled ORF3 C20 protein and 500 uM

ilaprazole sodium (in blue).
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The analysis of the Chemical Shift Perturbations (CSP) values for all assigned non-Proline residues
of Tsg101 UEV domain induced by ORF3 C20 protein (panel a), by ilaprazole sodium (panel b) and

ORF3 C20 protein and ilaprazole sodium (panel c) are shown in Figure 147.
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Figure 147. Chemical Shift Perturbation (CSP) values of all residues non-Prolines of Tsg101 UEV domain induced by ORF3 C20 (a)
protein, by ilaprazole sodium (b) and by ORF3 C20 protein and ilaprazole sodium (c). The “empty” bars correspond to the residues
that are disappeared. The Proline residues and unassigned Asn45 were not considered in the analysis.

Based on the HSQC spectra and CSP analysis for all experiments, both ORF3 C20 protein (as shown

in the previous chapter) and ilaprazole sodium interact directly with Tsgl01 UEV domain. The
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overlay of HSQC spectra shows that some peaks, such as Lys98 and Gly100 in the zoomed panels,
are affected with the addition of either ORF3 C20 protein or ilaprazole sodium, but the direction
of the these shifted peaks is completely different. Comparing the CSP values, the affected
residues when ORF3 C20 is added (Figure 147, panel a) and the ones in presence of ilaprazole
sodium (Figure 147, panel b) are different as expected because they bind in different binding
sites. In the experiment in which both components are added, the affected peaks are a
combination of the ones in the previous experiments when only one component is present.
Therefore, the ilaprazole sodium seems that it does not interfere with the Tsg101 UEV-ORF3

interaction.
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FP (mP)

3.7.3 Fluorescence Polarization of Tsgl01 UEV domain with FITC-pepORF3 peptide —

Competition Assays

Using the developed fluorescence polarization assay described above, competition assays with
ilaprazole and tenatoprazole which both bind to the ubiquitin binding site of Tsg101 UEV in order
to clarify if these molecules interfere with the Tsgl01 UEV domain-ORF3 interaction are
performed. The increasing concentration of the prazole-based compounds does not affect the

fluorescence polarization of the FITC peptide as shown in Figure 148.

100nM Fl-pepORF3 - 150uM Tsg101 UEV 100nM Fl-pepORF3 — 150uM Tsg101 UEV
150 - 150 -
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Figure 148. Fluorescence polarization plot of 100 nM Fl-pepORF3 peptide with 150 uM Tsg101 UEV protein and increasing
concentration of (a) ilaprazole sodium and (b) tenatoprazole performed using PHERAstar microplate-reader (BMG labtech).

To conclude, the prazole-based drugs do not disrupt the Tsgl01 UEV interaction with ORF3

protein.

Therefore, if it is shown that prazole drugs may be efficient against HEV infection it is highly

probable that it will not due to the disruption of the Tsg101 UEV-ORF3 interaction.
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Conclusions & Perspectives

Hepatitis E Virus (HEV) is the most common cause of acute viral hepatitis and represents a public
health problem which is constantly growing around the world. It is a small, icosahedral virus
which contains a ~7.2 kb positive-sense, single-stranded RNA genome which comprises three
open reading frames, ORF1, ORF2 and ORF3. ORF1 encodes a non-structural polyprotein that
includes multiple functional domains responsible for the replication of the viral genome. ORF2
encodes the viral capsid protein that assembles to make the viral particles. ORF3 encodes a small
regulatory multifunctional protein which is poorly characterized. Previous studies have shown
that ORF3 is mainly involved in the release of the infectious viral particles and interacts with other
viral and host proteins inside the cell, but also it is associated with the cellular membranes. This
study focuses in the first detailed molecular characterization of the ORF3 protein in order to
decipher its functional role(s) during the HEV life cycle using multiple biophysical techniques,

including NMR spectroscopy, Isothermal Titration Calorimetry (ITC) and X-ray crystallography.

In this study, the HEV Genotype 3 ORF3 sequence, found mainly in developed countries and that
infects humans by consuming of uncooked or undercooked meat from infected animals, is used.
Analyzing the protein sequence, two hydrophobic domains in the N-terminal, one cysteine-rich

186 are identified.

and one predicted to be transmembrane using the online TMHMM v2.0 server
The palmitoylation of one or multiple cysteine residues located on the cysteine-rich region results
to the protein anchoring to the membrane based on the Gouttenoire et alf?. On the other hand,
Ding et al proposed a transmembrane insertion of ORF3 protein and its oligomerization that
forms an ion channel correlating the ORF3 function with a viroporin function®!. In addition, the
C-terminal region contains many proline residues and is predicted to be disordered using the
online GeneSilico MetaDisorder server®’, The C-terminal region also contains a PSAP motif which
is closed to the PTAP motif found in other viruses and through this motif they interact with the
Ubiquitin E2 Variant (UEV) domain of human tumor susceptibility gene 101 (Tsg101) protein,
essential protein for the viral secretion. Although different constructs are designed and studied,

the ORF3 C20 in which all Cysteines are mutated to Serine except of Cysteine in position 20 of

the protein sequence is the most characterized protein in this study.
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The final optimum purification protocol for ORF3 protein contains the following steps, the cell
lysis, the pellet resuspension with denaturing buffer (6M Urea), the Ni?*-affinity chromatography
followed by Reverse Phase chromatography and finally the dialysis and concentration of the
protein fractions. Because of the lack of the aromatic residues in the ORF3 protein sequence, the
monitoring of the purification is done using the unspecific 215 nm wavelength and the
concentration estimation in the final purification step is determined combining the results of a
4-20% SDS-PAGE with increasing volume of ORF3 sample and Bradford assay estimation using
the calibration curve specifically built for ORF3 protein. Regarding the ORF3 constructs, the ORF3
C8A protein had good expression, but it was soluble only in presence of detergent (2% octyl-B-D-
glucopyranoside, B-OG) and therefore it was not further studied. The ORF3 C8S protein had good
expression, but it was used only as template for designing the mutant ORF3 C20. The latter, the
His-ORF3 C20, ORF3 Cter and the ORF3 WT had high expression yields and are further

characterized by NMR spectroscopy.

First, the 2D H, >N HSQC spectrum of ORF3 Cter protein has a narrow dispersion in its proton
dimension and it is the first experimental evidence that the C-terminal region of the protein is
disordered. The backbone and proline assignments of ORF3 Cter protein were obtained by

recording 2D and 3D NMR spectra.

Next, the 2D 'H, >N HSQC spectrum of ORF3 C20 protein has also a narrow dispersion in its
proton dimension and thus, it suggests that the full-length ORF3 C20 protein is mainly disordered
without excluding the possibility of the presence of low-populated helical segments. The analysis
of the experimental NMR data using the Secondary Structure Propensities (SSP) and the overall
low score for all residues is further evidence of the disordered nature of the ORF3 protein. The
same conclusion is obtained after recording the °N relaxation experiments for ORF3 C20 protein.
Moreover, as the 2D 'H, >N HSQC spectrum of ORF3 Cter overlaps with the one of ORF3-C20 it
means that the presence of the N-terminal part of ORF3 does not affect the in-solution

conformation of its C-terminal half.

The 2D H, >N HSQC spectrum of ORF3 WT protein has a narrow dispersion in the proton

dimension as the one of ORF3 C20 construct concluding that ORF3 WT protein is mainly
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disordered as expected. The backbone assignments of this construct were obtained by recording
two set of 3D data, 3D HNCO and HNCACB spectra, combining with the corresponding ones of
ORF3 C20 protein and then transferring to the HSQC spectrum of ORF3 WT protein. The
comparison of the 2D H, >N HSQC spectra of ORF3 C20 and ORF3 WT showed that even if few
chemical shift perturbations were observed, it is expected as 7 serine residues were changed into
cysteine residues, most of the NMR resonances are similar. This emphasizes that ORF3 C20 is a

good experimental model that mostly mimics the in-solution behavior of ORF3 WT.

The analysis of the experimental NMR 13C chemical shifts confirms the disordered nature of ORF3.
This small HEV protein thus corresponds to a dynamic ensemble of interconverting conformers.
Based on the NMR data, no helical tendency was found for the ORF3 region (residues 30-52) that

has been proposed (and predicted) to be transmembrane.

Regarding the membrane anchoring of ORF3 protein, we tried to get biophysical and biochemical
data on the two anchoring modes that have been proposed in the literature: the ORF3
transmembrane oligomerization model®! and the model of ORF3 protein association via post-
translational modification (palmitoylation)®2. To this end, we used the ORF3 C20 construct that
contains a unique cysteine residue and Nanodiscs that mimic the membrane as it is a lipid bilayer
stabilized by two copies of membrane-scaffolding proteins (MSP). Regarding the transmembrane
hypothesis we fail to obtain Nanodiscs with ORF3 embedded. We had issues with the ORF3
solubility in the presence of the sodium cholate, of the amphiphilic MSP protein and even of the
Bio-beads SM-2. This issue was the reason that the transmembrane insertion approach cannot
be studied using the Nanodisc technology. An additional experiment to study this approach and
simultaneously the oligomerization state was the preparation of liposomes using E. coli polar lipid
extract, mix them with ORF3 C20 protein and check with native PAGE analysis. Unfortunately, no
band could be detected in native PAGE without a reasonable explanation. These negative results

blocked the investigation on the transmembrane oligomerization approach in this study.

Regarding the second hypothesis, the ORF3 membrane association via its palmitoylation on
cysteine resdues®?, we used a two-step procedure: a formation of “empty” Nanodiscs and then

the attachment of ORF3 C20 protein. A prerequisite for the second step is the existence of
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modified lipids on the “empty” NDs which in this study correspond to the PE-MCC and DGS-
NTA(Ni) modified lipids. PE-MCC is expected to make a covalent link with the ORC3 C20 cysteine
side chain, whereas DGS-NTA(Ni) is intended to bind the 6xHis-tag of His-ORF3 C20 protein. Only
with DGS-NTA(Ni) modified lipids we managed to get His-ORF3 C20 protein bound to Nanodiscs,
but the NMR experiment could not provide a reliable conclusion due to the existence of extra
unknown peaks on the 2D HSQC spectrum. This point has to be solved before we can get reliable
NMR results on the membrane attachment of ORF3. In addition, it is worth to try again the
attachment of ORF3 C20 in the PE-MCC modified lipids testing different buffer conditions and
lipid ratio which could help the interaction of the maleimide group of the lipid with the thiol

group of the Cys20 of the protein.

Finally, we bring experimental evidence that HEV ORF3 binds the human Tsg101 UEV domain in
a direct manner. Moreover, we performed an in-depth molecular characterization of this
interaction using different biophysical tools. The backbone (including proline) assignments of the
human Tsg101 UEV domain in apo-state are obtained and deposited in the Biological Magnetic
Resonance Data Bank (BMRB) under accession code 50765. Using the ORF3 and Tsg101 UEV NMR
assignments we identified, at a per residue level, the binding site in each protein. In Tsg101 UEV
the binding site is similar to the one previously described for the binding of late domains from
HIV-1 or Ebola, whereas in ORF3 the binding site encompasses the *°PSAP% |ate domain
sequence. Both the stoichiometry (1:1) and the affinity (Kp ~25 uM) of the interaction between
ORF3 and Tsg101 UEV were obtained using ITC. Both NMR and ITC data allowed the identification
of a 10-mers ORF3-derived peptide, pepORF3 (*3TSPSAPPLPP2 from ORF3 protein sequence),
that binds Tsg101 UEV with the same characteristics. Further characterization of the interaction
was achieved by solving the crystal structure of the complex between human Tsg101 UEV domain
and pepORF3 at 1.4 A resolution. pepORF3 binds in a groove at the surface of Tsg101 UEV which
is located next to the ubiquitin binding pocket of the protein, in which also prazole-based
compounds have been shown to bind. With the goal of finding small molecules compounds that
target the ORF3-Tsg101 interaction and further block the release of the infectious virions from
infected cells, we developed a fluorescence polarization (FP) assay, compatible with high-

throughput screening, in which we can monitor the displacement of a fluorescent-ORF3-derived
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peptide. Another experimental assay, relying on Homogeneous Time Resolved Fluorescence
(HTRF), has also been considered in order to overcome potential issue with the autofluorescence
of some compounds and has still to be further improved before starting the high-throughput

screening of compounds.

Recent data in the literature have shown that prazole-based compounds, such as tenatoprazole
and ilaprazole, are bound in the ubiquitin binding site of Tsgl01 UEV domain resulting the
blockade of the release of infectious HIV from cells in culture without disruption of PTAP binding
activity'®* and infectious Herpes Simplex Virus (HSV)-1/2 release from Vero cells in culture®. In
this study, we wondered if prazole-based compounds could interfere with the Tsgl01 UEV
domain-ORF3 interaction. Both NMR spectroscopy and fluorescence polarization (FP)
experiments have shown that the prazole compounds do not affect the Tsgl01 UEV domain-
ORF3 interaction. Nevertheless, as the prazole and ORF3 binding sites in Tsg101 UEV are close to
each other, this is an interesting feature that could be further exploited to design new anti-HEV

antivirals.

The NMR and biochemical tools that have been developed along this work could now be used to
study others interactions involving HEV ORF3 protein in order to get a broader view of its

multifunctionality.
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3CLpro SARS-CoV-2 project

Apart from the HEV ORF3 project presented in this study, | also contributed to another scientific
project. Since the beginning of the Covid19 pandemic, a Task-force including several research
laboratories from the Pasteur Institute of Lille has been created to help finding potent solutions
to fight against the newly emerging coronavirus SARS-CoV-2. Our Integrative Structural Biology
group, in collaboration with the U1177 unit “Drugs & Molecules for Living Systems” (Prof. B.
Deprez and Dr J. Charton) and the U1019-UMR9017 unit “Center for Infection and Immunity of
Lille” (Dr. J. Dubuisson and Dr. S. Belouzard), is involved in a project that aim to find potent
inhibitor(s) of the Main Protease (3CLpro) of the SARS-Cov-2, a viral enzyme that is essential to
the virus life cycle. Our laboratory received a financial support from I-SITE ULNE (project
3CLPROSCREEN), the CPER CTRL (Transdisciplinary Research Center on Longevity) program, and
the Pasteur Institute of Lille. The project is still ongoing and its scope has been expanded toward

the discovery of pan-coronaviruses inhibitors.

In our laboratory, the initial objectives were: 1/ to express in a recombinant way and purify a
unique batch of the SARS-CoV-2 3CLp enzyme that should be sufficient to perform a high-
throughput screening with ~90,000 molecules; 2/ to use solution-state NMR spectroscopy to get
information on 3CLp (that was never achieved before on any coronavirus); 3/ to perform an NMR-
based fragment screening on SARS-CoV-2 3CLp to start the de novo design of an inhibitor; 4/ to

use X-ray crystallography to support the medicinal chemistry.

From May 2020, in this project, | was involved in the 3CLp protein production as well the
crystallization assays of 3CLp with different molecules. Especially, | prepared unlabeled and
isotopically labeled protein samples of 3CLp protease WT and two point-mutations (G11A and
R298A) monomeric mutants. The labeled samples were used for NMR Spectroscopy studies,
particularly for obtaining the chemical shift backbone assignments for 3CLp WT protein and
performing interaction experiments with different molecules. In addition, using a two-step NMR-
based fragment screening, we identified 38 molecular fragments that binds SARS-CoV-2 in three

different binding sites. The best fragment (FO1), without optimization, has been shown to have
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some antiviral properties in an infected cells culture model. The high-resolution crystal structure
of the complex 3CLp:FO1 has been solved to get the molecular details of its binding in the active

site of the protease. This information is still use to optimize the potency of FO1 derivatives.

Actually, we mainly support the lab of medicinal chemistry by solving crystal structures of the
SARS-CoV-2 3CLp in complex with either FO1-derived molecules or compounds that have been
identified in the HTS enzymatic screening. We also express and purify Main Protease from other
coronaviruses, such as MERS-CoV and h229E-CoV, to help the development of pan-coronavirus

inhibitors.

Our results are included in the two scientific articles presented in the Annex 2. The first one is
published on Angewandte Chemie International Edition, titled “NMR spectroscopy of the main
protease of SARS-CoV-2 and fragment-based screening identify three protein hotspots and an
antiviral fragment.”, by Cantrelle FX, Boll E, Brier L, Moschidi D, Belouzard S, Landry V, Leroux F,
Dewitte F, Landrieu I, Dubuisson J, Deprez B, Charton J and Hanoulle X, in which | am second
author. The second one published on European Journal of Medicinal Chemistry journal with title
“Novel dithiocarbamates selectively inhibit 3CL protease of SARS-CoV-2 and other
coronaviruses”, by Brier L, Hassan H, Hanoulle X, Landry V, Moschidi D, Desmarets L, Rouillé Y,
Dumont J, Herledan A, Warenghem S, Piveteau C, Carré P, Ikherbane S, Cantrelle FX, Dupré E,

Dubuisson J, Belouzard S, Leroux F, Deprez B and Charton J.
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Annex

1. HEV ORF3 project

The following article titled “Backbone NMR resonance assignment of the apo human Tsg101-UEV
domain” is already published on “Biomolecular NMR assignments” journal. In addition, the
results presented in this study about HEV ORF3 protein is included in a journal paper which is in

preparation.
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Abstract

The Endosomal Sorting Complex Required for Transport (ESCRT) pathway, through inverse topology membrane
remodeling, is involved in many biological functions, such as ubiquitinated membrane receptor trafficking and
degradation, multivesicular bodies (MVB) formation and cytokinesis. Dysfunctions in ESCRT pathway have been
associated to several human pathologies, such as cancers and neurodegenerative diseases. The ESCRT machinery is
also hijacked by many enveloped viruses to bud away from the plasma membrane of infected cells. Human tumor
susceptibility gene 101 (Tsgl01) protein is an important ESCRT-I complex component. The structure of the N-
terminal ubiquitin E2 variant (UEV) domain of Tsg101 (Tsg101-UEV) comprises an ubiquitin binding pocket next to a
late domain [P(S/T)AP] binding groove. These two binding sites have been shown to be involved both in the
physiological roles of ESCRT-I and in the release of the viral particles, and thus are attractive targets for antivirals.
The structure of the Tsg101-UEV domain has been characterized, using X-ray crystallography or NMR spectroscopy,
either in its apo-state or bound to ubiquitin or late domains. In this study, we report the backbone NMR resonance
assignments, including the proline signals, of the apo human Tsgl01-UEV domain, that so far was not publicly
available. These data, that are in good agreement with the crystallographic structure of Tsg101-UEV domain, can
therefore be used for further NMR studies, including protein-protein interaction studies and drug discovery.

Keywords: Tsgl01 protein - UEV domain - Backbone Assignments - Proline Assignments - NMR Spectroscopy -
Molecular interactions

Biological context

Human tumor susceptibility gene 101 protein (Tsg101 protein) is one of the components of the Endosomal Sorting
Complex Required for Transport (ESCRT) machinery that is highly conserved in eukaryotes. The ESCRT pathway is
involved in the sorting, trafficking and lysosomal degradation of ubiquitinated proteins though the multivesicular
bodies (MVB), but it is also involved in many others biological processes, such as membrane recycling, cytokinesis,
autophagy or exosome secretion (Williams and Urbé 2007; Henne et al. 2011). In these physiological processes,
ESCRTs mediate inverse membrane remodeling with the formation of vesicles which contain cytosol and bud away
from it, either at cell surface or inside cellular organelles (Flower et al. 2020).

The ESCRT machinery comprises five different multi-subunit complexes (ESCRT-O, -I, -Il, -lll and the Vps4 complex)
that assemble on the cytosolic side of the membrane (Schmidt and Teis 2012; Vietri et al. 2020). ESCRT-0 initiates
the recognition of the ubiquitinated proteins and established interactions with both lipids (phosphatidylinositol3-
phosphate, PI3P) and proteins. The hepatocyte growth factor (HGF)-regulated Tyrosine kinase substrate (HRS) from
ESCRT-0 establishes a direct protein-protein interaction with Tsg101 that belongs to ESCRT-I. The assembly of Tsg101
with Vps28, Vps37 (A, B, C, D) and Mvb12 (A, B) or ubiquitin-associated protein 1 (UBAP1) constitutes the hetero-
tetrameric ESCRT-I. The latter one recruits ESCRT-II that is a hetero-terameric complex with a GLUE domain that can
simultaneously bind to Vps28 from ESCRT-I, ubiquitin and PI3P. Then, ESCRT-II recruits ESCRT-IIl, a multimeric
complex made of charged multivesicular body proteins (CHMP) and accessory proteins. This complex, in contrast to
the others one, will transiently assemble and constitute the main driving force with the AAA-ATPase Vps4 for
membrane constriction and scission (Vietri et al. 2020).

The ESCRT machinery, by controlling the membrane proteins recycling, allows the tight regulation of cell receptors
signaling. As a consequence of this central regulation mechanism, altered ESCRT functions have been associated
with many human diseases, such as cancers and neurodegenerative diseases (Ferraiuolo et al. 2020). Moreover, it
has been shown that the ESCRT machinery is a host factor that is required for the replication cycle of some viruses.
Indeed, many enveloped RNA viruses, such as HIV-1 (VerPlank et al. 2001; Garrus et al. 2001), Ebola (Martin-Serrano
et al. 2001), human T-lymphotropic virus (Bouamr et al. 2003) or HEV (Nagashima et al. 2011), hijack the ESCRT
pathway to bud away from the plasma membrane of infected cells, a process that is similar to vesicles budding into
intracellular organelles from the cytosol. Whereas ESCRT-0 and -Il seem dispensable, ESCRT-I and -Ill have been
shown to be involved in viral particles maturation and release. A key player in this process is the Tsg101 protein from
ESCRT-I.

The Tsg101 protein (Vps23 in yeast) is a ~44 kDa protein that is composed of several domains. From the N-terminus
to the C-terminus, there are a ubiquitin E2 variant (UEV) domain, a proline-rich region (PRR), a Stalk domain and a
Head domain (Flower et al. 2020). Both the Stalk and Head domains of Tsg101 are components of the ESCRT-I core
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that displays an elongated rod-like shape structure (Boura et al. 2011). The N-terminal UEV domain of Tsgl101
(residues 2-145) protrudes from the ESCRT-I core to which it is connected via a disordered and flexible PRR. The
Tsgl01 UEV domain (Tsgl01-UEV) binds ubiquitin, but is devoid of enzymatic E2 ligase activity as the catalytic
cysteine residue is absent (Pornillos et al. 2002b). This interaction allows ESCRT-I to bind ubiquitinated cargo that
have to be processed through the MVB pathway. Next to this ubiquitin-binding pocket, there is a groove at the
surface of Tsg101-UEV that interacts with P(S/T)AP peptide sequence. This is how ESCRT-I interacts with ESCRT-0, in
which HRS displays a PSAP peptide sequence. Tsgl01 biological functions are auto-regulated by an interaction
between an internal PTAP motif and its Tsg101-UEV domain (Lu et al. 2003; McDonald and Martin-Serrano 2008).
Several viruses, such as HIV-1, Ebola, HEV and Marburg virus (MARV), have been shown to recruit ESCRT-I at their
assembly/budding sites through interaction of Tsg101-UEV with viral late domains [P(T/S)AP] (Freed 2002; Pornillos
et al. 2002a; Dolnik et al. 2014). These latter ones are located in the HIV-1 Gag, Ebola VP40, HEV ORF3 and MARV
NP proteins. This protein-protein interaction thus constitutes an attractive drug target to develop antivirals.
Peptidomimetics, including cyclic peptides (Tavassoli et al. 2008; Lennard et al. 2019) and small molecules (Siarot et
al. 2018), have indeed been shown to abolish the interaction between HIV-1 Gag and human Tsg101-UEV and to
interfere with viral particles release. In addition, prazole-based drugs abolishing the ubiquitin binding function of
Tsgl01-UEV proved to interfere with the early HIV-1 assembly, independently of its interaction with the HIV-1 Gag
PTAP late domain (Strickland et al. 2017). More recently, tenatoprazole and ilaprazole have been shown to inhibit
the release of HIV-1 and Herpes Simplex Virus (HSV) 1/2 infectious particles from infected cells (Leis et al. 2021). Two
contiguous binding pockets in Tsg101-UEV could thus be targeted to develop broad-spectrum antivirals against
enveloped viruses.

Here, we report the backbone (*3*Co, 3Cg, $3CO, °NH, 1HN, *H,) assignments, including the proline (*3Cq, 3Cg, 3CO, ©*N
,*Ho) assignments, of human Tsg101-UEV domain in its apo-state. These data could be further used to study the
molecular details of Tsgl01-UEV interactions with protein partners, as well as its structural/conformational
consequences, or for drug screening purpose. In this case, the assignments give the possibility to distinguish the
P(S/T)AP and ubiquitin binding pockets.

Protein expression and purification

The DNA sequence coding for the human UEV domain of Tsgl01 (residues 1-145) (Uniprot accession number
Q99816) was synthesized, with codon optimization for E. coli, by GeneCust and inserted into pET28a(+) plasmid
between the Ncol and BamHI restriction sites to give the pET28a-Tsg101-UEV plasmid. The coding sequence has
been designed to produce the Tsgl01-UEV domain with an Hise-tag at its N-terminus followed by a Tobacco Etch
Virus (TEV) cleavage site. Thus, the amino-acid sequence of the recombinant protein corresponds to
GSSHHHHHHSSGENLYFQ/GA-(Tsg101-UEV residue 1-145). The pET28a-Tsg101-UEV plasmid was transformed into E.
coli BL21(DE3) cells for overexpression.

Few colonies from a Luria-Bertani (LB)-agar plate supplemented with kanamycin (25 ug/mL) were used to inoculate
25 mL of LB medium. Bacteria were grown overnight at 37°C with shaking. Then, 20 mL of this pre-culture were
added in 1 L of an optimized M9 minimal medium containing 1 g/L >NH,Cl, 3 g/L 3Ce-D-glucose and 0.5 g/L ISOGRO-
15N, 13C (Sigma-Aldrich) supplemented with kanamycin (25 pg/mL). The cells were grown at 37°C, at 160 rpm, until
the ODgoo reached ~1.0 and then the protein expression was induced by addition of 0.4 mM isopropyl-B-D-
thiogalactopyranoside (IPTG). After 4-5 hours at 37°C, the cells were harvested by centrifugation at 5,000 x g for 20
min at 4°C. The cell pellet was resuspended in 40 mL of Buffer R (50 mM Na;HPO4/NaH,PO4 (NaPi) pH 7.8, 500 mM
NaCl, 10 mM Imidazole) supplemented with EDTA-free protease inhibitor cocktail (cOmplete, Roche, 1 tablet),
DNasel (150 uL at 6 mg/mL) and RNaseA (15 uL at 40 mg/mL). The cell lysis was done using an homogenizer
(EmulsiFlexC3, Avestin), with 5 passages at 20,000 psi at 4°C. The cell extract was centrifuged at 39,000 x g for 40
min at 4°C. After filtration (0.45 um), the supernatant was loaded on a HisTrapHP column (1 mL, Cytiva) to purify the
isotopically labeled UEV domain of Tsg101 protein, thanks to the N-terminal Hise-tag. The protein bound to the
affinity column was eluted using a linear gradient with increasing concentration of Imidazole (from 10 to 300 mM
Imidazole in 15 column volume) while 0.8 mL elution fractions were collected. The elution fractions were analyzed
by SDS-PAGE (4-20%) and Coomassie staining. The fractions containing Tsg101-UEV were pooled, supplemented with
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TEV protease (500 pL at 5 mg/mL) and dialyzed (6-8 kDa cut-off) overnight at 15°C against Buffer D (50 mM Tris-HCI
pH 6.4, 250 mM NaCl, 5 mM B-mercaptoethanol). This allowed for simultaneous Hiss-tag cleavage and Imidazole
removal. Then, the cleaved protein was loaded on the HisTrapHP column to remove both the cleaved Hise-tag and
the TEV protease. The Tsg101-UEV domain was then dialyzed (6-8 kDa cut-off) overnight at 4°C against NMR Buffer
(50 mM NaPi pH 6.1, 50 mM NaCl, 0.1 mM EDTA) and finally concentrated to 330 uM. The doubly labeled *°N,*3C-
Tsgl01-UEV protein was flash frozen in liquid Nitrogen and stored at -80°C until used.

NMR sample and NMR data acquisition and processing

A doubly labeled °N,*3C Tsg101-UEV sample at 330 uM concentration was placed into a 5 mm Shigemi tube (300 L)
to record all the NMR experiments, at 298 K, using a 600 MHz Bruker spectrometer (Avance Ill HD) equipped with a
CPQCI cryoprobe. The sample was in NMR Buffer (50 mM NaPi pH 6.1, 50 mM NaCl, 0.1 mM EDTA) and was
supplemented with 5% (v/v) D,O and Trimethyl Silyl Propionate (TMSP).

The classical backbone assignments were obtained from 3D experiments CBCANH, HNCO, CBCACONH, HN(CA)CO,
HNHA and HN(CA)NNH, while the assighments of prolines resonances were based on the carbon-detected 3D
hCACON and HCAN and the 2D NCO and CACO experiments. All 3D spectra were recorded using non-uniform
sampling (Table 1). The data were acquired and processed using Topspin 3.5 (Bruker Biospin). The TMSP signal was
used as the *H chemical shift reference, and the >N and *3C chemical shifts were indirectly referenced based on H
chemical shifts. The NMR data were analyzed using NMRFAM-Sparky (Lee et al. 2015) and checked by I-PINE web
server (Lee et al. 2019).

Table 1 List of NMR experiments acquired at 600 MHz spectrometer and corresponding parameters that have been
used for Tsg101-UEV assignment.

Time do(:?i:lsd)ata size Spectral width/Carrier frequency (ppm) NS ti?‘:clea(z) p’:iilﬁs I;I;:)S
tl t2 t3 F1 F2 F3

1H,>N HSQC 2048 256 14/4.7 (*H) 28/117.5 (**N) 16 1 64 50
CBCANH 2048 82 120 14/4.7 (*H) 28/117.5 (**N) 60/42 (13C) 48 1 688 28
CBCACONH 2048 82 120 14/4.7 (*H) 28/117.5 (**N) 60/42 (13C) 48 1 590 24
HNCO 1432 82 128 12/4.7 (*H) 30/118 (°N) 11/173 (:3C) 16 0.25 419 16
HNCACO 1426 82 128 12/4.7 (*H) 28/ 117.5 (**N) 14/173.5 (13C) 64 0.25 524 20
HN(CA)NNH 2048 128 128 14/4.7 (*H) 28/117.5 (5N)  28/117.5(N) 48 1 491 12
HACAN 2048 128 128 14/4.7 (*H) 40/52 (3C) 28/117.5 (**N) 32 1 737 18

HNHA 2048 256 128 14/4.7 (*H) 12/4.7 (*H) 28/117.5 (**N) 32 1 491 6
hCACON 1024 128 64 40/173.5 (:3C) 43/123 (*N) 40/173.5 (3C) 32 1 409 20
13C,’>N NCO 1024 160 40/173.5 (3C) 47/123 (*N) 160 1 40 50
13C,13C CACO 724 256 20/173.5 (3C) 50/173.5 (3C) 160 1 32 50

Extent of assignments and data deposition

After TEV cleavage, two extra residues from the purification tag were present at the N-terminus of the protein. These
were not taken into account for both the assignment and the sequence numbering purpose. Therefore, the first
residue (residue 1) is the methionine (Met) of human Tsg101-UEV domain. The advantage of the presence of these
extra residues was that even the resonances corresponding to the first N-terminal residues of the Tsg101-UEV were
observed in the *H,>N HSQC spectrum.
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The 2D H,'>N HSQC spectrum of the apo form of Tsg101-UEV domain (residues 1-145 of the full-length protein)
displays well spread resonances with almost no overlap. All backbone 'H-°N resonances in the H,"*N HSQC
spectrum were successfully assigned except the one corresponding to residue Asn45 (N45) that was not visible (Fig.
1, 99% completeness). We also successfully assigned all backbone *N-'3CO resonances in the 2D N,*C-NCO
spectrum in which a correlation can be observed for each protein residue, including the 13 proline residues with
their corresponding resonances located in the >N 131-143 ppm region of the spectrum (Fig. 2, completeness 100%).
Overall, the analysis of our full NMR dataset resulted in the assighment of 131 out of 132 backbone !H-°N
correlations (99%), 138 out of 145 *H, resonances (95%), 145 out of 145 backbone >N" and 13C, resonances (100%),
133 out of 138 3Cy resonances (96%), 144 out of 145 **CO resonances (99%) and 145 out of 145 H, resonances
(100%) [2 of the 7 glycine residues have only one *H, resonance]. In addition, the *H-*N correlations, in the *H,°N
HSQC spectrum, arising from side chains of Asn, Gln and Trp residues were also assigned (Error! Reference source
not found.). Only for Asn54 we could not determine the *3C,, ®*Ns, and *Hs; resonances. Regarding the 13 prolines
residues, all the N, 13Cq, *Hq, 13Cp and *CO (except the one from Pro145) signals were assigned and we also assigned
7 out of 13 13Cs and Hs,/3 resonances (54%) using the 3D HCAN spectrum. The analysis of the *Cg chemical shift of
prolines showed that two proline residues, Pro81 and Pro120, are in cis conformation with their 3Cg value being
close to ~34 ppm. This observation is in agreement with the crystal structure of the Tsg101-UEV domain (PDB entry
2FOR) in which these two prolines are referred as cis-peptides (Palencia et al. 2006). Two proline residues, Pro81 and
Pro84, display unusual chemical shifts. Based on the crystallographic structure, we attributed this to the close
packing with surrounding aromatic residues (Trp117, Tyr80, Tyr82 and His119). Moreover, Pro84 is part of a Pro-Pro
motif in the sequence. All the assigned chemical shifts have been deposited in the Biological Magnetic Resonance
Bank (https://bmrb.io/) under the accession number 50765.
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Fig. 1 Annotated 2D H,>N HSQC spectrum of apo human Tsg101-UEV domain. The resonance assignments are
shown with black labels. Resonances corresponding to Asn, Gln and Trp side-chains are annotated with a “sc” label
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Fig. 2 Annotated 2D carbon-detected °N,*3C-NCO spectrum of apo human Tsg101-UEV domain. The spectrum is
centered on the proline region (132-143 ppm for the ®N dimension). The resonance assighments are shown with

black labels

Using the backbone NMR chemical shifts, we analyzed the secondary structure content in the apo Tsgl01-UEV
domain using both the CSI 3.0 (Hafsa et al. 2015) web server and the Secondary Structure Propensities (SSP) program
(Marsh et al. 2006). Both the CSI and SSP methods gave similar results. The results were compared with the
secondary structures from the crystal structure of the Tsg101-UEV domain (PDB entry 2FOR) (Palencia et al. 2006)
and proved to be well correlated (Fig. 3). A short a-helix (residues 111-116) was not identified using CSI 3.0 because
of its lower propensity highlighted by the ~0.4 SSP score (Fig. 3b,c). Moreover, the flexibility of the apo Tsg101-UEV
domain in solution was predicted from the experimental NMR chemical shifts using TALOS+ server (Shen et al. 2009).
The Random Coil Index (RCI) derived S? values for all residues are shown in Fig.3c (blue dots) and matched with the
increase flexibility observed for the N- and C-termini and the loops connecting the secondary structures of Tsg101-
UEV domain.

The assignments of the apo Tsg101-UEV domain may be used for drug screening purpose or to perform in-depth
study of any molecular interaction with others molecular partners, such as peptides or proteins.
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Fig. 3 Secondary structure analysis and flexibility of Tsg101-UEV domain. (a) Secondary structure analysis from the
crystal structure of Tsgl01-UEV domain (PDB ID: 2FOR) (Palencia et al. 2006; Hafsa et al. 2015). (b) Secondary
structure analysis based on the experimental backbone NMR chemical shifts (*HV, *N", 13C,, *Hq, *Cg and 13CO) of
the protein using the CSI 3.0 web server (Hafsa et al. 2015). Red cartoon represents the a-helix and blue arrow the
B-strand. (c) Secondary Structure Propensities (SSP) score values (grey bars) based on 3C,, *Cg and H, chemical
shifts of human Tsg101-UEV domain (Marsh et al. 2006). Positive and negative values indicate a-helix and extended
structure propensities, respectively. The flexibility of the protein is highlighted by the predicted order parameter
(Random Coil Index S?, RCI-S?, blue dots) based on the backbone chemical shifts (*HV, >N, 13C,, H,, $3Cg and 3CO)
using the TALOS+ server (Shen et al. 2009)

257



Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
All authors have agreed to the publication of the manuscript.

Availability of data and material
All the chemical shift values of apo human Tsg101-UEV domain were deposited in the Biological Magnetic Resonance
Data Bank (BMRB) under accession code 50765.

Competing interests
The authors declare that they have no conflict of interest.

Funding
This study was supported by the French National Agency for Research on AIDS and Viral Hepatitis (ANRS) Grant
ECTZ101316, and a PhD fellowship from ANRS to D.M. (ECTZ103422).

Authors' contributions

D.M. and X.H performed protein expression and purification. F-X.C. and E.B. collected the NMR data. D.M. analysed
the data and wrote the first draft of the manuscript. D.M. prepared figures 1-3. All authors commented on previous
versions of the manuscript. All authors reviewed the manuscript. Funding acquisition and supervision were done by
X.H.

Authors' information (optional)
Not applicable

Acknowledgements

The NMR facilities were funded by the Nord Region Council, CNRS, Institut Pasteur de Lille, European Union (FEDER),
French Research Ministry and University of Lille. Financial support from the NMR division of Infranalytics (FR 2054
CNRS) is gratefully acknowledged.

References

Bouamr F, Melillo JA, Wang MQ, et al (2003) PPPYEPTAP Motif Is the Late Domain of Human T-Cell Leukemia
Virus Type 1 Gag and Mediates Its Functional Interaction with Cellular Proteins Nedd4 and Tsg101. J Virol
77:11882—-11895. https://doi.org/10.1128/JV1.77.22.11882-11895.2003

Boura E, Rozycki B, Herrick DZ, et al (2011) Solution structure of the ESCRT-I complex by small-angle X-ray
scattering, = EPR, and FRET  spectroscopy. Proc Natl Acad Sci  108:9437-9442.
https://doi.org/10.1073/pnas.1101763108

Dolnik O, Kolesnikova L, Welsch S, et al (2014) Interaction with Tsg101 Is Necessary for the Efficient Transport and
Release of Nucleocapsids in Marburg Virus-Infected Cells. PLoS Pathog 10:e1004463.
https://doi.org/10.1371/journal.ppat.1004463

Ferraiuolo R-M, Manthey KC, Stanton MJ, et al (2020) The Multifaceted Roles of the Tumor Susceptibility Gene 101
(TSG101) in Normal Development and Disease. Cancers 12:450. https://doi.org/10.3390/cancers12020450

258



Flower TG, Takahashi Y, Hudait A, et al (2020) A helical assembly of human ESCRT-I scaffolds reverse-topology
membrane scission. Nat Struct Mol Biol 27:570-580. https://doi.org/10.1038/s41594-020-0426-4

Freed EO (2002) Viral Late Domains. J Virol 76:4679-4687. https://doi.org/10.1128/JV1.76.10.4679-4687.2002

Garrus JE, von Schwedler UK, Pornillos OW, et al (2001) Tsgl01 and the Vacuolar Protein Sorting Pathway Are
Essential for HIV-1 Budding. Cell 107:55-65. https://doi.org/10.1016/S0092-8674(01)00506-2

Hafsa NE, Arndt D, Wishart DS (2015) CSI 3.0: a web server for identifying secondary and super-secondary structure
in proteins using NMR  chemical shifts. Nucleic Acids Res  43:W370-W377.
https://doi.org/10.1093/nar/gkv494

Henne WM, Buchkovich NJ, Emr SD (2011) The ESCRT Pathway. Dev Cell 21:77-91.
https://doi.org/10.1016/j.devcel.2011.05.015

Lee W, Bahrami A, Dashti HT, et al (2019) I-PINE web server: an integrative probabilistic NMR assignment system
for proteins. J Biomol NMR 73:213-222. https://doi.org/10.1007/s10858-019-00255-3

Lee W, Tonelli M, Markley JL (2015) NMRFAM-SPARKY: enhanced software for biomolecular NMR spectroscopy.
Bioinforma Oxf Engl 31:1325-1327. https://doi.org/10.1093/bioinformatics/btu830

Leis J, Luan C-H, Audia JE, et al (2021) Ilaprazole and Other Novel Prazole-Based Compounds That Bind Tsgl101
Inhibit Viral Budding of Herpes Simplex Virus 1 and 2 and Human Immunodeficiency Virus from Cells. J
Virol 95:¢00190-21. https://doi.org/10.1128/JVI.00190-21

Lennard KR, Gardner RM, Doigneaux C, et al (2019) Development of a Cyclic Peptide Inhibitor of the p6/UEV
Protein—Protein Interaction. ACS Chem Biol 14:1874—1878. https://doi.org/10.1021/acschembio.9b00627

Lu Q, Hope LW, Brasch M, et al (2003) TSG101 interaction with HRS mediates endosomal trafficking and receptor
down-regulation. Proc Natl Acad Sci 100:7626-7631. https://doi.org/10.1073/pnas.0932599100

Marsh JA, Singh VK, Jia Z, Forman-Kay JD (2006) Sensitivity of secondary structure propensities to sequence
differences between o- and y-synuclein: Implications for fibrillation. Protein Sci 15:2795-2804.
https://doi.org/10.1110/ps.062465306

Martin-Serrano J, Zang T, Bieniasz PD (2001) HIV-1 and Ebola virus encode small peptide motifs that recruit Tsg101
to sites of particle assembly to facilitate egress. Nat Med 7:1313—-1319. https://doi.org/10.1038/nm1201-1313

McDonald B, Martin-Serrano J (2008) Regulation of Tsgl01 Expression by the Steadiness Box: A Role of Tsgl01-
associated Ligase. Mol Biol Cell 19:754—-763. https://doi.org/10.1091/mbc.e07-09-0957

Nagashima S, Takahashi M, Jirintai S, et al (2011) Tumour susceptibility gene 101 and the vacuolar protein sorting
pathway are required for the release of hepatitis E virions. J Gen Virol 92:2838-2848.
https://doi.org/10.1099/vir.0.035378-0

Palencia A, Martinez JC, Mateo PL, et al (2006) Structure of human TSG101 UEV domain. Acta Crystallogr D Biol
Crystallogr 62:458—464. https://doi.org/10.1107/S0907444906005221

Pornillos O, Alam SL, Davis DR, Sundquist WI (2002a) Structure of the Tsgl01 UEV domain in complex with the
PTAP motif of the HIV-1 p6 protein. Nat Struct Mol Biol 9:812-817. https://doi.org/10.1038/nsb856

Pornillos O, Alam SL, Rich RL, et al (2002b) Structure and functional interactions of the Tsg101 UEV domain. EMBO
J 21:2397-2406. https://doi.org/10.1093/emboj/21.10.2397

259



Schmidt O, Teis D (2012) The ESCRT machinery. Curr Biol 22:R116-R120.
https://doi.org/10.1016/j.cub.2012.01.028

Shen Y, Delaglio F, Cornilescu G, Bax A (2009) TALOS+: a hybrid method for predicting protein backbone torsion
angles from NMR chemical shifts. J] Biomol NMR 44:213-223. https://doi.org/10.1007/s10858-009-9333-z

Siarot L, Chutiwitoonchai N, Sato H, et al (2018) Identification of human immunodeficiency virus type-1 Gag-
TSG101 interaction inhibitors by high-throughput screening. Biochem Biophys Res Commun 503:2970—
2976. https://doi.org/10.1016/j.bbrc.2018.08.079

Strickland M, Ehrlich LS, Watanabe S, et al (2017) Tsg101 chaperone function revealed by HIV-1 assembly inhibitors.
Nat Commun 8:1391. https://doi.org/10.1038/s41467-017-01426-2

Tavassoli A, Lu Q, Gam J, et al (2008) Inhibition of HIV Budding by a Genetically Selected Cyclic Peptide Targeting
the Gag—TSG101 Interaction. ACS Chem Biol 3:757—764. https://doi.org/10.1021/cb800193n

VerPlank L, Bouamr F, LaGrassa TJ, et al (2001) Tsg101, a homologue of ubiquitin-conjugating (E2) enzymes, binds
the L domain in HIV type 1 Pr55Gag. Proc Natl Acad Sci 98:7724-7729.
https://doi.org/10.1073/pnas.131059198

Vietri M, Radulovic M, Stenmark H (2020) The many functions of ESCRTs. Nat Rev Mol Cell Biol 21:25-42.
https://doi.org/10.1038/s41580-019-0177-4

Williams RL, Urbé S (2007) The emerging shape of the ESCRT machinery. Nat Rev Mol Cell Biol 8:355-368.
https://doi.org/10.1038/nrm2162

260



2. 3CLpro SARS-CoV-2 project

Two research articles on main protease (3CLp) of SARS-CoV-2 project, one titled “NMR
spectroscopy of the main protease of SARS-CoV-2 and fragment-based screening identify three
protein hotspots and an antiviral fragment.” published on “Angewandte Chemie International
Edition” journal and one titled “Novel dithiocarbamates selectively inhibit 3CL protease of SARS-
CoV-2 and other coronaviruses.” published on “European Journal of Medicinal Chemistry”

journal.
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Abstract: The main protease (3CLp) of the SARS-CoV-2, the
causative agent for the COVID-19 pandemic, is one of the main
targets for drug development. To be active, 3CLp relies on a complex
interplay between dimerization, active site flexibility, and allosteric
regulation. The deciphering of these mechanisms is a crucial step to
enable the search for inhibitors. In this context, using NMR
spectroscopy, we studied the conformation of dimeric 3CLp from the
SARS-CoV-2 and monitored ligand binding, based on NMR signal
assignments. We performed a fragment-based screening that led to
the identification of 38 fragment hits. Their binding sites showed three
hotspots on 3CLp, two in the substrate binding pocket and one at the
dimer interface. F01 is a non-covalent inhibitor of the 3CLp and has
antiviral activity in SARS-CoV-2 infected cells. This study sheds light
on the complex structure-function relationships of 3CLp, and
constitutes a strong basis to assist in developing potent 3CLp
inhibitors.

Introduction

Since the end of 2019, the world faces the global COVID-19
pandemic that represents a major health burden worldwide with
strong societal and economic impacts. The etiological agent is the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
with a case fatality rate of ~2%!". This virus represents the
seventh coronavirus that infects humans and causes the third p-
coronavirus outbreak that emerged in the 21%t century. Even

though, both vaccines?-® and neutralizing antibodies!®-® are now
available to fight against SARS-CoV-2, specific and efficient
antivirals against f-coronaviruses are urgently needed to
overcome the limited vaccine coverage, variant escapes from
antibodies and the future outbreaks.

The RNA genome of SARS-CoV-2 encodes for up to 27 different
proteins®1%: the structural proteins, the nonstructural proteins
(Nsp) and finally several accessory proteins. The Nsp,
corresponding to the replicase-transcriptase, are first translated
in two polyproteins, pp1a and pp1ab, which are then cleaved by
two viral proteases, the main protease (Mpro or 3CLp) and
papain-like protease to release 16 functional proteins. 3CLp
cleaves at 11 sites (Nsp4-Nsp16), including its own release.
Native 3CLp (306 aa) is composed of three domains!'"l. Domains
I and Il are chymotrypsin-like domains with a B-barrel fold and
domain Il is a 5 a-helices globular domain that is involved in the
regulation of 3CLp dimerization. A long linker (L3)'? connects the
domains Il and Il whereas the N-ter and C-ter (N-terminal and C-
terminal) ends are located at the interface between the protomers
(Fig. S1). The functional and active SARS-CoV-2 3CLp
corresponds to a homodimeric!™® cysteine protease with an
unusual catalytic dyad (Cys145, His41). These are buried in a
cleft between the domains | and Il that is highly conserved among
coronaviruses. The recognition sequence, (L,F)Q¥(S,A,G)", for
the proteolytic cleavage (1) requires a GIn at position P1 that is a
hallmark feature shared by 3CLp of others coronaviruses!'>18],
and which in contrast is not present in human proteases!'’l. The
substrate binding site is made by 4 pockets named S1’, S1, S2
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and S4!""18 formed residues from domains | and Il and also by
residues from the linker (L3). The active conformation of the active
site is further stabilized by Ser1 from the second protomer, which
stresses the functional importance of 3CLp dimerization.

The function, conservation, substrate specificity, and the absence
of human homologue all contribute to make 3CLp an attractive
drug target. Structural biology here plays a tremendous role as it
helps to select the ligands, to get the molecular details of their
interactions, and to find the proper ways to improve their potency.
So far, the 3CLp inhibitors correspond either to compounds that
covalently react with the catalytic Cys145, or to non-covalent
molecules that bind either in the active site or at several allosteric
sites. Among the first category, there are boceprevirl’®2]
GC376P" inhibitors 11a? and 13bl'"l; and more recently PF-
008352312324 |n the second, molecules that bind either in its
active site (MUT056399, 23R) or elsewhere on its molecular
surface, including two allosteric sites (Pelitinib, AT7519), have
been identified?>2%1. Moreover, fragment screening has also been
performed to identify fragments?” that can be grown, linked or
merged to develop potent 3CLp inhibitors?®l. Numerous structural
biology methods, including crystallography (X-ray!'!18.2225 qor
neutrons?®),  mass  spectrometry'®'9271  computational
analysesl®03:3132 have been used to get a better understanding
of the complex structure-function relationships in 3CLp, including
the conformational flexibility of its active sitel!!1218.19.25,30,33-36]
and then to find or conceive inhibitors.

In this work, we used NMR spectroscopy to study the dimeric
SARS-CoV-2 3CLp. We obtained its NMR chemical shift
backbone assignment and used these data in a fragment-based
screening that led to the identification of 38 fragment hits. The
deciphering of their binding sites and the conformational
consequences they induced in 3CLp led to the identification of 3
protein hotspots, two located in the active site of the protease,
with two different NMR signatures, and one at the dimerization
interface. We further show that the fragment lead F01 binds in the
active site and is, without optimization, a reversible 3CLp inhibitor
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with antiviral activity in SARS-CoV-2 infected Vero-81 cells. The
crystal structure of FO1-bound 3CLp that we have solved will help
its optimization. These NMR data should help to get a better
understanding of the complex interplays between the active site
plasticity, the dimerization and the enzymatic activity of 3CLp.
This also constitutes a new tool to assist the development of
potent 3CLp inhibitors for the present or future outbreaks.

Results and Discussion

NMR spectroscopy of SARS-CoV-2 3CLp dimer. We produced
SARS-CoV-2 3CLp samples with different isotopic labeling
schemes to study by liquid-state NMR spectroscopy. The purified
protease (306 aa, 67.6 kDa) has both native N- and C-terminal
ends (S| and Fig. S1), which is crucial for both its enzymatic
activity and its proper dimerization. We obtained good quality
"H,"®N-TROSY HSQC spectrum, with ~280 resonances (Figure 1)
and then recorded 3D 'H,"N,"®C TROSY- HNCACB, -
HN(CO)CACB, -HNCO, -HN(CA)CO, -HN(CO)CA spectra. Due to
unfavorable magnetic relaxation properties some '*C signals
were not observed and thus we had to record additional data on
other samples, including 3CLp bound to boceprevir, and a
monomeric 3CLp R298A mutant, in order to reduce the protein
dynamics and the molecular weight, respectively. To perform the
NMR backbone assignments of SARS-CoV-2 3CLp, we used a
combined and integrated strategy that includes classical
sequential assignment, analyses of chemical shift perturbations
(CSPs) upon boceprevir binding, CS predictions and previous
NMR assignments for the isolated N-ter and C-ter domains of
SARS-CoV 3CLpP"! (see Sl). We assigned 183 proton amide
correlations (183/293, 63%) and further obtained 239, 207 and
234 chemical shifts for Ca,, Cp and C’, respectively (Figure 1, S,
BMRB entry 50780).
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Most of the unassigned proton amides lie in the first two B-barrel
domains or at the dimerization interface (Fig. S2). Whereas
previous attempts to record multidimensional NMR data on
SARS-CoVP® and SARS-CoV-2P 3CLp have failed, these new
NMR data open the field to a large range of future studies of the
dimeric 3CLp in solution and at temperature close to physiological,
an important parameter when considering dynamics. To assess
the potential of our experimental system, we analyzed the 3CLp
spectral perturbations upon binding of either boceprevir or GC376
(Figs. S3-S4). In both cases, the perturbations induced are
highest in the active site but also propagate further in the two
catalytic domains, and even toward its C-terminal end with GC376.
NMR perturbations may arise from ligand binding but also from
the subsequent conformational changes. GC376 indeed induces
perturbations both at the active site and at the dimerization
interface, the two regions of the protease that are targeted to
develop inhibitors!'32527:401 Moreover, in the presence of GC376,
a few 3CLp NMR resonances split into two new ones (Fig. S5),
probably highlighting the two conformations of the P3 moiety of
the bound inhibitor??. The split resonances notably match with
Val42, Asn142, GIn192 and Gly2. The later one showing that we
can detect inter-protomer conformational consequences.
Interestingly, when using a R298A 3CLp monomeric mutant, we
observed ~115 additional resonances in the 2D 'H,"SN NMR
spectrum that is ~100 more than expected. This could be due to
the two orientations of the domain 11l that have been described for
SARS-CoV 3CLp R298A*. These data highlight the potential for
in-solution studies of the 3CLp. Based on the NMR assignments
we are able to not only detect ligand binding and map the binding
site(s), but also to analyze the conformational rearrangement(s)
throughout the dimer, providing essential molecular detail for
medicinal chemistry.

960 fragments [192 coktails]
- 320 from a highly hydrophilic subset LIBRARY
- 320 from a '°F subset
- 320 from an unbiased subset
960 [192] 366 [91]
PRIMARY
'H Water-LOGSY “F 1D spectra SCREENING

Ligand-based

900/600MHz 600MHz

159

SECONDARY
SCREENING
Protein-based

'H,"*N 2D-HSQC

900MHz

38

Figure 2. NMR fragment screening.

NMR Fragment-based screening set up. Fragment screening is
widely used in drug discovery as it allows to efficiently probe the
chemical space while keeping reasonable the numbers of
molecule that have to be assessed?®. The fragment hits identified
(low MW) that bind to the target are then optimized to give lead
compounds. We used a library of 960 commercially available
fragments with physio-chemical properties that mostly fulfill the
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‘rule of three’ criteria*? (Fig. S7a-d). We designed a strategy with
a primary and a secondary screening using ligand- and protein-
observed NMR methods, respectively (Figure 2). The screening
steps were performed in the presence of DTT, a nucleophile and
reducing agent, to minimize the selection of highly electrophilic
and nonspecific compounds that would covalently bind to the
protease.

H and "°F NMR ligand-based primary screening. The 960
fragments were split into 192 cocktails of 5 fragments, as this
strategy already proved efficient®l. All the cocktails have been
analyzed with 'H Water-LOGSY®4 and additionally with '°F
spectroscopy for 91 of them (Figure 2), as our library contains 427
fluorine fragments in total. With Water-LOGSY, the detection of
the hits is straightforward since their signals have opposite phase
(Figure 3a). When using 'F spectroscopy, the spectra only
contain one NMR signal for each '®F-fragment present in the
cocktail and we monitored both CSPs and signal broadening
(Figure 3b). The primary screening led to the identification of 159
binders (Scheme S1), corresponding to a 16.6 % hit rate (Figure
2).

Cocktail of 5 fragments

H spectrum
'H spectrum - 3CLp

Water-LOGSY
Water-LOGSY - 3CLp

8.5 8.0 7.5 7.0 H (ppm)

9F spectrum
9F spectrum - 3CLp

it

-60 -80 -100 420  'F (ppm)

Figure 3. Ligand-based NMR primary screening. Analyses of a 5-fragment
cocktail in the absence and in the presence of unlabeled 3CLp. (a) 1D 'H and
'"H Water-LOGSY spectra. (b) 1D '"F-NMR of the same cocktail. Signals,
annotated with an asterisk, correspond to the FO4 fragment that is a direct
binder. See Scheme S1 for other cocktails.

Secondary screening using NMR spectra of 3CLp. We
performed the secondary screening using 2D 'H,"SN TROSY-
HSQC spectra that have been acquired on SARS-CoV-2 3CLp in
the presence of each of the 159 binders identified in the primary
screening. Using both CSPs and signal broadening (Figure 4), we
confirmed 38 fragments as direct binders of 3CLp, corresponding
to an overall ~4% hit rate (Figures 2 and 4 and Scheme S2,
Tables S1-S2). This value can be compared with the ~6%
obtained in a combined MS and X-ray approachi?l. The ratio of
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Figure 4. Protein-based NMR secondary screening. (a) Fragment F01 structure. (b) Overlay of two 2D 'H,"N-TROSY-HSQC spectra acquired on 3CLp in the
absence (in light blue) and in the presence (in black) of fragment F01. The broadening of the resonances and 'H and 'N-combined CSPs induced upon fragment
binding are shown along the 3CLp sequence in (c) and (d), respectively. (e) Structure of the 3CLp dimer (PDB: 7k3t), with protomers A and B shown in grey and
white, respectively. Each small ball represents a proton amide and thus should correspond to a resonance in the 'H,"*N 2D spectrum. The CSPs, shown in (d), have
been color coded (from light yellow to red) and are displayed on these balls. Unassigned residues were kept in the original color of the protomer. Catalytic His41
and Cys145, are shown in green. See Scheme S2 and Table S2 for other hits. See the Sl for a color-blind-friendly version of this figure.

SF-containing fragments in the hits (~40%) is close to the ratio in
the library used. In contrast, both the average MW and lipophilicity
of the fragment hits are higher than those in the entire library (Fig.
S7a-d)

Identification of three different classes of binders
corresponding to three protein hotspots. Using the backbone
assignments, the analysis of the CSPs induced by the 38 hits
shows that they can be grouped into three classes corresponding
to three 3CLp hotspots (Figure 5; Fig. S8). In Class | (24 hits),
CSPs are observed for resonances assigned to residues
distributed in the active site cleft, in the loop L3, and in the C-ter
end, whereas residues from the N-ter end are only moderately
affected. Class Il is made by 8 hits that induce CSPs for only a
restricted set of residues, in the substrate binding site, that belong
exclusively to either the domain | or the tip of the loop L3 and that
corresponds to the S2 and S3 binding sites. Class Ill (5 hits) is
defined by CSPs for residues located at the dimerization interface
of 3CLp (N-ter and C-ter ends). As to the fragment F27, it induces
a strong reduction in the signal intensity all along the 3CLp
sequence (Fig. S8 and Table S2), and may correspond to a false

positive.
Analysis of the 3CLp binding hotspots. The CSPs pattern in
Class |, illustrated by fragment FO01, is similar to the ones

observed in 3CLp upon binding of either boceprevir or GC376 (Fig.

S8), two potent inhibitors. The NMR CSPs induced upon binding
of FO1 (see Figure 4) correspond to residues distributed all along
the 3CLp active site cleft (S1-S4 pockets) and indeed match with

the residues involved in the binding of GC376 (Fig. S9a).
Moreover, the CSPs propagate toward the 3CLp dimerization
interface, as with GC376 (Fig. S4).

These NMR data are fully supported by the crystal structure of
fragment FO1-bound 3CLp that we solved (Figure 6 and Fig. S10
and Table S3; PDB: 7p51). The 3-oxo0-2,3-dihydro-indene ring
and 5-chloro-2-pyridyl group of F01 occupy the S1 and S2
pockets of 3CLp, respectively. Three hydrogen bonds are formed
between F01 and 3CLp. One of them involves the ketone in the
indene ring of F01 that is electrophilic and could covalently react
with the catalytic Cys145. This group, located in a key position of
the active site, rather behaves as a H-bond acceptor and interacts
with His163 (see Sl). The binding of FO1 induces conformational
changes in all the active site of 3CLp (see Sl, Figure 6 and Fig.
S10b). It induces the displacement of: the a-helix (Ser46-Leu50)
around the S2 pocket, the loop L3 and of Asn142 and Glu166
residues around the S1 pocket. This last movement propagates
to the 3CLp dimeric interface with Ser1 of protomer B being
slightly displaced. It has been shown that in the 3CLp dimer, Ser1
from protomer B interacts with Glu166 of protomer A and
stabilizes the active conformation of the S1 pocket!''8l. Thus, the
CSPs observed in 3CLp spectrum upon F01 binding both match
with its binding site and the induced conformational changes
through allosteric pathways (Fig. S10c).

Our data show that conformational plasticity?>%! and allosteric
regulations ['3253% within 3CLp can be studied using NMR
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Figure 5. The 38 hits identified in the NMR screening can be grouped into three classes according to the CSPs they induced on the 2D NMR spectrum of 2H,'*N-
3CLp upon binding. The representation is similar to that in Figure 4e. (a) Class | (FO1) - The CSPs are distributed in all the active site cleft, including the S1-S4
substrate pockets, and extend toward the dimerization interface of the protease. (b) Class Il (F30) - The CSPs induced correspond to a binding of the fragments in
the S2 and S3 pockets, with the highest perturbations observed for residues located in a short a-helix (Ser46-Leu50). (c) Class Ill (F15) - Upon binding these
fragments induce CSPs at the dimerization interface of 3CLp. See Figs. S8-S9. See the Sl for a color-blind-friendly version of this figure.

spectroscopy, especially the tight interplay between substrate
binding, active site conformation and dimerization.

The hits from Class II, such as F30, induced CSPs that would
correspond to their binding into the S2 and S3 pockets located in
the domain I-side of the 3CLp substrate binding site, as
SEN12691 (Fig. S9b). This molecule binds to S2 and induced
the displacement of the short a-helix (Ser46-Leu50), for which we
observed the highest CSPs upon binding of Class Il hits (Fig. S8).
The NMR CSPs induced upon binding of the Class IlI hits, which
includes F15, are localized at the 3CLp dimeric interface and
could be predicted to resemble the binding of x1086 and
x11870'3271 in the hydrophobic pocket made by residues both in
the N-ter (Met6, Phe8) and C-ter (Arg298, GIn299, Val303) ends
(Fig. S9c). With F15, we also observed a high CSP for the
resonance corresponding to GIn127, which is at the dimeric
interface, and that has been shown to make a hydrogen bond with
x1086.

Interestingly, no NMR perturbations observed in our screening
match with fragment binding into the allosteric sites 1 and 2 that

a

have been identified by Giinther et a?%. It could be that the
binding in these two sites requires bigger and more complex
molecule structures, or simply that the fragment library used did
not allow to probe all the possible binding sites.

Looking at the chemical properties of the fragment hits on the
basis of their Class |, Il or lll belonging, we found that in average
Class Il hits are smaller than Class | hits (avg. 233.3 Da vs 245.7
Da), and that Class Ill hits are even smaller (avg. 206.85 Da) and
are also in more hydrophobic (80% with 2<AlogP<3) (Fig. S7).
Among the 38 hits identified in this work, F01 induced the highest
CSPs in the NMR spectrum of SARS-CoV-2 3CLp (Table S2 and
Scheme S2).

F01 is a reversible inhibitor of 3CLp and has antiviral activity
against SARS-CoV-2. We further characterized F01, the main hit
of our screening. First, using NMR titration experiments, we
determined a dissociation constant Kp = 73+14 pM for the
interaction between F01 and 3CLp (Figure 7a and Fig. S11).

Figure 6. Crystal structure of the fragment F01-bound 3CLp. (a) Close-up view of the FO1 binding in the active site. Protomer A is shown in grey and with surface
representation, whereas protomer B is displayed in white and in cartoon representation. Three hydrogen bonds between F01 and 3CLp are displayed as yellow
dashes. Residue from protomer A are labeled in black and residue S1 from protomer B is marked with an asterisk. (b) Conformational changes in the F01-bound
3CLp structure (PDB: 7p51) compared to the apo 3CLp structure (PDB: 7nts). See Fig. S10.
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Figure 7. F01 is an inhibitor of 3CLp and is active against SARS-CoV-2 in Vero-81 cells. (a) Affinity of the Interaction between F01 and 3CLp. NMR titration curves
where the 'H,'*N-combined CSPs (A5, ppm) were plotted as a function of the F01/3CLp ratios. The Kp value (uM) corresponds to the mean (+SD) calculated over
18 3CLp resonances (Fig. S11). (b) F01 inhibits the in vitro enzymatic activity of 3CLp. The half-maximal inhibitory concentration (ICso0) has been calculated using
the initial velocities of the reactions. (c) The antiviral activity of FO1 against SARS-CoV-2 has been tested on Vero-81 infected cells. After infection in the presence
of increasing F01 concentrations, the cells were lysed (t=16h) and the viral N-protein content was quantified and was used to determine the half-maximal effective
concentration (ECso). Viral titers were also measured in the cell supernatants (Fig. S13). (d) The 50% cytotoxic concentration (CCso) of FO1 has been assayed on

Vero-81 cells (t=20h).

This affinity is higher than expected, as initial hits from fragment-
based screening usually bind to their target with a low affinity, in
the 1-10 mM range*®.. Second, using an in-vitro enzymatic assay,
we showed that FO1 is an inhibitor of 3CLp with a moderate
potency (ICso = 54 pM) (Figure 7b). Third, using jump dilution
assay, we showed that F01 is a reversible inhibitor of the protease
(Fig. S12), which agrees with the crystal structure (see Figure 6).
Finally, Vero-81 cells were infected with SARS-CoV-2 in the
presence of increasing concentrations of FO1 and then both the
viral N protein cellular content was assayed and the number of
infectious viral particles was determined in the cell supernatants.
The results showed that FO1 has antiviral activity (ECso = 150 pM)
against SARS-CoV-2 (Figure 7c and Fig. S13) while displaying a
low cytotoxicity (CCso > 400 uM) (Figure 7d).

Usually, the initial fragment hits have neither in vitro nor biological
activity, as they often are too small and bind to their target with
very low affinity. In this work, we identified the fragment F01 that
even without optimization has antiviral activity against SARS-
CoV-2. Very recently, Bajusz et al. have reported a fragment,
SX013, that blocks the SARS-CoV-2 replication in Vero E6 cells
with an ECso of 304 uMP€l, which is double of that for FO1 in Vero-
81 cells. The ligand efficiency of FO1 is 0.29-0.30 kcal.mol'.heavy
atom™ showing that FO1 is a good fragment lead and deserved to
be optimized in order to increase its potency and other drug
related properties!?47],

Conclusion

Whereas structural biology plays a central role in drug discovery
and drug development, up to date, NMR spectroscopy has not
successfully been pushed forward to study the 3CLp from
coronaviruses®’=%9. |n this work, we used solution-state NMR
spectroscopy to study the dimeric 3CLp protease of the SARS-
CoV-2, which is one of the main targets to develop efficient
antivirals to fight against the COVID-19 pandemic. Considering
the high sequence conservation between the 3CLpsP%4%, our data
will also be valuable for others B-coronaviruses, such as MERS-
CoV and SARS-CoV (67% and 98% sequence similarity,
respectively), and possibly for future emerging p-coronaviruses.
Even being incomplete, the 3CLp backbone chemical shift

assignment, obtained at pH and temperature close to
physiological ones, has proved to be highly valuable in a
medicinal chemistry project as these new NMR data allowed the
study of both the structure and conformation of the dimeric
protease. As a complement to the molecular dynamics!230:3548],
these data also provide, for future studies, an experimental mean
to assess the 3CLp dynamics in solution, an important point to
consider in drug development.

Since mid-2020, the world faces the apparition of SARS-CoV-2
variants that may, at least partially, escape to currents vaccines.
This stresses that there is a need for direct acting antiviral(s) and
also that there is a high risk for emergence of resistance
mutations in 3CLp if targeted. To help resolve this common issue
in drug development, a promising strategy consists in the
combination of both orthosteric and allosteric drugs®®%%. In this
way, our NMR data could be valuable to identify both the allosteric
sites of SARS-CoV-2 3CLp and the molecules that bind into, and
to identify the allosteric pathways along which resistance
mutations may also occur.

Using a two-step fragment screening, we identified 38 hits,
including the promising fragment F01, and three binding sites, or
hotspots, located in the active site and at the dimerization
interface of 3CLp. It has been shown that 3CLp can indeed be
efficiently targeted at its active site, at its dimerization interface
and even at different allosteric sites!!"13.14.1822.24.2527.29.51] " g
showed that FO1 binds to 3CLp active site with a rather good
affinity (Kp = 73 uM), is a non-covalent reversible inhibitor of the
protease (ICso = 54 pM) and demonstrates antiviral activity
against SARS-CoV-2 (ECso = 150 uM), despite no optimization.
Our results indicates that FO1 is a promising fragment lead that
deserved to be optimized to give more potent compounds?852,
Structure-activity relationship studies, guided by the the crystal
structure, will help this process and two approaches could be
considered: first, FO1 (Class |) could be linked or merged to Class
Il hits, and second, F01 could be studied in combination with
fragments from Class Il that bind at the dimerization interface.
This work and our NMR results will benefit to the better
understanding of the complex structure-function relationships in
the dimer of 3CLp and assist the rational design of potent 3CLp
inhibitors, that may both block its active site and interfere with its
dimerization, in order to tackle current, or even future,
coronaviruses pandemics.
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Accession codes

Backbone NMR assignments of SARS-CoV-2 3CLp have been
deposited in the Biological Magnetic Resonance Data Bank (Entry
50780).

Crystal structures of apo 3CLp and 3CLp in complex with
fragment FO1 have been deposited in the Protein Data Bank as
entries 7NTS and 7P51, respectively.
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We herein report the liquid-sate NMR spectroscopy analysis of the dimeric SARS-CoV-2 main protease (3CLp), including its
backbone assignments, to study its complex conformational regulation. Using fragment-based NMR screening, we highlighted three
hotspots on the protein, two in the substrate binding pocket and one at the dimer interface, and we identified a non-covalent
reversible inhibitor of 3CLp that has antiviral activity in infected cells.
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ABSTRACT. Since end of 2019, the global and unprecedented outbreak caused by the coronavirus
SARS-CoV-2 led to dramatic numbers of infections and deaths worldwide. SARS-CoV-2 produces
two large viral polyproteins which are cleaved by two cysteine proteases encoded by the virus, the

3CL protease (3CLP™) and the papain-like protease, to generate non-structural proteins essential



for the virus life cycle. Both proteases are recognized as promising drug targets for the development
of anti-coronavirus chemotherapy. Aiming at identifying broad spectrum agents for the treatment
of COVID-19 but also to fight emergent coronaviruses, we focused on 3CLP™ that is well conserved
within this viral family. Here we present a high-throughput screening of more than 89,000 small
molecules that led to the identification of a new chemotype, potent inhibitor of the SARS-CoV-2
3CLP™. The mechanism of inhibition, the interaction with the protease using NMR and X-Ray, the

specificity against host cysteine proteases and promising in cellulo antiviral properties are reported.

INTRODUCTION

The outbreak of severe acute respiratory syndrome (SARS)! in 2002, as well as the Middle-East
respiratory syndrome (MERS)? in 2012 and COVID-193 since 2019 demonstrates the potential of
coronaviruses to cross boundaries between species and highlights the importance of urgently
developing efficient antiviral compounds with broad spectrum activity against this virus family.

The newly emerged coronavirus SARS-CoV-2 is the seventh reported coronavirus having the
potential to infect human. It is an enveloped, positive single-stranded RNA virus that can infect
both humans and animals. Coronaviruses contain the largest known RNA genome encoding, in
addition to the structural and accessory proteins, two large viral polyproteins, ppla and pplab.
These polyproteins are processed by two viral proteases, the papain-like protease (PLP) and the
3C-like protease (3CLP™, also known as the main protease MP™) to generate a series of functional
non-structural proteins essential for virus replication and transcription.

The viral main protease (3CLP™), a 33.8 kDa cysteine protease with a non-classical Cys-His dyad
(Cys145-His41) is active as a homodimer. As an essential component for the formation of the

coronavirus replication complex, this protease is an attractive target for the development of anti-



coronavirus therapeutics. Moreover, the remarkable degree of conservation of this protease among
the viruses of this family (96% sequence identity between the SARS-CoV-2 and SARS-CoV) is a
strong asset to design pan-anti-coronavirus drugs to tackle not only the current SARS-CoV-2 but
also potential future outbreaks of emergent human coronaviruses.*> Interestingly, 3CLP™ cleaves
the polyprotein lab at 11 cleavage sites with a common cleavage sequence LQ |(S/A/G) that is
unusual for human proteases®’. This may allow for identifying drug candidates with high
specificity for the viral protease reducing unwanted polypharmacology and potential side effects.

Several 3CLP™ inhibitors are currently in preclinical and clinical development for the treatment
of COVID-19810ILIZI3I4I5 - Amongst the most potent compounds, GC-376, a peptidomimetic
broad-spectrum antiviral agent developed for feline coronavirus infections, inhibits the replication
of noroviruses, picornaviruses, and coronaviruses'®. Recently two other peptidomimetic broad-
spectrum coronavirus 3CLP™ inhibitors with high selectivity over human proteases; PF-07304814,
a phosphate prodrug metabolized in vivo to the active moiety PF-00835231 was developed'” and
PF-7321332 (nirmatrelvir) specifically designed to be administered orally, is currently approved's.
However, the promising clinical results reported by Pfizer for nirmatrelvir are dependent upon
coadministration with ritonavir as a PK enhancer. In addition to peptidomimetic inhibitors that can
be challenging in terms of selectivity and PK profile, novel non peptidomimetic small molecules
pan-inhibitors of 3CLP™ are also highly desirable to fight COVID-19 and potential emerging
coronaviruses.

Here we report the high-throughput screening of a large library of more than 89,000 small
compounds on the 3CLP® of SARS-CoV-2 and the identification of a novel class of non-

peptidomimetic small inhibitors with promising anti-coronaviral activity.

RESULTS AND DISCUSSION



Development of the enzymatic assay and high-throughput screening.

SARS-CoV-2 3CLP™ expression. It has been shown that extra amino-acid residues or affinity tags
at either the N-terminus or C-terminus significantly decrease 3CLP™ enzymatic activity via
disturbing its dimerization and/or active site conformation. The native SARS-CoV-2 3CLP™ was
thus recombinantly expressed in Escherichia coli with a cleavable tag and purified to homogeneity.
The N-terminal 6xHis-SUMO tag that was later cleaved using SENP2 protease (His-tagged) to
release the native SARS-CoV-2 3CLP™ without any extra residue at its extremities. The high yield
for expression and purification (~100mg/L culture) allowed us to work with a single batch of the
protease leading to a high reproducibility of our enzymatic high throughput screening.

Enzyme characterization, assay development, validation of the assay with known inhibitors.
Aiming at rapidly developing a Forster Resonance Energy Transfer (FRET)-based assay and on
the basis of the strong identity between SARS-CoV and SARS-CoV-2 main proteases, we have
turned to a fluorogenic substrate previously reported to monitor the catalytic activity of the SARS-
CoV 3CLP® ' The Dabcyl-KTSAVLQ/SGFRKME(Edans) substrate bearing the sequence
between polypeptide nsp4-nsp5 junction of SARS-CoV-2 was selected. The fluorescence resulting
from the cleavage of this substrate by the protease was measured with a Victor 3V instrument
(Perkin-Elmer) using excitation and emission wavelengths of 340(25) nm and 535(25) nm (Figure
1d). Using this fluorogenic substrate, proteolytic activity of the 3CLP™ was evaluated in a pH 7.4
buffer containing 50 mM HEPES, 0.1 mg/mL BSA, 0.01% Triton X-100 and 2 mM GSH. Due to
the presence of a catalytic cysteine in the 3CLP™ active site, glutathione (GSH) was added in the
assay buffer to both maintain the catalytic cysteine in its active state and discard highly electrophilic
compounds from the hit list ((GSH] = 100000 x [3CLP™]). Triton X-100 has also been added to
avoid non-specific inhibitory binding of the compounds with the protease by forming aggregate.

We characterized the enzymatic activity of the recombinant SARS-CoV-2 3CLP™ by determining



the Michaelis-Menten constant (Kwm) value. Fluorogenic substrate concentrations ranging from 6
to 400 uM were used in this kinetic study with a fixed enzyme concentration of 15 nM. The initial
velocity was measured and plotted against substrate concentration. Curve fitting with Michaelis-
Menton equation gave the best-fit values of Km as 54 uM (Figure 1b). Previously we had checked
that the enzymatic reaction was linear for enzyme concentration between 3.1 nM and 25 nM (Figure

Ic).
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Figure 1. SARS-CoV-2 3CLP™ expression and characterization. (a) SDS-PAGE of 3CLP™; the
calculated molecular weight of the 3CLpro is 33,796 Da. (b) Michaelis-Menten plot of 15 nM
3CLP™ with various concentrations of FRET substrate (c) Initial velocity plot of enzyme reaction
with various concentrations of 3CLP™. (d) Principle of the enzymatic FRET-based assay used to
monitor 3CLP™ activity. Once the fluorogenic substrate is cleaved by the enzyme, the fluorophore
(Edans) and the fluorescence quencher (Dabcyl) are spatially separated, resulting in an increase in

fluorescence which is proportional to the enzyme activity. (€) SARS-CoV-2 3CLP™ inhibition by



reference compounds. 3CLP™ was pre-incubated 30 minutes with various concentration of GC-376
or boceprevir before FRET substrate addition and initial velocity measurement. Data are shown as

mean = SD of duplicates from representative experiments.

As a too high substrate concentration could be detrimental for the purposes of identification of
inhibitors that usually compete with substrate for the enzyme active site, we selected the lowest
enzyme (15 nM) and substrate concentration (10 uM; 0.2xKwm) that yielded a strong, reliable and
reproducible signal in the 384-well plate screening format (0.8<Z’<0.9). Finally, tolerance to
DMSO was evaluated and a final maximal DMSO concentration of 1% was used. To validate the
enzyme assay, two known inhibitors of the SARS-CoV-2 3CLP?; GC-376 and boceprevir'® were
evaluated in the screening assay. Both compounds dose-dependently inhibited the enzyme activity
with ICso values of 4 uM for boceprevir and 0.02 uM for GC-376, in line with the values reported

in the literature (Figure le).

Primary high-throughput screening. A library of 89,193 compounds, selected from commercial
vendors or prepared by our chemists using state-of-the-art selection and design criteria, in terms of
diversity and “drug / lead-likeness” properties, was screened at 30 uM against the SARS-CoV-2
3CL protease by enzymatic end-point fluorescence intensity assay in 384-well microplate format
on a semi-automated system (Figure 2). To allow detection of slow/tight enzyme binders, a 30-
minute pre-incubation of compounds with the enzyme was applied before starting the reaction with
substrate. Fluorescence was measured after 30 minutes. Boceprevir at 4 pM (ICso value) and 40
puM (10 x ICso) was used as a positive reference compound in each plate. The HTS demonstrated

robust performance with an average Z’ factor of 0.85.
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Figure 2. Left. Overview of the screening. SARS-CoV-2 3CLP™ inhibition was reported (%) for

L0 SERE

each incubate. Green dots: tested compounds at 30uM, Red dots: positive controls (incubations
with vehicle), Blue dots: negative controls (incubations w/o enzyme), Orange dots: reference
compound Boceprevir at 40 uM, Light orange dots: Boceprevir at 4 pM. Right. Workflow of the

screening campaign.

The cut-off to select hits was set to 50 % inhibition of the enzyme activity in order to focus on
the most potent inhibitors. 213 compounds were thus cherry-picked from our inventories or
repurchased. They were retested in the same assay in dose—response experiments to determine their
ICso values. In parallel the compounds were tested at the highest concentration (100 pM) without
enzyme in order to test for fluorescence signal interference. Following the enzyme omission test,
20 compounds were retested in a continuous kinetic assay that allows rate calculation, for
confirmation. The DMSO stock solutions of the 176 compounds were controlled for purity and
identity by LCMS. From these 176 compounds, 35 were then selected and repurchased based on
chemical structures, synthetic access and IP criteria. Finally, 42 confirmed hits were selected using
a cut-off of maximal inhibition greater than 50% and ICso less than 10 uM (Figure 2).

We report here the identification and characterization of a dithiocarbamate 3CLP™ inhibitor that

represents a novel chemical series with promising anti-coronavirus activity (compound 1, Figure

3)
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Figure 3. Structure of hit compound 1.

Hit compound 1 characterization.

Slow binding inhibitor. Compound 1 was retested with or without a 60-minute pre-incubation
step before substrate addition. As can be seen in the concentration-effect curve (Figure 4a),
observed inhibition is shifted to lower concentrations with pre-incubation, revealing higher
compound potency as expected for slow binding inhibitor.

Effect of reducing agents on inhibitory potency. Enzymatic assays for the SARS-CoV-2 3CLP™
inhibition were performed with different reducing conditions classically used with cysteine
protease (Figure 4b). We obtained highly decreased potencies for compound 1 in reducing
conditions (ICs0=0.008 uM without reducing agent, 1.75 uM with 2 mM GSH and 1.94 uM with
2mM THP (Figure 4b)). To know if the loss of potency was due to a degradation of the compound
by the reducing agents, compound 1 was incubated at 100 uM in the enzymatic assay buffer in
presence of 2 mM of GSH. After 1h30 incubation, the very low disappearance of the compound in
both conditions (less than 10%) cannot explain the 2-log decrease in potency observed with the
reducing agents suggesting an impact of the reducing condition on the enzyme and rather than on

the compound. Others reported this effect but failed to bring mechanistic description?’.
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Figure 4. (a) SARS-CoV-2 3CLP™ inhibition by hit compounds 1. 3CLP™ was pre-incubated 60
minutes or not with various concentration of compound before FRET substrate addition and initial
velocity measurement. Inhibitions (%) are shown as mean = SD of duplicate from a representative
experiment. (b) SARS-CoV-2 3CLP™ inhibition by hit compounds in buffer containing (2mM) or
not GSH and THP. 3CLP™ was pre-incubated 60 minutes with various concentration of compound
before FRET substrate addition and initial velocity measurement. Inhibitions (%) are shown as

mean = SD of duplicate from a representative experiment.

Reversibility of inhibition. To elucidate the binding mode of compound 1 with the 3CLP™, the
reversibility of inhibition was evaluated. Jump dilution assay is commonly used to evaluate the
reversibility of inhibition. To that aim, the compound was pre-incubated at 10 times its ICso with
3CLr™in presence of GSH (2mM) as reducing agent. Then, incubates were quickly diluted to 1/100
with substrate solution before measuring the fluorescence kinetics. Inhibition is compared to
control standard incubations at 10*ICso and 0.1*ICso final concentrations of compounds (Figure 5).
Final enzyme and substrate concentrations are 15 nM and 10 pM, respectively. As can be seen in
Figure 5, an irreversible inhibition was observed for compound 1. During the first 10 minutes after
jump dilution, the enzyme was inhibited at around 80%, a value similar to the 10*ICso control

value, that is consistent with the presence of an electrophilic center (dithiocarbamate function) that



may form covalent bond with the nucleophilic Cys145 of the catalytic site. Later, the enzyme

activity was progressively recovered and no more inhibition was observed after 2 hours.
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Figure 5. Assessment of the irreversible/reversible mechanism of inhibition with compound 1.
SARS-CoV-2 3CLP™ was incubated with compound 1 in a jump dilution assay. Initial rates are
measured just after the compound dilution with substrate and enzymatic inhibitions (%) are

calculated as mean & SD of triplicate. Data are representative of three other experiments.

Thermal Shift Assay (TSA). The direct binding of compound 1 to the 3CL protease was evaluated
in the TSA assay. The melting temperature of SARS-CoV-2 3CLP™ was shifted by 14.17°C upon
binding of compound 1 supporting the direct binding of compound 1 with the 3CLP™ (Figure 6). In
agreement with values reported in the literature, Boceprevir and GC-376 shifted the melting curve
of 3CLP™ by 3.82 and 19.36°C respectively upon binding'®. Moreover, the binding of compound 1

to the 3CL protease is maintained when adding GSH 2mM in the buffer (ATm=11.33°C).
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Figure 6. Evaluation of thermal stabilization of SARS-CoV-2 3CLP™ by Thermal Shift Assay
(TSA) in presence of Boceprevir, GC376 or Cpd 1 (40 uM). Thermal shift (ATm) was calculated
by subtracting reference melting temperature of the protease from the Tm in presence of the

compound. Values presented are the means of ATm+SD of the eight independent TSA experiments.

Structural data. The direct binding of compound 1 to the 3CLP*™ was also investigated using
solution NMR spectroscopy. Using a H, '’ N-labelled 3CLP™ we compared the 2D 'H,'SN-TROSY -
HSQC NMR spectra of the 3CLP™ acquired in the absence or the presence of an excess of
molecule?!. Spectral perturbations (chemical shift perturbations and/or signal broadening) were
observed on the 3CLP™ spectrum upon addition of compound 1 (Figure 7). These chemical shift

perturbations show the direct binding of this compound in the 3CLP™ active site, for which the
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Figure 7. Interaction of SARS-CoV-2 3CLP™ with compound 1 assessed by NMR spectroscopy.
a) The variations in NMR resonance intensities (top) and chemical shift perturbations (CSP)
(bottom) induced upon cpd 1 addition are displayed along the main protease sequence. b) The
CSPs, shown in (a, bottom), have been color coded (from light yellow to red) and are displayed on
the structure of the dimeric 3CLP™, with the two protomers shown in dark grey and white,
respectively. The side chains of both catalytic His41 and Cys145 are shown in green. ¢) Overlaid
2D 'H,"®N-TROSY-HSQC spectra acquired on ?H,'’N-labelled 3CLP™ (100uM) in the absence (in
blue) or in the presence (in red) of cpd 1 (target concentration of 2 mM). The final DMSO-d6

concentration was 3%. The spectra were acquired at 305K on a 900MHz NMR spectrometer.

To get additional structural data on the binding mode of compound 1, we solved the crystal
structure of the 3CLP™: compound 1 complex. We crystallized the native 3CLP™ and obtained the
complex with compound 1 using a soaking procedure. The 3CLP™ crystals were soaked for 1 hour
in the crystallization solution containing 10 mM of the molecule (10% DMSO), and then briefly

soaked into a cryoprotective solution containing 10% glycerol before flash-freezing in liquid



nitrogen. The structure of the complex, solved at 1.49A resolution, reveals that the Sulfur of active
site cysteine 145 undergoes a transthiocarbamoylation by reacting with the electrophilic carbon of
the dithiocarbamate function of compound 1, triggering the loss of (5-methylimidazo[1,2-
a]pyridin-2-yl)methanethiol (Figure 8a). This binding mode is fully consistent with our NMR data
where the highest CSP were observed for residues surrounding the S1 pocket. The pyridine ring of
the newly formed dithiocarbamate adduct occupies the S1 pocket that usually binds the P1 residue
of the substrate. The 3CLP™ S1 pocket is defined by the residues Phe140, Leul41, Asnl142, Gly143,
Ser144, His163, Metl165, Glul66, His172. The ligand establishes two hydrogen bonds with the
protease, one with His163 and one with Asnl42 through a water molecule, as well as many
hydrophobic contacts with the surrounding 3CLP™ residues (Figure 8b). The pyridinyl substituent
also present in ML188 and calpain inhibitor XII forms the same hydrogen bond with the H163
imidazole in S1 pocket as for compound 12223, The His163 residue at the S1 pocket was described
as a binding hot spot for 3CLP™ inhibitors and the pyridinyl substituent appears as a suitable
scaffold to finely fit into the S1 pocket. The 3CLP™ S1 pocket is occupied by a cyclobutyl or a
glutamine surrogate y-lactam ring of boceprevir and GC-376 respectively!'®?*. Upon binding of
compound 1 the loops (Glul66-His172 and Phel85-Alal94) and the helical segment (Val42-
Pro52), forming the walls of the enzymatic cleft, were slightly displaced compared to the structure
of the apo-3CLP™, making the cleft slightly wider. These observations are consistent with the
location of the observed NMR chemical shift perturbations. In addition, we also observed NMR
CSPs for residues that are outside of the active site (Gly2, Phe3, Ser10, Glyl1, Alall6, Cys117,
Serl121, Alal24, Glu166, GIn299, Ser301, Gly303, Val303 and Phe305) (Figure 7). This NMR data
show that compound 1 while binding at the active site induces structural and/or dynamical
perturbations up to the dimerization interface of 3CLP™, where both the N-terminus and C-terminus

of the protease, including Serl0, Glyll, R298, have been shown to be essential for its



dimerization®>2°, This path, highlighted by NMR CSPs, clearly shows an allosteric regulation
pathway in 3CLP™. The later one could correspond to the conserved communication network
(His163, Serl47, Leull5 and Serl10) that have been recently proposed in 3CLP™ based on
mutational and functional analyses?®. The formation of the dithiocarbamate function with the
Cysl45 also explains the irreversible inhibition observed in the jump dilution assay for this
compound. However, the new dithiocarbamate remains electrophilic and hydrolysable. Indeed,
upon dilution the enzyme recovers slowly its catalytic activity. We have previously observed the
ability of compound 1 to react with thiols like GSH derivatives but in the case of 3CLP™, this
reactivity is greatly improved as 1 yields complete reaction with 3CLP™ and only a low reaction
conversion with GSH was observed after 90 minutes (<10%) despite high GSH concentration (2

mM).
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Flgul;e 8. Crystallographic "vstructure of thei SARS CoV-2 3CLP™ bound to the N- -(pyridin-3-
ylmethyl)thioformamide moiety (in pink) from the compound 1 (PDB ID: 7NTQ) (a). The 2Fo-Fc
electron-density map, contoured at 1.5c, is shown as light grey mesh. (b) Interaction of the ligand
(cpd 1 after Cys145 binding) with the 3CLP™ S1 pocket. The analysis of the interaction was made
using LigPlot+ (v2.2.4). 3CLP™ and ligand bonds are shown in brown and purple, respectively.
Water molecules are displayed as cyan spheres. Dashed green lines and dashed red lines represent

hydrogen bonds and hydrophobic interactions, respectively. The 3CLP™ residues that are involved



in hydrogen bonds have their name displayed in green whereas the residues making hydrophobic
contact(s) are indicated with their name surrounded by red spikes. Atoms involved in hydrophobic

contact(s) are surrounded by red spikes.

Analogs synthesis of compound 1 and enzymatic activity on 3CLP™. To gain molecular insight
into the binding properties of the dithiocarbamate-based inhibitor 1 within the catalytic site, four
analogs were synthesized. In compound 1A, the electrophilic warhead dithiocarbamate was
replaced by a thiourea moiety. After covalent binding of compound 1 with the catalytic Cys145 of
the 3CLP™, only the pyridyl part remains in the catalytic site. To evaluate the importance of the
leaving moiety (5-methylimidazo[1,2-a]pyridin-2-yl)methanethiol for the binding of 1, this part
was replaced by either an ethyl (1B) or a benzyl (1C) moiety while keeping the dithiocarbamate

warhead. Finally, the dithiocarbamate in 1C was replaced by a thiocarbamate in 1D (Figure 9).

dithiocarbamate

h N7 KT
) Hit Cpd 1 Cpd 1x
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Figure 9. Structures of analogs 1x and 1A-1D of hit compound 1

Hit compound 1 was resynthesized in three steps described in scheme 1. 3-
(aminomethyl)pyridine was reacted with carbon disulfide in presence of potassium hydroxide to

obtain intermediate 1x. 1,3-dichloroacetone and 2-amino-6-methylpyridine were refluxed in



ethanol to lead to chlorine intermediate 1y. Finally, compound 1 was obtained by nucleophilic

substitution between 1x and 1y.

Scheme 1. Synthetic Route to hit compound 1¢
s
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aReagents and conditions: (a) CS2, KOH, MeOH, 2 h, 0°C, 43% (b) EtOH, reflux, overnight, 30

% (c) NEt3, MeOH, 3 h, room temp., 85%

1A-1D were obtained from isothiocyanate 1i (scheme 2) and different nucleophiles (amine, thiol
and alcohol). 1i was prepared according a reported procedure using 3-picolylamine and bis(2-

pyridyloxy)methanethione (DPT).?’

Scheme 2. Synthetic Routes to 1A-1D*
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aReagents and conditions: (a) NaH (60% dispersion in mineral oil) in dry THF, 0°C, 1 h then

bis(2-pyridyloxy)methanethione, room temp., overnight, 67 % (b) R-NH2, NEt3, DCM, 1 h, room



temp., 96% (c) R-SH, NEt3, DCM, 1 h, room temp., 90-96 % (d) R-OH, NaH (60% dispersion in

mineral oil), dry THF, 0°C then 1i, room temp., 1 h, 85%.

The activities presented in Table 1 show that the dithiocarbamate function present in 1, 1B and 1C
is essential for the inhibitory effect as replacement by thiourea (1A) or thiocarbamate (1D) led to
inactive compounds. The replacement of the 5-methylimidazo[l,2-a]pyridin-2-yl moiety of
compound 1 by a phenyl in compound 1C led to a similar inhibitory activity while the replacement
by an ethyl group in 1B resulted in 8-fold lower potency. Interestingly, the potassium
dithiocarbamate intermediate 1x devoid of thiol leaving group is as potent as compound 1. Salts of
dithiocarbamate as Ditiocarb, the sodium salt of diethyldithiocarbamate, are known to be powerful
metal chelating agent. As zinc complexes are known to inhibit 3CLP™ 28, we hypothesized that
compound 1x could inhibit the 3CLP™ as a zinc complex. The compound was thus tested in presence
of the zinc chelator EDTA (500 uM) but 1x revealed as potent in presence or in absence of EDTA
in contrast to zinc acetate that completely loose its inhibitory activity in presence of EDTA. To
get insight into the binding mode of compound 1x, we solved the crystal structure of the
3CLP:compound 1x complex. As previously for compound 1, we crystallized the native 3CLP™
and obtained the complex with compound 1x using a soaking procedure. The structure of the
complex reveals that the active site cysteine 145 makes a covalent bound with the electrophilic
carbon of the dithiocarbamate function of compound 1x leading to the same fragment bound to the
protease as with compound 1 (Figure S1a). The superimposition of the structures of the SARS-
CoV-2 3CLP™ bound to the compound 1 and to the compound 1x (Figure S2b) shows that the N-
(pyridin-3-ylmethyl)thioformamide moiety bound to the protease has the same binding mode

(Figure S1b).



Table 1. SARS-CoV-2 3CLP™ inhibition of hit compound 1 and analogues 1A-D, 1x

Assay without GSH Assay with GSH

Cpd ICso(uM) pICso+ SD I1Cso (uM) pICso = SD

1 0.021 7.67 £0.30 1.46 5.85+0.05
1A 35.0 4.46 +0.19 >100 <4
1B 0.178 6.75 £ 0.63 22.40 4.65 +0.07
1C 0.023 7.65 £0.32 9.36 5.03+£0.10
1D >100 <4 >100 <4
1x 0.027 7.57+0.22 1.36 5.87+0.04

Enzymatic assays were performed with or without GSH 2mM in the buffer. The enzyme was pre-
incubated for 1h with compound at increasing concentrations before starting the reaction with the
substrate. Initial rates were recorded to calculate % inhibition and ICso were obtained from
concentration-response curves by a nonlinear regression analysis of the data. ICso values are
averages of three independent experiments.

Inhibition of the 3CL protease of another human coronavirus. Since the catalytic sites of 3CL
proteases are highly conserved among coronaviruses family, we hypothesized that compound 1
could act as a pan-inhibitor of coronaviruses 3CL proteases. Consistent with this hypothesis,
compound 1 was shown to be inhibitor of the 3CL protease of coronaviruses of alpha (HCoV-
229E) and beta (SARS-CoV-2, MERS-CoV) groups of Coronaviridae (Table 2) and could
represent a good starting point to develop a broad spectrum anti-coronavirus compound to fight
emerging coronaviruses. A weaker potency has been obtained for all tested compounds on the
3CLP* of MERS-CoV. Moreover, an increase in enzymatic activity was observed in the presence
of low concentrations of compounds while inhibition of enzymatic activity was observed at higher

inhibitor concentrations (Figure S2). The activation of MERS-CoV 3CLP™ by ligands at low

concentration was previously described as a result of dimerization induced upon partial occupation



of the substrate binding pocket. Indeed, MERS-CoV 3CLP™ is a weakly associated dimer requiring
ligand binding for dimer formation and enzymatic activity. 2

Table 2. Activity of compounds against 3CLP™ of different human coronaviruses

hCoV-229E SARS-CoV-2 MERS-CoV
Cpd (Alpha-CoV) (Beta-CoV) (Beta-CoV)
3CLP™ ICso pM (pICso) 3CLP ICso pM (pICso) ~ 3CLP™ ICso pM (pICso)
1 0.016 (7.79 £0.14) 0.021 (7.67 £0.30) 2.00 (5.70 £ 0.10)
1x 0.019 (7.73 £0.10) 0.027 (7.57 £0.22) 1.36 (5.87 £0.21)
GC-376 0.028 (7.56 £0.09) 0.012 (7.92 £0.02) 0.43 (6.37+0.06)

Enzymatic assays were performed without GSH in the buffer. The enzymes were pre-incubated for
1h with compound at increasing concentrations before starting the reaction with the substrate.
Initial rates were used to calculate % inhibitions and ICso were obtained from concentration-
response curves by a nonlinear regression analysis of the data. ICso values are averages of at least
three independent experiments.

Selectivity against human cysteine proteases (Human Calpain 1, Cathepsin L). Compound 1 and
1x were tested on two host-cell proteases, the human cysteine proteases calpain 1 and cathepsin L.
Both compounds showed no inhibitory activity against Calpain 1 (ICso >300 uM) and a 80 and 30-
fold decrease of potency on Cathepsin L compared to SARS-CoV-2 3CLP® was obtained
respectively for compound 1 and 1x, suggesting promising selectivity for coronavirus 3CL
proteases. In contrast, GC-376 is highly potent on SARS-CoV-2 3CLP™, human Calpain 1 and
Cathepsin L (Table 3).

Table 3. Selectivity profile of compounds against human cysteine proteases

Cpd 3CLP SARS-CoV-2 Human Calpain 1 Cathepsin L
ICso pM (pICso) ICso uM (pICs0) ®  ICso uM (pICso) ®

1 1.46 (5.85+0.05) > 300 (>3.52) 122 (3.91 £0.19)

1x 1.36 (5.87 £ 0.04) > 300 (>3.52) 42.8 (4.37+0.10)

GC-376 0.02 (7.64 +0.27) 0.016 (7.79+0.05)  0.0007 (9.16 =0.11)




Enzymatic assays were performed with GSH (2mM) as reducing agent. The enzymes were pre-
incubated with compound at increasing concentrations before starting the reaction with the
substrate. Initial rates were used to calculate % inhibitions and ICso were obtained from
concentration-response curves by a nonlinear regression analysis of the data.

4Cso values are averages of three independent experiments; enzyme and compound pre-incubation
of 60 min

’ICso values are averages of two independent experiments; enzyme and compound pre-incubation
of 30 min.

Antiviral activity of 3CLP™ inhibitor 1 in SARS-CoV-2 and HCoV-229E live viruses assay
Antiviral effect on SARS-CoV-2. To evaluate the antiviral activity of our 3CLP™ inhibitors against
SARS-CoV-2, compounds 1 and 1x were tested in a cellular assay in Vero-81 cells stably
expressing a fluorescent reporter probe to detect SARS-CoV-2 infection (F1G cells)*®. As Vero
cells are known to express high levels of the efflux transporter P-glycoprotein (P-gp), the assay
was performed in presence of the P-gp inhibitor CP-100356 (0.5 uM) that had no antiviral or
cytotoxic activity at the concentration used. As can be seen in figure 12, compound 1 demonstrated

promising antiviral with micromolar potency (ICso = 1.06 uM) without cytoxicity at the active

doses. For compound 1x, it was unfortunately toxic at the doses that gave antiviral activity.
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Figure 12. F1G cells were infected with SARS-CoV-2 in presence of P-gp inhibitor (CP-100356)
and increasing concentrations of compound 1 (top) or GC-376 (bottom). 16 h later, cells were fixed
in presence of Hoechst 33342. Infected cells (GFP positive nuclei) and the total number of cells
(number of nuclei, Hoechst staining) were determined. Results are presented as the percentage of

the control and are the average of four independent experiments. Error bars represent the SEM.

HCoV-229E antiviral assay. As compound 1 is a potent inhibitor of the 3CLP™ of the human
coronavirus 229E, its antiviral activity in cellulo on this coronavirus was also evaluated.
Compound toxicity was first evaluated in a high-content screening apoptosis assay to determine
the range of concentrations devoid of toxicity. This assay allows the rapid detection and
quantification of apoptotic Huh-7 cells by detection of Caspase-3/7 activity in real-time imaging

using NucView™ 488 substrate containing peptide sequence DEVD attached to a nucleic acid dye



(data not shown). Then, in cellulo (Huh-7 cells) antiviral activity on the human coronavirus 229E
was assessed using recombinant HCoV-229E expressing the Renilla luciferase (Rluc) reporter
gene. Rluc activity was measured using the Renilla-Glo luciferase assay system (Promega). As can
be seen in Figure 13 compound 1 inhibits viral replication of this coronavirus with a micromolar
potency showing that compound 1 is a good starting point to develop a new broad spectrum anti-

coronavirus candidate.
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Figure 13. Antiviral activity on the human coronavirus 229E assessed using recombinant HCoV -
229E expressing the Renilla luciferase (Rluc) reporter gene for compounds 1 (left) and GC-376
(right). Results are the mean from at least 3 independent experiments. Error bars represent the

SEM.

CONCLUSIONS. Compound 1 bearing a dithiocarbamate warhead represents a novel class of
covalent, 3CLP™ inhibitor with potency in the nanomolar range on the 3CLP™ of SARS-CoV-2 (ICso
=21 nM). This compound also inhibited the 3CL protease of two other coronaviruses; HCoV-229E
(Alpha-CoV) and MERS-CoV (Beta-CoV). The selectivity over host proteases, often challenging
with electrophilic covalent inhibitors, was evaluated on two human cysteine proteases and revealed
a more than 80-fold selectivity. We also showed that inhibition of the enzyme, performed through

the formation of a labile dithiocarbamate with the sulfur atom of the catalytic cysteine, is reversible



within 2 hours, a blockade time likely sufficient to cover the protein turnover time in infected cells.
Indeed, a robust cellular antiviral activity in the low micromolar range on both SARS-CoV-2 and
HCoV-229E was obtained. Therefore, these results collectively support compound 1, a selective
3CL protease inhibitor with antiviral activity, as a promising starting point for further development

of this series as broad-spectrum anti-coronavirus agents.

EXPERIMENTAL SECTION

3CLP™ substrate {Dabcyl}-KTSAVLQSGFRKM-{Glu(Edans)} was purchased from LifeTein
(purity >95%). Boceprevir was purchased from MedChemExpress, GC376 from Carbosynth
(BG167367), compound 1 from enamine (T5466440).

Expression and purification of the 3CLP™ of SARS-CoV-2, MERS-CoV and hCoV-229E.
The gene coding for the SARS-CoV-2 main protease (3CLP™) was synthesized, with codon
optimization, and inserted into an in-house modified pET24a plasmid in order to produce the
3CLP™ fused to a N-terminal 6xHis-SUMO tag in Escherichia coli BL21(DE3) (pHis-SUMO-
3CLP™). The bacteria were grown at 37°C in Luria-Bertani (LB) medium supplemented with
Kanamycin (25ug/mL). When Acoonm reached ~0.9, the temperature was lowered to 21°C and
induction was carried out with 0.3 mM isopropyl-B-D-galactopyranoside for 12 hours. Harvested
cells were lysed using homogenizer (Emulsiflex C-3) in lysis buffer (50 mM Tris.Cl pH 8.0, 300
mM NaCl) supplemented with both DNAsel and RNAseA. The fusion protein was first purified
using a HisTrap HP column (Cytiva) and eluted with an elution buffer containing 400 mM
imidazole. The 6xHis-SUMO-3CLP™ fractions were selected from SDS-PAGE analysis, then
pooled and dialyzed (cut-off 6-8kDa) 2 hours at 4°C against 2 L of cleavage buffer (40 mM Tris-

ClpH 7.5, 100 mM NaCl, 5 mM B-mercaptoethanol). The 6xHis-SUMO tag was cleaved by adding



SENP?2 protease (His tagged) into the dialysis bag and by dialyzing the sample over-night at 4°C
against 2 L of fresh cleavage buffer. The sample was then passed through a HisTrap HP column
(Cytiva) to eliminate the SENP2 protease and the 6xHis-SUMO tag. The flow-through containing
the native 3CLP™ was dialyzed (cut-off 6-8kDa) at 4°C against 2 times 3 L of storage buffer (50
mM Tris-Cl pH7.5, 20 mM NaCl, 1 mM EDTA, 1mM DTT). The 3CLP™ was concentrated using
a stirred cell with (Amicon) a 10 kDa membrane. A 15.8 mg/mL batch was kept at 4°C whereas a
12.6 mg/ml batch containing 20% glycerol was flash frozen in liquid nitrogen and then stored at -
80°C until used. The final yield was about 100 mg per L of culture. The native sequence of the
purified 3CLP™ was checked by MALDI-tof analysis (Axima Assurance, Shimadzu).

The expression of native main protease from both 229E and MERS-CoV was performed
following the same strategy as above. The proteins were stored at -80°C, in storage buffer (20 mM
Tris-Cl pH 7.5, 50 mM NaCl, ] mM EDTA, 2 mM DTT) at 6 mg/mL and 12.6 mg/mL, respectively.
The final yields were about 80 mg and 35 mg per L of culture, respectively.

Expression and purification of 2H,>N labelled SARS-CoV-2 3CLP™. The protocol is similar
to the one for unlabeled 3CLP™ (see above) but with the following modifications. Bacteria were
grown in a M9-based semi-rich medium (M9 medium supplemented with "NH4C1 (1 g/L), D-
glucose-C-d7 (3 g/L), Isogro N,D-powder growth medium (0.5 g/L; Sigma-Aldrich), and
kanamycin (25 pg/mL). The final storage buffer was (50 mM NaPi pH 6.8, 40 mM NaCl, 0.2 mM
EDTA, 3 mM THP). The ?H,'>N-labelled 3CLP™ was concentrated up to 8.37 mg/mL, flash frozen
in liquid nitrogen and then stored at -80°C until used.

NMR analysis of SARS-CoV-2 3CLP" with ligands. All NMR experiments were performed at
305 K using Bruker Neo 900 MHz NMR spectrometer equipped with a cryogenic triple resonance
probe (Bruker, Karlsruhe, Germany). The proton chemical shifts were referenced using the methyl

signal of TMSP (sodium 3-trimethylsillyl-[2,2,3,3-d4]-propionate) at 0 ppm. Spectra were



processed with the Bruker TopSpin software package 4.0.6. Data analysis was done with Sparky
software?!.

NMR data were acquired on 200 pL samples in 3 mm tubes containing 100 uM of 2H,*N-doubly
labelled 3CLP™ sample in NMR buffer (S0mM NaPi pH 6.8, 40 mM NaCl, 3 mM THP, 3% DMSO-
d6, 5% D20) and 2 mM of the ligands. 2D 'H,">'N-TROSY-HSQC spectra were acquired with 64
scans and 2048 and 128 complex points in the 'H and >N dimensions respectively.

Crystallization of SARS-CoV-2 3CLP™, A 3CLP™ sample at 5 mg/mL in storage buffer (50 mM
Tris-Cl pH 7.5, 20 mM NaCl, I mM EDTA, 1 mM DTT) was used for crystallogenesis. Crystals
with flower-shape were obtained in 0.2 M sodium formate, 20% PEG 3350 at room temperature.
These crystals were crushed with a micro-tool to make a seed stock and new crystals were grown
in the same condition using the microseeding technique with a cat whisker.

For the complexes with compounds 1 and 1x, the 3CLP™ crystals were soaked for 1 hour in a
solution containing 10 mM compound 1, 10% DMSO, 0.2 M sodium formate, 20% PEG 3350 and
then briefly soaked into 0.2 M sodium formate, 20% PEG 3350, 10% glycerol before freezing.

X-ray data collection and processing. X-Ray data were collected on the Proximal or
Proxima2a beamlines 32 of the SOLEIL synchrotron facility (Paris, France). The data collection
was done remotely using the MXCuBE2?} software and the crystals were handled by a Staubli
sample changer. The data were collected at 100K using an Eiger-X 16M or 9M (Dectris) detector.
The data were processed with XDS** (xdsme scripts from the synchrotron facility,

https://github.com/legrandp/xdsme). The molecular replacement (using the PDB entry 7K3T, DOI:

10.2210/pdb7K3T/pdb) and the refinement steps were done using the CCP4i2 interface® of the
CCP4 program suite’® . The statistics for data collection and refinement are summarized in the

Table 1 in supporting Information.


https://github.com/legrandp/xdsme

The final models and the structure factors corresponding to the 3CLP™ bound to N-(pyridin-3-
ylmethyl)thioformamide from compounds 1 and 1x have been deposited in the Protein Data Bank
as entries 7NTQ and 8AEB respectively.

The figure 8a has been generated using Pymol (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC

SARS-CoV-2 3CLP"enzymatic assays. For HTS, the FRET-based assay was optimized and
miniaturized in Corning 384-wells plates (dark, low-binding, low volume). The assay was
conducted at room temperature using a reaction volume of 20 pL and a buffer containing 50 mM
HEPES, 0.1 mg/mL BSA, 0.01% Triton and 2 mM GSH at pH 7.5. Compounds stored as 10 mM
stock solutions in DMSO were dispensed by acoustic nanodispensing with an Echo Liquid Handler
(Labcyte). 10 uL 3CLP™ was added to the tested compounds and preincubated for 30 min before
addition of 10 pL FRET-based substrate {Dabcyl}-KTSAVLQSGFRKM-{Glu(Edans)}. Final
concentrations were 15 nM, 10 uM and 30uM, for enzyme, substrate and compound library
respectively. Final concentration of DMSO did not exceed 1%. After 30 min, the fluorescence
intensity was monitored with a Victor 3V instrument (Perkin-Elmer) using excitation and emission
wavelengths of 340(25) nm and 535(25) nm. Boceprevir was used as a positive reference
compound at 4uM (close to the ICso value) and 40uM. Minimal and maximal fluorescence values
were obtained in each test plates by incubating the substrate alone (negative control) or with the
3CLP™® enzyme (positive control), respectively. Data were normalized intra-plate with these
controls: the average of the negative control values was subtracted from all raw data and

percentages of inhibition were calculated by the following equation:

X *100

Inhibition (%) =100—( ——
positiveControlMean




7’ factors were calculated according to Zhang et al.’” using mean and standard deviations from
positive and negative controls. Plates were validated if their respective Z’ factors were > 0.5 and if
enzyme inhibition with 40 pM or 4 uM boceprevir were > 80% and > 40%, respectively.

For determination of Km or compound ICso, the reaction progress was monitored for 30 minutes
to measure the initial velocities used in calculations. Km was obtained by curve fitting with
Michaelis-Menton equation using GraphPad Prism 7. ICso values were obtained from
concentration-response curves by a nonlinear regression analysis of the data using an equation at
four parameters (using XL fit™ 5.2.0.0. from IDBS (Guilford, United Kingdom) or GraphPad
Prism 7 (San Diego, USA).

B—-4

C D
1+(10]
X

A, minimum y value; B, maximum y value; C, LogICso value; D, slope factor.

y=A+

A jump dilution assay was used to evaluate inhibition reversibility. Compounds are pre-incubated
for 1 hour at 10 times their ICso with 100X 3CLP™. Then, the incubates are quickly diluted to 100th
with substrate solution before measuring the fluorescence kinetics. Final concentrations after
dilution are 0.1X ICso, 15 nM and 10 uM for compound, enzyme and substrate, respectively. In the
same experiment, control pre-incubations of 3CLP™ with compounds are performed (60 min) with
just, as usual, a two-fold dilution with the substrate to obtain 10X ICso and 0.1X ICso final
concentrations of compounds. Enzyme and substrate are at 15 nM and 10 uM respectively. All
incubates are performed in triplicate.

hCov-229E and MERS-CoV 3CLP™ Enzymatic Assays. Incubations are performed similarly to
the SARS-Cov-2 3CLP™ assay, using the same substrate and the same buffer. Enzyme is at 15 nM

and 400 nM for hCov-229E and MERS-CoV 3CLP™ assay, respectively. Substrate is at 30 uM



(0.2xKwm) and 60 pM (0.2xKwm), for hCoV-229E and MERS-CoV 3CLP™ assay, respectively. The
reaction progress was monitored for 30 minutes to measure the initial velocities and inhibition data
expressed as % inhibition, in the same way that for the SARS-Cov-2 3CLP™ enzymatic assay.

Calpain Assay. Effect on human Calpain 1 activity was measured using the InnoZyme™
Calpain 1/2 Activity kit purchased by Calbiochem®. Assay was performed in Corning 96-wells
plates according to the kit instructions with 1/400 diluted enzyme and 0.5 mM (DABCYL)-
TPLKSPPPSPR-(EDANS) substrate in the presence of calcium ions and reducing agent (GSH
2mM). Compounds were pre-incubated for 30 min at room temperature with Calpain 1. The
fluorescence (excitation at 320 nm and emission at 480 nm) was measured for 30 min at room
temperature with a Victor 3V (Perkin-Elmer) and initial velocities used for inhibition (%)
calculations.

Cathepsin Assay. Effect on human Cathepsin L activity was measured using the SensoLyte®
520 Cathepsin L Assay Kit purchased by Anaspec®. Assay was performed in 96-wells plates
according to the kit instructions with 1/1000 diluted enzyme and QXL™ 520/HiLyte Fluor™ 488
substrate. GSH (2 mM) was used as reducing agent. Compounds were pre-incubated for 60 min at
room temperature with Cathepsin L. The fluorescence (excitation at 490 nm and emission at 520
nm) was measured for 30 min at room temperature with a Victor 3V (Perkin-Elmer) and initial
velocities used for inhibition (%) calculations.

Thermal Shift Assay. Fluorescent dye SYPRO® Orange Protein Gel Stain was produced by
Sigma-aldrich (S692-500UL). Two compounds have been used as positive shifter of the 3CLP™
melting temperature protein: Boceprevir (HY-10237, Medchemexpress), GC-376 (BG167367,
Biosynth Carbosynth®). The assay was performed in 50 mM Tris/HCI, pH 7.5, 150 mM NacCl, 2
mM MgClzand 1% DMSO in LightCycler® 480 white Multiwell Plate 96 (Roche, 04729692001).

First, 5 uL of reference and compound 1 have been transferred in assay microplates. Then, 10 uL



of a 3CLP™ of SARS-Cov2 and Sypro Orange Dye mix were loaded to achieve final concentrations
of 40 or 100 uM for tested and reference compounds, 5X for Sypro orange dye and 2.5 uM for
3CLP*. After 30 min of incubation at room temperature, assay microplate was launched in
LightCycler480 device (Roche) for thermal denaturation of the protein under a temperature
gradient range from 37 to 95 °C with 0.05 °C/s incremental step. The melting temperature (Tm)
was calculated as the mid log of the transition phase from the native to the unfolded protein using
a Boltzmann model in LightCycler Thermal Shif Analysis software v2.0. ATm was obtained by
subtracting reference Tm of proteins in the presence of DMSO from the Tm in the presence of
compounds.

Cellular antiviral activity. Cells and viruses. Vero-81 cells stably expressing a fluorescent
reporter probe to detect SARS-CoV-2 infection (F1G cells) and Huh-7 cells were grown at 37°C
with 5% CO2 in Dulbecco’s modified eagle medium (DMEM, Gibco) containing Glutamax and
supplemented with 10% FBS (Life technologies).

SARS-CoV-2 virus (hCoV-19 IPL France strain; NCBI MW575140) was propagated on Vero-
81 cells expressing TMPRSS2 at 37°C and recombinant HCoV-229E expressing the Renilla
luciferase (kindly provided by Dr Volker Thiel, University of Bern, Switzerland) was propagated
on Huh-7 cells at 32°C. After complete lysis of the cells, supernatants containing the viruses were
centrifuged, aliquoted and stored at -80°C.

Dose-response Experiments. For SARS-CoV-2 infection assay, F1G cells were plated on
coverslips in 24 well-plates. The next day, cells were infected at an MOI of 0.1 in presence of 0.5
uM CP-100356 and increasing concentrations of GC376 or compound 1. Sixteen hours later, cells
were fixed with 4 % PFA for 30 min containing 10 pg/ml Hoechst 33342 (life technologies). Cells
were rinsed with PBS and mounted on glass slides in Mowiol 4-88 containing medium. Images

acquisitions were performed with an EVOS M5000 imaging system (Thermo Fischer Scientific)



equipped with a 10X objective and light cubes for DAPI and GFP. The total number of cells was
determined by counting the number of nuclei and the number of infected cells was determined by
counting the number of GFP positive nuclei. The experiment was performed four times.

For HCoV-229E infection assays, Huh-7 cells were plated in 96-well plates and infected 24h
later in presence of increasing concentration of GC376 or compound 1. Cells were incubated for
6h and lysed. Luciferase activity was measured by using the renilla luciferase assay system

(Promega) and a Berthold luminometer.

Chemistry.

All commercial reagents and solvents were used without further purification. Flash
chromatography was performed using a Puriflash®430 with prepacked silica columns. UV
detection was used to collect the desired product.

NMR spectra were recorded on a Bruker DRX-300 spectrometer. The assignments were made
using one-dimensional (1D) 'H and '*C spectra and two-dimensional (2D) HSQC, HMBC and
COSY spectra. Chemical shifts are in parts per million (ppm).

LC-MS Waters system was equipped with a 2747 sample manager, a 2695 separations module,
a 2996 photodiode array detector (200-400 nm) and a Micromass ZQ2000 detector. XBridge C18
column (50 mm x 4.6 mm, 3.5 mm, Waters) was used. The injection volume was 20 pL. A mixture
of water and acetonitrile was used as mobile phase in gradient-elution. The pH of the mobile phase
was adjusted with HCOOH and NH4OH to form a buffer solution at pH 3.8. The analysis time was
5 min (at a flow rate at 2 mL/ min). Purity (%) was determined by reversed phase HPLC using UV
detection (215 nm), and all isolated compounds showed purity greater than 95%. HRMS analysis

was performed on a LC-MS system equipped with a LCT Premier XE mass spectrometer (Waters),



using a XBridge C18 column (50 mm_ 4.6 mm, 3.5 mm,Waters). A gradient starting from 98%
H20 5mM Ammonium Formate pH 3.8 and reaching 100% CH3CN 5 mM Ammonium Formate
pH 3.8 within 3 min at a flow rate of 1 mL/min was used.

Potassium 3-pyridylmethylimino(thioxo)methanethiolate (1x). To a solution of 3-(aminomethyl)
pyridine (400 mg, 3.70 mmol) in methanol (15 ml) was added CS2 (1.55 ml, 25.09 mmol, 7.0 equiv)
and KOH (137 mg, 3.70 mmol, 1.0 equiv) at 0°C. The reaction mixture was stirred for 2 h at 0°C.
Then the reaction mixture was concentrated under reduced pressure and recrystallized in ethanol
to afford the desired compound as white amorphous solid (350 mg, 43%). HRMS (ESI): [M+H]*
C7HoN2S2: caled. 185.0207 found 185.0192. '"H NMR (300 MHz, CD30D): 8 (ppm) 8.55-8.51 (m,
1H), 8.41-8.36 (m, 1H), 7.88-7.82 (m, 1H), 7.37 (ddd, 1H, J= 0.6, 4.8, 7.8 Hz), 4.88 (s, 2H). 13C
NMR (75 MHz, CD30D): 6 (ppm) 216.3, 149.4, 148.3, 137.6, 137.0, 125.0, 49.1.
2-(chloromethyl)-5-methylimidazo[1,2-a]pyridine (1y). A solution of 1,3-dichloroacetone (593
mg, 4.67 mmol) and 2-amino-6- methylpyridine (500 mg, 4.62 mmol) in ethanol (5.0 mL) was
heated to reflux overnight. Then, the reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The residue was diluted with aqueous saturated solution of
NaHCOs3 (5.0 mL) and extracted with ethyl acetate (3 x 5.0 mL). The combined organic layers
were dried over MgSO4 and concentrated under reduced pressure. The crude product was purified
on silica gel column chromatography eluting by (Hexane/EtOAc 5/5) to give 2- (chloromethyl)-5-
methylimidazo[ 1,2-a]pyridine (250 mg, 30%). LC-MS: tr = 1.75 min. MS (ESI): [M+H]" 181.00.
"H NMR (300 MHz, CDCI3): & (ppm) 7.53-7.47 (m, 2H), 7.16 (dd, 1H, J= 6.9, 9.0 Hz), 6.66-6.60
(m, 1H), 4.81-4.78 (m, 2H), 2.57 (s, 3H). 3C NMR (75 MHz, CDCl3): & (ppm) 145.9, 143.1, 134.8,
125.5,115.2,111.9, 108.2, 39.9, 18.8.

(5-methylimidazo[1,2-a]pyridin-2-yl)methyl (pyridin-3-ylmethyl)carbamodithioate (1). To a

solution of potassium N-(3-pyridylmethyl)carbamodithioate (100 mg, 0.45 mmol, 1.0 equiv) and



2-(chloromethyl)-5-methyl-imidazo[ 1,2-a]pyridine (81 mg, 0.45 mmol, 1.0 equiv) in MeOH (2.0
mL) was added EtsN (0.01 mL, 0.67 mmol, 1.5 equiv). The reaction was stirred at room
temperature for 3 h. Then, the solvent was evaporated under reduced pressure and the residue was
diluted with saturated solution of NaHCO3 and EtOAc. The organic layer was separated and the
aqueous layer was extracted for 3 times with EtOAc. The combined organic layers were dried over
MgSO4 and concentrated under reduced pressure to give the crude product which was purified
though column chromatography eluting by (EtOAc/MeOH 100/0 to 100/10) to give the desired
product as yellow solid which upon washing with Et2O gave white solid (130 mg, 85%). LC-MS:
tr = 2.08 min. MS (ESI) m/z = 329.02 [M+H]+. HRMS (ESI): [M+H]" CisH17N4S2: calcd.
329.0895 found 329.0896. '"H NMR (300 MHz, CDCl3): & (ppm) 11.82 (br, 1H). 8.66 (d, J = 1.7
Hz, 1H), 8.49 (dd, 1H, J= 1.5, 4.8 Hz), 7.78-7.72 (m, 1H), 7.33 (s, 1H), 7.22 (dd, 1H, J=4.8, 13
Hz), 7.13-7.06 (m, 1H), 7.04-7.98 (m, 1H), 6.61-6.56 (m, 1H), 4.97 (d, 2H, J = 4.8 Hz), 4.27 (s,
2H), 2.50 (s, 3H). '*C NMR (75 MHz, CDCl3): 8 (ppm) 197.0, 149.8, 148.9, 144.8, 142.8, 136.4,
134.8, 132.4, 126.0, 123.5, 113.8, 112.1, 107.1, 48.3, 33.3, 18.7.

3-(isothiocyanatomethyl)pyridine (1i). To a suspension of NaH (60% dispersion in mineral oil)
(163 mg, 4.07 mmol, 1.1 equiv.) in dry THF (10.0 mL), 3-Picolylamine (400 mg, 3.70 mmol)
dissolved in dry THF (15 mL) was added dropwise at 0°C. After 1 h, bis(2-
pyridyloxy)methanethione (DPT) (868 mg, 3.74 mmol, 1.0 equiv.) was added and the mixture
gradually allowed to reach to room temperature and stirred overnight. Then, the reaction was
quenched with drops of water and the volatiles were removed under reduced pressure. The residue
was diluted with EtOAc and washed with water for 3 times. The combined organic layers were
dried over MgSO4 and concentrated under reduced pressure to give dark yellow crude product. The
crude product was purified through column chromatography eluting by (Hexane/EtOAc 50/50) to

give the desired product as pale-yellow oil (370 mg, 67%). LC-MS: tr =2.22 min. MS (ESI"): m/z



=151 [M+ H]*. '"H NMR (300 MHz, CDCl5): 8 (ppm) 8.56 (dd, 1H, J = 1.3, 4.8 Hz), 8.53 (d, 1H,
J=1.8 Hz), 7.68-7.61 (m, 1H), 7.30 (dd, 1H, J = 4.8, 7.8 Hz), 4.71 (s, 2H). '3C NMR (75 MHz,
CDCD): 6 (ppm) 149.8, 148.3, 134.6, 134.0, 130.2, 123.8, 46.4.

General procedure A for the synthesis of 14-1C

To a solution of 3-(isothiocyanatomethyl)pyridine 1i and thiol or primary amine(1.10 equiv.) in
DCM was added EtsN (1.2 equiv.). The reaction mixture was stirred at room temperature for 1
hour. Then, the volatiles were removed under reduced pressure and the residue was diluted by
saturated solution of NaHCOs3 and EtOAc. The organic layer was separated and the aqueous layer
was extracted with EtOAc for more 3 times. The combined organic layers were dried over MgSO4
and concentrated under reduced pressure. The crude product was purified through column
chromatography.

1-((5-methylimidazo[1,2-a]pyridin-2-yl)methyl)-3-(pyridin-3-ylmethyl)thiourea (1A4). The titled
compound was synthesized according to the general procedure A using 3-
(isothiocyanatomethyl)pyridine (70 mg, 0.46 mmol), (8-Methylimidazo[1l,2-a]pyridin-2-
yl)methanamine dihydrochloride (120 mg, 0.51 mmol, 1.10 equiv.) and EtsN (156 mg, 1.54 mmol,
3.30 equiv.) in DCM (5.0 mL). The crude product was purified through column chromatography
eluting by (DCM/MeOH 95/5) to give 1A as a white solid (140 mg, 96%). LC-MS: tr = 1.70 min.
HRMS (ESI): [M+H]* C16H1sN5sS: calcd. 312.1283 found 312.1294. 'H NMR (300 MHz, CDCls):
d (ppm) 8.45 (s, 1H), 8.38 (d, 1H, J=4.2 Hz), 7.63-7.55 (m, 1H), 7.39 (s, 1H), 7.21-7.14 (m, 1H),
7.13-7.02 (m, 2H), 6.58 (d, 1H, J = 6.9 Hz), 4.89-4.67 (m, 4H), 3.10 (br, 2H), 2.49 (s, 3H). 13C
NMR (75 MHz, CDCIs): 6 (ppm) 183.7, 149.2, 148.4, 145.2, 142.8, 135.8, 135.0, 134.0, 125.8,
123.4,113.7, 112.1, 107.8, 46.1, 42.1, 18.8.

ethyl (pyridin-3-ylmethyl)carbamodithioate (1B). The titled compound was synthesized according

the general procedure A using 3-(isothiocyanatomethyl)pyridine (70 mg, 0.46 mmol), ethanethiol



(31.9 mg, 0.513 mmol, 1.10 equiv.) and EtsN (56.6 mg, 0.55 mmol, 1.20 equiv.) in DCM (5.0 mL)
then. The crude product was purified through column chromatography eluting by (EtOAc 100%)
to give the 1B as a white solid (95 mg, 96%). LC-MS: tr = 2.28 min. HRMS (ESI): [M+H]"
CoH13N2S2: caled. 213.0520 found 213.0516. 'H NMR (300 MHz, CDCI3): § (ppm) 8.50 (d, 2H, J
= 1.6 Hz), 8.42 (dd, 1H, J= 1.5, 4.9 Hz), 7.84-7.77 (m, 1H), 7.38 (dd, 1H, J = 4.9, 7.7 Hz), 4.93
(s, 2H), 3.23 (q, 2H, J=12.0 Hz), 1.29 (t, 3H, J = 12.5 Hz). *C NMR (75 MHz, CDCIs): § (ppm)
200.5, 149.6, 148.8, 137.9, 135.6, 125.1, 48.0, 30.0, 14.8.

benzyl (pyridin-3-ylmethyl)carbamodithioate (1C). The titled compound was synthesized
according the general procedure A using 3-(isothiocyanatomethyl)pyridine (70 mg, 0.46 mmol),
benzylthiol (63.7 mg, 0.513 mmol, 1.10 equiv.) and EtsN (56.6 mg, 0.55 mmol, 1.20 equiv.) in
DCM (5.0 mL) . The crude product was purified through column chromatography eluting by
(EtOAc 100%) to give 1C as a white solid (115 mg, 90%). LC-MS: tR = 2.73 min. HRMS (ESI):
[M+H]" C14H15N2S2: caled. 275.0677 found 275.0667. '"H NMR (300 MHz, CD3OD): § (ppm) 8.50
(d, IH,J=1.6 Hz), 8.41 (dd, 1H, J=1.5,4.9 Hz), 7.80-7.74 (m, 1H), 7.40-7.31 (m, 3H), 7.30-7.17
(m, 3H), 4.93 (s, 2H), 4.54 (s, 2H). *C NMR (75 MHz, CD30D): & (ppm) 199.9, 149.6, 148.4,
138.4, 137.9, 135.4, 130.1, 129.5, 128.3, 125.1, 48.3, 40.3.

O-benzyl (pyridin-3-ylmethyl)carbamothioate (1D). To a suspension of NaH (60% dispersion in
mineral oil) (15.9 mg, 0.41 mmol, 1.25equiv.) in dry THF (2.0 mL), benzylalcohol (39.6 mg, 0.36
mmol, 1.10 equiv.) dissolved in dry THF (1.0 mL) was added dropwise at 0°C. Then, 3-
(isothiocyanatomethyl)pyridine (50 mg, 0.33 mmol) was added and the mixture gradually allowed
to reach to room temperature and stirred for further 1 h. The reaction was quenched with drops of
water and the volatiles were removed under reduced pressure. The residue was diluted by saturated
solution of NaHCOs3 and EtOAc. The organic layer was separated and the aqueous layer was

extracted with EtOAc for more 3 times. The combined organic layers were dried over MgSO4 and



concentrated under reduced pressure. The crude product was purified through column
chromatography eluting by (Hexane/ EtOAc 50/50) to give 1D as a white solid (73 mg, 85%). LC-
MS: tr = 2.60 min. HRMS (ESI): [M+H]* C14H15sN20S: calcd. 259.0905 found 259.0898. 'H NMR
(300 MHz, CDCls): & (ppm) 8.53-8.38 (m, 2H), 7.88-7.67 (m, 1H), 7.57-7.47 (m, 1H), 7.41-7.17
(m, 6H), 5.55-5.48 (m, 2H), 4.80-4.37 (m, 2H). 3C NMR (75 MHz, CDCI3): 8 (ppm) 190.8, 189.7,
149.1, 149.0, 148.9, 136.0, 135.7, 135.5, 135.2, 132.9, 132.5, 128.6, 128.5, 128.4, 123.7, 73.5,

72.4, 46.6, 44.6 (mixture of rotamers).
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