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Abstract/Resumé

Abstract

Positive stranded RNA viruses comprise many (re)-emerging human pathogens that
pose a public health problem. No effective antiviral drugs are available to treat a
number of these viruses. In the course of the infection, the presence of viral RNA
replication intermediates in the cytoplasm triggers the antiviral response by activating
different pathways. Hence, viral RNA is recognized by cytoplasmic receptors such as:
(i) protein kinase R (PKR), which inhibits protein translation and mediates signaling
to enhance IFN production and activate Interferon stimulated genes (ISGs). (ii)
Oligoadenylate synthetase (OAS), leading to the synthesis of short 2-5
oligonucleotides (2-5A). The latter activate the latent cellular RNase L, which
degrades viral and cellular RNAs, restricting viral infection. (iii) Retinoic acid
inducible gene — I (RIG-I) and (Melanoma differentiation-associated protein 5)
MDAS5 sensors, promoting the induction of ISGs and ultimately infected cells
apoptosis. However, viruses have developed multiple strategies to evade the innate
immune response and increase their replication capacity. Non-structural proteins play
a key role in this interference by interacting specifically with host factors. Here we
investigate the role of non-structural proteins from alphavirus-like super family and
coronavirus in viral escape. In alphavirus, we studied the capping enzyme nspl,
carrying methyl- and guanylyltransferase activities and involved in translational shut
down escape. We characterized the role of residues involved in ribavirin resistance
and broth some light on the RNA substrate requirements for guanylyltransferase
reaction. For Hepatitis E virus (HEV), member of the alpha-like super family, our data
show that the domains containing Hx(S/T)x motifs, a hallmark of phosphodiesterase
(PDE) activity, can modify/degrade 2-5A. Also, these domains inhibit IFN production
in mammalian cells. These findings suggest that HEV could escape innate immune
response through the inhibition of OAS/RNase L system. In parallel, we characterized
SARS-CoV-2 Macro domain. Macro domains can bind and hydrolyze ADP-ribose
derivatives, important for IFN production and ISGs induction, making it an attractive
anti-viral target. Through mutagenesis study we highlighted the importance of ADP-
ribose orientation within the binding cleft for hydrolysis activity. Moreover, based on

Macro domain 3D structure we designed and tested potential inhibitors, identifying



Abstract/Resumé

key molecular determinants for drug optimization studies. These studies can be
extrapolated to other RNA viruses and can lead more broadly to the development of
antiviral tools against other human pathogens, presenting a real public health problem.
Resumé

Les virus a ARN simple brin de polarité positive comprennent de nombreux agents
pathogenes humains (ré)émergents et représentent de réelles menaces de santé
publique. A date, aucun médicament antiviral n'est disponible. Au cours de l'infection,
la présence d'intermédiaires de réplication de I'ARN viral dans le cytoplasme
déclenche la réponse antivirale en activant différentes voies. Par conséquent, I'ARN
viral est reconnu par des récepteurs cytoplasmiques tels que : (i) la protéine kinase R
(PKR), qui inhibe la traduction des protéines et médie la signalisation pour améliorer
la production d'TFN et activer les genes stimulés par linterféron (ISG). (ii)
Oligoadenylate synthetase (OAS), conduisant la synthése d'oligonucléotides courts 2'-
5' (2-5A). Ces derniers activent la RNase L cellulaire, latente, qui dégrade les ARN
viraux et cellulaires, limitant l'infection virale. (iii) les senseurs RIG-I et MDADS,
favorisant l'induction des ISGs et conduisant a l'apoptose des cellules infectées.
Cependant, les virus ont développé de multiples stratégies pour échapper a la réponse
immunitaire innée et augmenter leur capacité de réplication. Les protéines non
structurales (nsP) jouent un role clé dans cette interférence en intéragissant
spécifiquement avec les facteurs de I'hote. Ici, nous étudions le role des nsps de la
super famille de alphavirus-like et du coronavirus dans I'évasion virale. Chez les
alphavirus, nous caractérisons l'enzyme de coiffage nspl, porteuse des activités
méthyl et guanylyltransférase, et impliquée dans I'échappement de l'arrét de la
traduction. De ce fait, nous avons caractérisé le role des résidus impliqués dans la
résistance a la ribavirine et avons mis en lumiére les spécificités de substrats ARN
pour la réaction de guanylyl transfer. Pour le virus de 1'hépatite E (VHE), membre de
la super famille de alphavirus-like, nos données montrent que les domaines contenant
des motifs Hx(S/T)x, une caractéristique de l'activité phosphodiestérase (PDE),
peuvent modifier/dégrader les 2-5A. De plus, ces domaines inhibent la production
d'TFN dans les cellules de mammiferes. Ces résultats suggerent que le VHE pourrait

échapper a la réponse immunitaire innée par l'inhibition du systeme OAS/RNase L.

10
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En paralléle, nous avons caractérisé le domaine Macro SARS-CoV-2. Les Macro
domaines peuvent lier et hydrolyser les dérivés de I'ADP-ribose, importants pour la
production d'IFN et l'induction d'ISG, ce qui en fait une cible antivirale attrayante.
Grace a une étude de mutagenese, nous avons mis en évidence l'importance de
I'orientation ADP-ribose dans la clé de liaison pour l'activité d'hydrolyse. De plus, sur
la base de la structure 3D du domaine Macro, nous avons congu et testé des
inhibiteurs potentiels, identifiant les déterminants moléculaires clés pour les études
d'optimisation de ces inhibiteurs. Finalment, ces études peuvent étre extrapolées a
d'autres virus a ARN et peuvent conduire plus largement au développement d'outils

antiviraux contre d'autres agents pathogenes humains.

11



Index

INDEX
PN 010) S vA T (o) U UPPRRRUPPO 1
Table Of fIGUIES. ... e et et 6
ADSITACH/RESUITIC. .....ccuuvieiiieeeiteeeieeeereeesteeesteeestaeeeaeeesseeeesteesssaeessseasassaeessseesssseesssseesssseeensseesssseennnns 9
1 General INrOAUCHION. ......cooutiitirierieeree ettt ettt et et et sae e b st e s st beenesaeenneeeas 14
1.1 POSItiVe SENSE RINA VITUSES.....ccceriurieiiriiiieeiniiteeeeeitteesestteeeesssteeessssseessssseaeeessesssssssssssnssssnnes 14
1.2 Host response t0 Viral iNfeCtION........c.coviiriiirieeieeiecieeeeee ettt e 15
1.3 Viral escape from the innate immuNe TeSPONSE.........c.cccvvererieriieriierieeieeree e eereeeesreeeeenees 17
1.3.1 The addition of the cap Structure in VIrUSES..........cccueerieriiernieniieenienieesieeesrteessveeessaneees 17
1.3.1.1 Role of the Cap StIUCHUTE.......ccceieieeiieeie ettt ettt et ae e aeere e e eaeenveas 19
1.3.2 Evading the OAS/RINGSE L SYSIEIM....ccc.eerieriuiirieriienieeiieentesieenieeseeesiteessareeessnseesssnneens 19
1.3.3 ADP-rybosylation and poly (ADP-ribose) polymerases...........cccccueeeeueerrveeeenieeeenncnneeenenns 21
1.3.3.1 ADP-ribosylation key player in immune reSponSse...........ccccceeeveereersieeneesseeeneeesnnnns 22
1.4 THESIS ODJECLIVES.....veeeeiieieiiieeiieeeiteeetee et e st eesteeseteeesaaeesateessbseesssaaessseaessseeensseesssseesssnsseees 25
2 Hepatitis E virus: Escaping the OAS/RINaSe L SYSteIM.......ccccuerruierieeriienienniieniieeesieeessieeeesneeesnns 26
2.1 History of hepatitiS E VITUS.....c.ccccviiiiiiriieiiieeie ettt et eteesveeveesteesaeessneessnsaeaennsneans 26
2.2 Taxonomic classification and geographical distribution of HEV.........cccccoevviviiiniiiniiieennnn. 26
2.3 Epidemiology Of HEV....c.ooiiiiiiiieeieciteetecteeete ettt ve et sveestaeesveessaesveesssaeessnaaeeensanaenn 28
2.4 Clinical manifestation HEV infections............coceeveriieriiiinienieenieneeeneesteieeeeesee e 29
2.5 Genome organization 0f HEV.........c.ccoiiiiiiiiiiiiceecetct ettt 30
2.5.1 Life CYCle Of HEV ...ooiiiiiiieieteteeeeeet ettt ettt s e et ste st e e s snaaeenes 31
2.5 2 HEV-ORF L.ttt sttt sttt ettt et e be et e st e nbesnaesaseesaee 33
2.5.2.1 MethyHIanS erase. ........coeiieuerrieriiierienitestesiteestestessteestee st e sssessaeessesssneessssseesnnns 33
B T A A« o) 11 F: 11 TR PRSPPI 34
2.5.2.3 Putative protease region : PCP.........cooiiiiiiiiiiiieeeteeeteeeeeeeeeee e e 34
2.5.2.4 Hyper variable region (HVD)......ccccieiiiiiiieieieceiteceieeesieeeieeeve e ire e svneesaee e 35
2.5.2.5 MACIO dOMAIN.....cueiriiriiriiitieteeiteseet ettt st e e st e sae et e st e st e saseesabeeeareesaneesane 36
2.5.2.6 The helicase /NTPase dOmMaiN..........cceeueerrueeeriieersiueeiiieeesieeeseeeeseeeesssrreeessssnseeeseens 36
2.5.2.7 RNA dependent RNA polymerase (RARD)......ccccecuerriiirieriiiinieniienieeeesie e 37
2.5.3 HEV-ORF2.....ciiieeetee ettt sttt ettt et b et e bt et e st e s e e aesate e 38
2.5 4 HEV-ORFES.....ooteeeee ettt sttt ettt et a st be b s e b s aeeaneeeaee 38
2.5.5 HEV-ORFA......oiiieeeeetee ettt ettt ettt st sttt sbe et e st e nseenaesaeeesaee 39
2.6 Treatment and VACCINE......cc..coueivuiriirieriieieneerteete sttt st et ste st sre et e st esbe st sae e b esnessneesenee 39
2.7 ODJOCLIVES. ...vteieutieeeteeeetee et e ettt e e sttt e s steesstteestaeesbaeesssaaesssaaessseaesssaeessseesnsseessssssaeeessnssssaeesanns 40
2.8 ATHICIE Lueneeeeeeeee ettt ettt b st b et a ettt s a et e b e s aeenaeennenne 43
3 Alphavirus: Capping process as a specific antiviral target for drug development......................... 66
3.1 AIPRAVITUS HISTOTY ... cieiiiiieriieieeieerte ettt ettt ettt et s e e st e e be e st e sbeesateesaessseesnasnaeas 66
3.2 Classification and geographical distribution............ccceevueeviiieieeiieiieeeece e 66
3.3 Clinical manifestation and treatments. ............ccecuereerieriererreeneeneerreneese et e e s e e e e nee 68
3.4 GENOIME OTZANIZATION. ¢ecceuuvveerirrirreererireeeeertreeeesireeesessreeeesssaeeesssssseessssseessssseeessssseesesesesssnns 70
TR 0 I N (I ol LU PP PRPRRPRRRPPRRN 71
3.4.2 VATUS TEPIICALION. ..ccutiiirrieeeieeeciee et e ete e et e e st e e steeesaaeessaaeessaaeessaeesssaeesssaesnssssaasesnssenes 72
3.4.3 nsPs: Viral replication COMPIEX.........coocueriiiiriiiriiiinieeiterie ettt e e s eesereeeeaes 74
R 0 T I 1 3 3 OO PO PSPPSR UPPPPPPPPRRN 74
Bi4.3.2 MISP2.cce ettt st e b e st et e et e e 75
Bi4.3.3 DISP 3.ttt e e e st b e e e e s ba e e e e s b taeeeeeeeeeeeensnnnnnaes 76

12



BiA.3ANSPA. ettt s 77

3.4.4 Structural proteins involved in assembly and viral release........................ 77

3.5 ODJOCLIVES. ..ecutiiiieeieeeteeteerte ettt e et e st e s ae et essteesaeessbe e saessseessaessseasesseesssseens 78
BB ATHICIE 2.ttt ettt ettt st e s e s as 80
3.7 ATHICIE 3ttt sttt et sttt e e e 93

4 Macro domain key player in coronavirus infections...........ccecceeevereeverieenceeeneenne 103
4.1 MAcro DOMAINS. ......cccoutiriiiiiiieieiieeeieeeeieeeeree ettt et et e s e snrr e e e s e eaneees 103
4.1.1 Viral Macro Domains: prominent antiviral targets..........ccccccceeevveerenuneenn. 105

4.2 Coronavirus: Classification and epidemiology.........c.ccceevveevieeriencienneeniiennnenn. 106
4.2.1 Genome organization and replication cycle.........c..ccocceervierreiniienncennneen. 108
4.2.1.1 Replication CYCle.......ccccvieeriirieriienieeieeete ettt sre e seeeeeaeee e 109

N T 1 ] 01 USRS 112

4.3 Coronavirus: treatments and VaCCINeS..........cocuereerueeruereenerieersieeeneeeneesseennne 113
4.4 ODJOCHIVES....uveieeieeeeieeeeieeesteeesteeesaeessteeessreeesseeesseeessseeessseessnnsssaessassssseeesanns 115
A.5 ATHCLE Dttt ettt st ettt et e e eea 118
4.6 ATHICLE Dueeeieeeeeee ettt sttt ettt st e et eenees 144

5 General Conclusions and PerSPECtIVES.........cccveerverrveriieeniieenreeneessieeseeeseeesssnseenns 169
B RETEIEICES. ..c..eiieeiieeiteieeteeteee ettt sttt et e ae st e st e saeebe e e baeeseeenneeen 174

13



General Introduction

1 General Introduction

1.1 Positive sense RNA viruses

Viruses are small infectious agents capable of multiplication inside living host cells.
Viruses are present in all kind of environments in the nature. Therefore, they have the
capability of targeting organisms from all kingdoms of life. On the basis of genetic
material, viruses can be classified as having DNA or RNA genomes, either single or
double stranded. Positive strand (+) RNA viruses form the largest group in this
classification. In these viruses the genetic material, i.e RNA, is in the same sense as
that of the host cell mRNA and could be directly translated to viral proteins by using
host cell machinery (1). (+) RNA viruses shares similarities, in particular at the level
of the replication strategy, which can be generalized as follows: (i) The viral genome
has a cap at the 5’ end as well as a polyadenylation tail at the 3’ end. (ii) Once
released into the cytoplasm, the cellular machinery will translate the first two thirds of
the genome into non-structural proteins (nsPs), which will form the viral replication
complex associated to membranes. These membrane associated replication complexes
are the sites where all viral replication factors are concentrated and protected from
host cell defense mechanisms (2). (iii) The viral RNA dependent RNA polymerase
(RdRp) ensures the transcription of the genomic RNA into RNA of negative polarity
(-) RNA, which will serve as a template for the production of new genomic RNAs.
This RNA (-) will also allow the synthesis of subgenomic RNA (sgRNA), leading to
the production of structural proteins. The latter forming the capsid of new virions.
Several human pathogens such as severe acute respiratory syndrome coronavirus
(SARS-CoV), SARS-CoV-2, middle east respiratory syndrome coronavirus (MERS-
CoV), Poliovirus, Hepatitis A, C and E viruses (HAV, HCV, and HEV), Rubella virus
and Alphavirus have (+) RNA genomes.
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1.2 Host response to viral infection

Infection of cells by (+) RNA viruses triggers the antiviral response of the cell
following the recognition of pathogen-associated molecular pattern (PAMPS) by
pattern recognition receptors (PRRs). Two types of PRRs are activated by (+) RNA
viruses: (i) transmembrane Toll-like receptors (TLRs), present in endosomes and on
the cell surface (ii) receptors related to the retinoic acid inducible gene I-like receptor
family (RIG-I-like), such as RIG-I or MDAS5, containing a RNA interaction domain,
allowing them to locate viral RNA in the cytoplasm. Activation of these PRRS
induces a reaction cascade involving the recruitment of, among other actors,
mitochondrial anti-viral proteins (MAVS) and the regulatory factor of Interferon 3
(IRF 3). This interaction allows the recruitment of NF-kappa-B essential modulator
(NEMO) that activates the IKKs complex. The latter leads to the activation of the
transcription factor NF-kB. The transcription factor NF-kB is translocated to the
nucleus, stimulating genes implicated in immune and inflammatory responses (3). On
the other hand, the activation of TLR on the cell surface and in the cytoplasm allows
the recruitment of effectors such as Myeloid differentiation primary response 88
(MyD88) and Tumor necrosis factor (TNF) receptor-associated factor (TRAF),
thereby activating Tank binding kinase 1 (TBK-1). TBK1 phosphorylates IRF3 and
IRF7, allowing their dimerization and translocation to the nucleus. Activation of these
factors leads to the induction of type I interferon (IFN). Type I IFN, namely IFNa and
IFN@, play an important role in the antiviral response (4). Type I IFNs will act in a
paracrine and an autocrine ways, by binding to IFN receptor (IFNAR). The latter,
once activated, allows the recruitment of tyrosine kinases, namely Janus kinases
(JAK1) and Tyrosine kinase 2 (TYK2), leading to the phosphorylation of Signal
transducer and activator to transcription factors 1 and 2 (STAT1 and STAT2). These
dimerize and associate with a third factor, interferon Regulatory Factor 9 (IRF9)
forming the interferon stimulated gene factor 3 complex (ISGF3). The ISGF3
complex is translocated into the nucleus, where it binds to sequences of Interferon-

sensitive response element (ISRE), stimulating the transcription of the interferon-
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stimulated genes (ISGs), among which 2-5-oligoadenylate synthetase (OAS), protein
kinase R (PKR) and innate immune restriction factors (IFITs) (Figure 1) (5). IFITs are
an IRF-inducible family of genes with antiviral activity against several RNA viruses.
The accumulation of double-stranded replication intermediates (dsRNA), generated
during viral replication, will act as a signal to activate PKR and OAS. PKR inhibits
protein translation, by phosphorylating the initiation factor elF2«, and stimulating
signaling mediated by NF-kB to activate IFN-stimulated genes. OAS converts ATP to
specific oligoadenylates (2-5A), linked by a 2'-5' phosphoester bond. These 2-5A will
activate a cytoplasmic ribonuclease L. (RNase L) (6). Most viruses induce an IFN and
ISG response, although the kinetics and magnitude of this induction might vary.
However, it is unclear how early in infection these defenses. The timing of the IFN
and ISGs response during initial viral replication are difficult to determine in some

virus.
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Figure 1. Antiviral innate immune response. The activation of innate immunity

receptors such as TLRs and "RIG-like receptors (RLRs) leads to the activation of a
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signaling cascade, allowing the production of IFNs and cytokines that participate in

the antiviral defense. See text for details. The image was created in BioRender.com.

1.3 Viral escape from the innate immune response

The progression of the viral infection depends on the ability of the virus to counter the
effect of PRRs activation and IFNs production. Viruses have developed various
mechanisms in order to avoid the innate immune response. This evasion mechanisms
involve multiple viral actors (molecular determinants), acting on many cellular
targets. Among viral escape mechanisms: (i) The addition of a cap structure at the 5
'end of the viral RNA. (ii) The inhibition of OAS/RNase L pathway. (iii) The
interference with IFN and ISGs induction through post-translational modifications,
such as ADP-ribosylation. Viral nsPs will play a crucial role in the evasion process, by

interacting specifically with host factors.

1.3.1 The addition of the cap structure in viruses.

New viral transcripts undergo post-transcriptional changes and modifications. The
cap is a chemical structure made up of a guanosine attached to the first nucleotide at
the 5 'end of the mRINA by a 5'-5' triphosphate bond. This structure can be methylated
at several positions: (i) the N7 position of guanosine (mGpppN) forming a cap-0 and
(ii) the 2’0 position of the ribose of the first nucleotide (mGpppNm) or the second
nucleotide (mGpppNmNm) forming a cap-1 or cap-2 structures, respectively (figure

2).

There are three different strategies that allow the virus to acquire a cap structure at the
5 'end of its mRNA (10). First, for retroviruses and most DNA viruses, whose mRNAs
are synthesized by RNA polymerase II, the synthesis of the cap structure is carried out

by cellular enzymes. A second strategy characteristic of the segmented negative strand
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RNA virus, from the Bunyavirales order and Orthomyxoviridae family, consists of
steeling a cap present on the cellular mRNA through a "cap-snatching" mechanism.
The last mechanism consists of encoding its own enzymatic machinery necessary for
the formation of the cap structure. This strategy is used in particular by viruses that
have a cytoplasmic replicative cycle, such as alphavirus, coronaviruses and
flaviviruses. However, not all viruses will synthesize a cap structure in the 5 'end of
their mRNAs. Hence, an alternative strategy, called "cap-independent”, ensuring the
translation of viral proteins and the protection of their transcripts do exist in some
viral families. For example, viruses of the Calciviridae family mask the 5 'end of their
RNAs by covalently binding to a VPg protein (viral protein genome-linked), which
interacts directly with the eIlF4E protein and thus initiates the translation of viral
proteins (8). Other viruses, such as hepaciviruses and pestiviruses, present at the 5
'end of their transcripts a specific fold called IRES (internal ribosome entry site) that
allows the translation of viral proteins to be initiated without passing through the

translation factor eIF-4E (12).
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Figure 2. Diversity of cap structures. The cap structure is formed by a guanosine

(blue nucleoside) methylated at the N7 position (red) linked a tri-phosphate bond to
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the 5’ end of the mRNA. First and second can also be methylated but at the 2’

position (green and pink). The image was created in BioRender.com.

1.3.1.1 Role of the cap structure

Cap structure plays an important role in many biological processes. It is necessary for
mRNA maturation, alternative splicing, nuclear export, translation and stability. In the
cytoplasm, cap structures are implicated in the recruitment of ribosomes and
translation factors notably elF-4E, allowing efficient translation of proteins (10).
Viruses using the cellular ribosomal machinery for the translation of their proteins,
will recruit elF-4E through the interaction of their cap structure at the 5' of mRNA.
The cap structure stabilizes VRNAs by protecting them from degradation by cellular 5'
end exonucleases. Moreover, the addition of the cap structure to the 5 'end of the viral
RNAs limits their detection by innate immunity sensors. The methylation at the 2'0O
position of the first nucleotide represents a marker of “self”. Viral RNAs lacking this
modification will be detected by the innate immunity sensors, leading to the
production of IFN (15). ISG proteins produced as a result of the activation of the IFN
pathway, bind and sequestrate VRNAs lacking 2’0 methylation, limiting their
translation (11). Some viral 2'0O MTases are capable of methylating RNA sequence
(12). The role of these methylations is not yet well understood. It has recently been
shown, for human immunodeficiency virus (HIV), that methylations at internal
positions recruit a 2'O cellular methyltransferase enzyme (MTase) (FtsJ3), allowing
the methylation of the viral RNA at 17 specific positions. These specific internal
methylations participate in the evasion process, limiting viral detection by the MDAS5

receptor and the induction of the IFN pathway (13).

1.3.2 Evading the OAS/RNase L system

One of the key pathways in the activation of type I INFs is the interferon dependent
Oligoadenylate synthetase / endoribonuclease L. (OAS/RNase L) pathway (figure 3).

In response to viral infection, IFN secretion induces the expression of OAS enzymes.
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Three OAS family members are produced as inactive enzyme and become active by
binding to dsRNAs (formed during viral replication), generating specific 2-5
oligoadenylates (2-5A) from ATP. The 2-5A will bind to the monomeric cellular
ribonuclease RNase L, leading to its dimerization and activation. The activated RNase
L cleaves cellular and viral RNAs. The cleavage of cellular RNA allows the
generation of small RNAs that will activate RIG-I and MDAS5 and promote ISGs
expression and apoptosis in the infected cell (14). Viral proteins, such as VP35 from
Ebola virus, NS1 from influenza A virus, E3L in vaccinia virus and the transactivator
protein Tat of HIV, interfere with the activation of the OAS/RNase L system. This
interference can occur through sequestration of dsRNA intermediates or direct
inhibition/interference with RNase L or OAS (figure 3) (15). Moreover, RNase L
degradation escape can occur by the variation of the genomic sequence, reduction of
possible cleavage sites or formation of secondary structures resistant to hydrolysis.
This is the case for hepatitis C virus and poliovirus, respectively (16). In addition,
recent studies have revealed that the non-structural proteins VP3 (Rotavirus), ns2
(murine hepatitis virus) and ns4b (MERS-coronavirus) inhibit the OAS/RNase L
pathway by directly degrading 2-5 A involving a 2’phosphodiesterase (2’PDE)
activity (17,18).
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Figure 3. Viral activation and escape of the OAS/RNase L pathway. RNA
intermediates resulting from viral replication activate OAS enzymes. OAS convert
ATP into 2-5A. 2-5A trigger the activation of RNase L. It degrades viral and cellular
RNAs. The generated RNA fragments can activate MDAS leading to interferon
production creating a positive feed-back to the antiviral defense. OAS/RNase L
pathway escape: (i) Sequestration of viral dsSRNA intermediates. (ii) OAS hijacking
by the synthesis of inactive or inhibitory 2-5A. (iii) 2-5A degradation through a PDE
activity. (iv) Direct inhibition of RNase L (v) Escape from RNase L cleavage through

genome adaptation. The image was created in BioRender.com.

1.3.3 ADP-rybosylation and poly (ADP-ribose) polymerases

ADP-ribosylation is a post-translational modification reaction corresponding to the
transfer of single mono ADP-ribose (MAR) residue (mono-ADP-ribosylation or
MARylation) or multiple poly ADP-ribose (PAR) residues (poly-ADP-ribosylation or
PARylaion) from NAD+ to a protein (figure 4). The ADP-ribosyltransferase
diphtheria toxin—like family are the enzymes responsible for the catalysis of ADP-
ribosylation referred to as poly (ADP-ribose) polymerases (PARPs). This post-
translational modification regulates many key pathological and biological processes.
Among these are DNA repair, gene transcription, cell differentiation and signal
transduction (19). In humans, 17 PARPs are described. Some of them such as PARP3,
PARP4, PARP6, PARP10, PARP14 and PARP15 promote the MARylation, while
PARP1, PARP2, PARP5SA and PARPSB catalyze PARylation. PARPs have distinct
subcellular localizations, indicating their distinctive targets and functions (20). Hence,
PARP1 is restricted to the nucleus, while PARP6, PARP8, PARP12, PARP13,
PARP15 and PARP16 are mostly located in the cytoplasm. The rest of PARPs are

present in both.
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ADP-ribose

NAD* PARPS .h S

N—rt

B
e TN :
AT PARPs MARylation
w A )

Nicotinamide

PARylation

Figure 4. The Protein ADP-Ribosylation process. The Poly (ADP-ribose)
polymerases (PARPs) catalyze the MARylation or PARylation on specific amino acid

residues of target proteins using NADTas substrate. These post-translational
modifications are reversed by enzymes that remove covalently linked ADP-ribose

from PARylation and MARylation proteins. The image was created in BioRender.com.

1.3.3.1 ADP-ribosylation key player in immune response

In addition to the above described functions, PARPs are able to restrict or promote
virus replication and innate immune response. Thus, PARPs modulate IFNs and pro-
inflammatory cytokines induction through different mechanisms (figure 5). PARP13
promotes RIG-I dimerization and oligomerization upon innate immunity activation.
PARP13 restricts the replication of several RNA viruses by targeting viral or host
RNA for degradation (21). In the case of PARP1, it can PARylate NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells) and promote its activity in the
transcription of various cytokines such as IFN-o/f (see above), to counteract
infection. Further, NF-kB-dependent gene expression is increased by PARP12 after

binding to TRIF (TIR-domain-containing adapter-inducing interferon-f3). Also,
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PARP1 plays a role in the regulation of T cell differentiation into effector T helper 1
(Thl) and Th2; and regulatory T cells (22). Additionally, PARP1 modulates
maturation and function of dendritic cells by increasing Interleukin (IL) IL-10 and IL-
12 production (21). On the other hand, PARP9 and PARP14 co-regulate pro-
inflammatory response in human macrophages (10). PARP9 enhances the expression
of ISGs by interacting with ubiquitinate histone H2B type 1-J (H2BJ). PARP14
recruits Pol IT and boosts the acetylation of the H3K27 (histone 3, lysine 27), which is
associated with active transcription, to promotes IFN expression. Moreover, PARP14
interacts and ADP-ribosylate STAT1, reducing the phosphorylation of this pro-
inflammatory mediator (22). PARPs appear also to have pro-viral effects by inhibiting
different steps in IFNs production and IFN-I signaling (figure 5). As an example,
PARP7 seems to ADP-ribosylate TBK-1 to inhibit IRF3 phosphorylation. In the case
of PARP10, it prevents the activation of IKKs a/f by interacting with the ADP-
ribosylated NEMO. On the other side, PARP11 ADP-ribosylates the E3 ubiquitin
ligase B-TrCP, which targets IFNAR for proteasome-dependent degradation after
ubiquitinating it (21).

Many reports suggested the contribution of PARPs to the immune response, but the
specific molecular mechanisms behind this effect remain not completely understood.
However, it is clear that PARPs have strong antiviral role during viral infection. Thus,
it was demonstrated that PARP12 is implicated in the inhibition of the replication
cycle of Vesicular stomatitis virus (VSV), Murine gamma herpesvirus 68 (MHV-68),
Venezuelan equine encephalitis virus (VEEV), Sindbis virus (SINV),
encephalomyocarditis virus (EMCV), Rift Valley fever virus (RVF), Chikungunya
virus (CHIKV) and Zika virus (ZIKV) (18-21). However, ADP-rybosilation activity
turns over rapidly in the cell by some enzymes that remove covalently linked ADP-
ribose from proteins. These enzymes include the PAR glycohydrolase (PARG), ADP-
ribosyl hydrolase 3 (ARH3), TARG/C60rf130, NUDIX family of hydrolases and
MacroD1 and MacroD2 (28). Several of these enzymes contain a Macro domain fold

that interact and remove ADP-ribose derivatives. Also, conserved Macro domains are
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present in several virus families as coronaviruses (CoVs), Alphavirus and Hepatitis E

virus (HEV).
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Figure 5. Different roles of PARPs in IFN and ISGs production. PARPs modulate
IFN and proinflammatory cytokines induction by different mechanisms. (i) PARP13
promotes RIG-I oligomerization. (ii) PARP10 prevents the activation of IKKs. (iii)
PARP12 enhances NFkB-dependent gene expression. (iv) PARP1 can poly-ADP-
ribosylate NFkB and promote its activity. (v) PARP14 enhances IFN production. (vi)
PARP?7 inhibits iTBK-1 from phosphorylating IRF3. (vii) PARP13 target IFN mRNA
to degradation. (viii) PARP11 counters the IFNAR by ADP-ribosylating the E3
ubiquitin ligase B-TrCP. (ix)PARP9 and DTX3L enhance ISGs expression. See main
text for details. The image was adapted from Fehr et al,2020 (21) and created in

BioRender.com.
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1.4 Thesis objectives

General aim:

This thesis is based on the characterization of nsPs from (+) RNA viruses.
Specifically, the identification and the characterization of enzymatic activities and
molecular motifs of Alpha-like virus and coronavirus, implicated in the inactivation of
the innate immune response. Alpha-like virus and coronavirus are used here as a
model to elucidate the function of nsPs in viral replication and escape. HEV serves as
a model for the study of viral escape conducted through the inhibition of the
OAS/RNAseL pathway. In VEEV we studied the mechanism of addition of the cap
structure, unique in these viruses and constituting an attractive therapeutic target.
Furthermore, coronavirus is the chosen model to study the role of the Macro domain

in viral escape via ADP ribosylation.

Thesis goals:

To achieve the above listed aims, it is necessary to reach the following goals:

(i) Identify and characterize enzymatic activities and molecular motifs of HEV,
implicated in the degradation 2-5A oligoadenylates, activators of OAS/RNase
L pathway.

(ii) Understand drug resistance associated to capping enzymes alteration and
explore the specificity of nsP1-mediated capping reaction, important for viral
RNA translation.

(iii) Conduct a biochemical characterization of SARS-CoV-2 Macro domain,

involved in immuno-modulation.
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2 Hepatitis E virus: Escaping the OAS/RNase L
system

2.1 History of hepatitis E virus

The recognition of viral hepatitis as an infectious disease dates from the 8th century
AC. By the middle of the 20th century, it was clear that acute hepatitis consisted of
two separate diseases: infectious hepatitis and serum hepatitis, acquired through
enteric and parenteral routes, respectively. They were tentatively named hepatitis A
and hepatitis B. In the 1970s, the agents responsible for these diseases were
discovered and named hepatitis A virus (HAV) and hepatitis B virus (HBV),
respectively. It was not until the early 1980s, when the development of sensitive
serological tests for these agents led to the realization that a large proportion of cases
with post-transfusion hepatitis were not related to any of these agents. Such cases
were labelled provisionally as caused by a non-A, non-B post-transfusion hepatitis
agent (29). Thus, begins the search for a new causative agent of viral hepatitis, now
called hepatitis C virus (HCV). The first recorded outbreak of epidemic jaundice
probably caused by hepatitis E (HEV) occurred on the island of Martinique in 1858.
The onset of the disease in pregnant women and adults characterized the hepatitis E
outbreaks and confirm that this outbreak was caused by HEV and not by HAV or
HBV (30).

2.2 Taxonomic classification and geographical distribution

of HEV

In 2014, a new proposal was published for the classification of the Hepeviridae family
(31). This new classification divides the Hepeviridae family into two genera:
Orthohepevirus (all HEV isolates from birds and mamaliams) and Piscihepevirus

(HEV from trout). Within the genus Orthohepevirus, four different species (A, B, C,
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D) are designated to include isolates from different hosts. In the Orthohepevirus A
group, four genotypes of HEV (HEV-1 to 4) were initially described. The HEV-1 is
the most conserved among the HEV-1 to 4 that infect humans (32). HEV-1 and 2 are
restricted to humans without known animal reservoirs. In the case of HEV-3 and 4,

they are zoonotic with an expanded host range (31).

Strains of HEV with unique viral nucleotides sequences isolates, in Japan from wild
boar, were designated as HEV-5 and 6. A HEV-7 isolated from the camel is classified
in Orthohepevirus A group (31). Hence, HEV-1-4 and 7 are able to infect humans
(32). HEV-like virus called avian HEV are classified under the Orthohepevirus B
group. Despite sequence identity, avian HEV shares common epitopes of the capsid
protein with mammalian HEV (33). Orthohepevirus species C and D include HEV
strains isolated from ferrets, rats and bats, respectively. Despite the heterogeneity of
HEV strains, there is only one serotype and the classification of HEV strains is in

transition due to the different criteria used (2).

The geographic distributions of the four genotypes that infect humans are different
(figure 6). In the case of genotype 1 and 2, strains were mainly isolated from Africa
and Asia, including the HEV Sar55. Although HEV-1 circulation is also endemic in
some region of Latin America as Chile, Uruguay, Venezuela and Cuba (35). HEV-2
included one strain from Mexico and some African variants (36,37). HEV-3 is the
most frequent in South America and is found mainly in industrialized countries (38).
The HEV-3 have been documented in humans and animals in Venezuela and Uruguay
but only in humans in Argentina, Brazil and Colombia (39,40). HEV-3 is present in
some non-endemic countries in Europe and United states, probably broth by traveling
to endemic regions (35). HEV-4 was initially restricted to China, but recently strains
were also isolated from France, Spain, Italy, Vietham, Indonesia, Japan and India

(38,41).
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Figure 6. The global distribution of the four human HEV genotypes. Data adapted
from WHO (185). The image was created in BioRender.com.

2.3 Epidemiology of HEV

HEYV infection is one of the most common causes of acute hepatitis and has a wide
distribution throughout the world. WHO estimates that 2.3 billion people have already
been infected with HEV, and 70,000 deaths are attributed to this virus annually (42).
Two distinct epidemiological patterns have been observed in different regions of the
world. These patterns appear to be correlated with the distribution of viral genotypes,
the routes of transmission, the source of infection and the prevalence of the disease.
Genotypes and targeted hosts determine the clinical and epidemiological
characteristics of HEV infection. In subtropical areas, hepatitis E occurs as outbreaks;
and sporadic cases are transmitted by the fecal-oral route due to the ingestion of
contaminated water containing HEV-1 or 2 (43). Generally, outbreaks of HEV-1 and
2 have been described in areas with limited access to water and inadequate sanitation

services (49). The prevalence of antibodies against HEV (anti-HEV IgG) in Asia and
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Africa is between 3% and 27% (44). In addition, apart from the fecal-oral and vertical
transmission there are studies about the parenteral transmission of HEV-1 and 2 (45).
Furthermore, HEV can be transmitted between humans through infected blood
especially the HEV-3 in Europe (46). Transfusion-associated infections have also been
reported in Japan (HEV-3 and 4) and China (HEV-1 and 4). Regions with adequate
sanitation and a well-controlled water supply are considered low-endemic areas for
hepatitis E infection. In this region such as the Americas, East Asia and Europe the
prevalence of anti-HEV is 7% to 10% (47). Autonomous transmission cases of HEV
infection appear to be associated with occasional zoonotic transmission in these
regions by the HEV-3 and 4, the most common being from pigs to humans (48). The
prevalence rates of anti-HEV in Europe could be explained by the consumption of
pork, as the seroprevalence in France and Germany is 17% and 35%, respectively
(49). Overall morbidity rates are highest among adolescents and young adults (10-40
years), but lowest in children and the elderly. High morbidity and severity have been
observed among pregnant women and patients with pre-existing chronic liver disease,
due to fulminant hepatitis. Laboratory diagnostic methods for HEV infection include
viral particle analysis (electron immune-microscopy and immunofluorescence), virus-
specific antibodies (IgG, IgM, or IgA), HEV nucleic acid and viral antigen analysis
(50). Only one vaccine against hepatitis E virus infection has been developed and is

licensed in China, but it is not yet available elsewhere (51).

2.4 Clinical manifestation HEV infections.

HEV infections are asymptomatic in almost all cases. Generally, it is a self-limited
disease lasting a few weeks in most patients. The classic presentation of hepatitis E is
the acute icteric hepatitis with a prevalence of 5% to 30% in infected patients. The
incubation period for hepatitis E generally ranges from 14 to 60 days. Three phases
were described during the infection process: latent, acute, and recovery (52). The
latent phase of hepatitis E infection generally lasts 15 to 75 days. The symptoms

associated with HEV infection include: anorexia, nausea, vomiting, fatigue, malaise,
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arthralgia, myalgia, headache, photophobia, pharyngitis and cough. They often
precede the onset of jaundice, appearing one to two weeks later. During the entire
jaundice phase, the liver is enlarged, painful and with discomfort in the right upper
quadrant (53). Despite the symptoms, the disease normally resolves spontaneously.
The mortality rates during an outbreak are between 0.5 to 4% (54). HEV-infected
patients are usually middle-aged or elderly men (> 55 years) in developed countries.
In Europe, 5% to 33% of patients infected with HEV-3 or 4 developed symptoms and
signs such as jaundice (55). In developing countries, young male adults (15-30 years)
are mainly infect with the HEV-1 and 2. Liver disease has a poor prognosis in both
developing and developed countries. Pregnant women are the most susceptible group
among the infected HEV patients, specially during second and third trimesters of
pregnancy. Complications such as hemorrhage or eclampsia and fulminant liver
failure appear in this period reaching mortality rate around 25% (56). HEV-1 is
associated with spontaneous abortion, preterm birth, late fetal death, and perinatal

mortality during pregnancy (45).

2.5 Genome organization of HEV.

HEV is an ~7.2 kb, (+) RNA virus. The mRNA is protected by a cap at the 5" end and
at the 3" end contains a polyadenylated tail. HEV exists as non-enveloped or lipid-
derived membrane envelope coated state. It contains three partially overlapping Open
reading frames (ORFs) (figure 7). ORF1 encodes nonstructural proteins (nsPs):
methyltransferase (MTase), Y domain (Y), papain-like cysteine protease (PCP),
proline-rich hinge/hypervariable region (HVD), Macro domain (XD), helicase
(HEL/NTPase) and RNA dependent RNA polymerase (RdRp) (57). ORF2 encodes
viral capsid proteins and ORF3 encodes a small protein that shares several structural
features with class I viroporins, involved in virion morphogenesis and egress (58). An
ORF4, integrated in ORF1, was reported to be used under specific conditions, only in

HEV-1 strains (59).
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Figure 7. HEV genomic organization. The RNA genome consists of a 5
untranslated region (UTR), Four ORFs and a 3' UTR. The sgRNA contains ORF2 and
ORF3. The RNA is capped at the 5" end and polyadenylated at the 3" end. The image

was created in BioRender.com.

2.5.1 Life cycle of HEV

The life cycle of HEV is not fully elucidated, it is based on the replication cycle of
alphavirus-like virus. The enveloped HEV enters the cell through clathrin-dependent
and dynamin-dependent receptor-mediated endocytosis (figure 8). Upon entry, the
envelope of HEV undergoes lysosome-mediated lipid degradation. The virus is
uncoated in a very poorly understood manner, releasing the viral RNA. It has been
reported that ORF1 polyprotein localizes to endoplasmic reticulum (ER) membranes,
which probably is the site of HEV replication. The ORF1 polyprotein containing the
RdRp is translated from the positive sense (+) strand. RdRp then transcribes the full-
length (—) RNA. The latter serves as a template for transcribing more full-length viral
RNAs and sgRNA. The interaction of ORF3 product with the endosomal sorting
complexes, probably promotes the budding of progeny virions into multivesicular
bodies. Then, the multivesicular bodies fuse with the plasma membrane to release

virions from the cell. The lipid envelope of HEV is thought to be derived from the
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trans-Golgi network. HEV enveloped viral particles are associated to ORF3 protein
(60).

Figure 8. Hepatitis E virus life cycle. (1) Viral attachment to heparan sulfate
proteoglycans (2) endocytosis and release (+) RNA genome into the cytosol. (3)
Translation of the ORF1 poly-protein. (4) HEV Replication complex is constituted by
ORF1 proteins/domains and probably host factors associated to ER membranes to
produce various RNAs intermediates (5) Synthesis of sgRNAs and genomic RNA.
(6) Synthesize of ORF2 and ORF3 protein products. (7) Packaging and virion
assembly. (8) Release of the virus into the bloodstream and the bile. The image was

created in BioRender.com.
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2.5.2 HEV-ORF1

The genome starts at the 5 'end with an untranslated region (UTR) of 25 nucleotides
(nt). ORF1 is the largest ORF within the HEV genome with 5082 nucleotides. ORF1
encodes a 1693 amino acids polyprotein, corresponding to nsPs (50). Seven putative
domains are identified encoded within the ORF1 (mentioned above). Whether ORF1
product function as one polyprotein or needs to be processed onto smaller units by a
viral or a cellular protease is still a matter of debate. Interactome studies, using two
yeast hybrids system, support polyprotein proteolysis and showed its importance for
replication (62). Using vaccinia virus expression system, it was demonstrated that
ORF1 polyprotein is cleaved, generating 107 kDa and 78 kDa fragments in HepG2
cells (63). While the identical construct of ORF1 expressed in bacteria or cell free
system showed no processing (64). Other study showed that after transfection of
infectious HEV RNA into HepG2 cells, small fragments of 35, 36, and 38 kDa were
obtained using MTase, RdRp and HEL/NTPase antibodies (10).

2.5.2.1 Methyltransferase

MTase domain is a 11kDa domain, harboring MTase and guanylyltransferase (GTase)
activities and responsible for genome capping. This reaction takes place in three
stages: first, GTP is methylated in the presence of the methyl donor, S-
adenosylmethionine (AdoMet) to generate 7-methyl-GTP (™GTP) and S-
adenosylhomocysteine (AdoHcy). Second, the ™GTP is complexed to the protein by
a phosphoamide bond (™GMP-MTase). Third, ™GMP is transferred to RNA by
guanylyltransferase activity, forming a cap-0-like structure (™ GpppNpRNA) (66).
HEV MTase follows the mechanism employed by the alphavirus-like supergroup (67).
The transfer of "GMP to HEV RNA remains to be demonstrated. Note that the
shorter constructs, MTase-Y or MTase-PCP, are not active emphasizing the
importance of protein-protein interactions within the polyprotein of the ORF1
products (68). RNA capping has been shown critical for the HEV infectivity in non-

human primates and for replication in cultured hepatoma cells (69). MTase protein
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tightly interacts with membranes and is essential for establishing the replication
complex (7). Mutations within the MTase domain of HEV-1 were identified in

patients with acute liver failure (ALF) and increased viral load (70).

2.5.2.2 Y domain

Y domain of HEV is poorly characterized. Structural comparison of conserved region
of Y domain in alphavirus-like family, plant virus, animal and humans suggested that
this domain is an extension of C-terminus MTase domain (71). Bioinformatics studies
of alpha-like viruses sequences have linked this domain to the “Iceberg region” of
Alphaviruses, present downstream of the MTase domain. This “iceberg region”
contributes to the assembly of viral replication components by the presence of
putative membrane binding association sites, as shown for other viruses (70).
Mutagenesis studies on SINV and Semliki Forest viruses (SFV), respectively,
revealed that this region contains membrane anchor peptides (residues 245-264 of
SFV) as well as palmitoylation sites (Cys 418-420 for SFV), essential for methyl
transferase activity, replication and viral infectivity (72). In (+) RNA viruses
palmitoylation of a conserved cysteine of MTase-Y region is necessary for the
cytoplasmic membrane-binding and viral replication (73). Substitution of the
conserved cysteine abolishes RNA replication of HEV in HepG2C3A human
hepatoma cells (74). The extensive mutation of the Y domain residues revealed the
importance of the putative helix (residues 410-416 in HEV-3) and the presence of
potential palmitoylation sites (Cys 336,337) but also of a secondary structural loop of
viral RNA, formed by nucleotides 778 and 992, in viral infectivity and replication

(73).

2.5.2.3 Putative protease region : PCP

HEV PCP and its functions are still under debate. The PCP domain is very small and

spans over less than 200 residues. The sequence similarity among the papain-like viral
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endopeptidases is very low. However, the presence of a Cys / His catalytic dyad is
very conserved, suggesting a cysteine protease activity. PCP region was identified as a
putative protease from the sequence alignment with Rubella virus. In the absence of
conclusive biochemical data using purified proteins, the question of the proteolysis of
the ORF1 by the PCP remains unclear. In addition, a deubiquitinase activity carried
out by PCP domain was identified, acting as a putative IFN antagonist (75).
Deubiquitination activity seems to allow the deISGylation of the gene stimulated by
interferons 15 (ISG15), reinforcing viral escape (76). This deubiquitination activity
would be provided in conjunction with the MTase domain. The latter would contribute

by the putative zinc finger motif.

2.5.24 Hyper variable region (HVD)

HVD is located in ORF1 directly downstream of the PCP domain. HVD has sequence
heterogeneities and contains hypervariable motifs diverging up to 71% across HEV
genotypes. It also differs in length among HEV strains, earning it the name
“hypervariable region” (71). Nevertheless, HVDs from all HEV genotypes share the
characteristic of being rich in proline. HVD region encodes approximately 68 to 86
amino acids. The most important structural role attributed to HVD is that it forms a
flexible hinge between the ORF1 regions (78). The sequence divergence among HVD
zoonotic HEV-3, HEV-4 and human HEV-1 suggests the possible impact/role of HVD
in host tropism (77). The exchange of HVD sequences between genotypes affects the
efficiency of replication. Studies in hepatoma cells have reported that large deletions
of HVD severely affect HEV replication (79). Insertion, deletion or recombination of
HVD has been associated with pathogenesis in a chronic hepatitis E patient. Analyses
of HEV isolates from chronically infected patients show that theses insertions are
from the viral or human origins (80). Although small HVD sequence deletion seem
not to have impact on virion infectivity, they could affect the replication by interacting
with host or other viral proteins. The particular role of the HVD in HEV replication

have to be elucidated.
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2.5.2.5 Macro domain

The Macro domain or X domain (XD) is separated from the PCP domain by HVD. It
has a fold typical of the XD of histones, such as MacroH2A, involved, among other
things, in the regulation of gene expression, DNA repair, microtubule formation, X
chromosome inactivation and apoptosis (81). HEV XD and viral XD, in general,
consist of a mixture of a-helices and B-strands that delimit a pocket containing the
active site of ADP-ribose, capable of binding ADP ribose derivatives with different
affinities (82). Functional studies have shown that the HEV XD possesses a de-
ribosylation activity on mono and poly-ADP-ribosylated protein substrates conferred
by the C-terminal end of the HEL domain (83). Mutations in the putative catalytic site
of the HEV XD severely reduce or completely abrogate viral replication (84).
Moreover, in HEK293T cells, the phosphorylation of the transcription factor IRF3 for
IFN induction is inhibited by overexpression of XD (85). In other studies, the
transfection of the HEV XD drastically decreased IFN production and inhibits ferritin
secretion. The latter also is involved in the antiviral response (86). Still, the molecular

mechanisms involved in viral escape remain unknown to this day.

2.5.2.6 The helicase /NTPase domain

The HEV HEL/NTPase (HEL) sequences are mapped between XD and RdRp
domains. HEL domain exhibits the four motifs typical of helicases superfamily I (78).
HEL contains highly conserved “Walker A” motif GVPGSGK located at position 975-
982, responsible for binding to purine nucleoside triphosphate (NTP). The “Walker B”
motif, characteristic of NTPase-RNA or DNA dependent activity, is located at
position 1092-1032. This activity was confirmed by mutagenesis and binding studies
using different nucleotide substrates (87). Mutations in Walker HEV motifs abolish
RNA replication in hepatoma cells (80). The HEL domain harbours a 5’-3’ helicase
activity and a RNA triphosphatase activity. The latter removes a phosphate moiety

from the 5’end of nascent RNA. This process would be required for cap transfer
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(™GMP) to RNA, described above. The HEL structure of the tomato mosaic virus,
member of Alpha-like super family, has been resolved and reveals an organization
into two domains: (i) a C-terminal domain with two RecA motifs consisting of 4-6 [3
sheets sandwiched by o helix, involved in helicase activity (ii) an N-terminal domain
containing a flexible loop connected to an a helix and 6 3 sheets, probably involved in
interactions with the host factors. Mutations of residues within the HEL domain
strongly impacts replication as well as viral infectivity suggesting that it may play a
role in anti-viral immunity (88). Furthermore, in hepatitis E cases of fulminant hepatic

failure mutation in the HEV HEL domain are frequently detected (89).

2.5.2.7 RNA dependent RNA polymerase (RdRp)

HEV RdRp is located downstream of the helicase gene. It spans nucleotides 1249—
1671. Immunofluorescence experiments indicate that RdRp is localized at the
membrane of the endoplasmic reticulum (ER) upstream of the secretion pathway,
suggesting the involvement of ER membrane in HEV replication (63). Deletion of the
hydrophobic residues (1585-1601) in RdRp abrogates the localization at ER (59). The
catalytic triad of HEV RdRp is constituted by a highly conserved motif (GDD),
essential for RNA replication (90). The HEV RdRp binds to the 3° UTR of the sense
strand to produce the antisense intermediate strand and to the 5° UTR of the antisense
strand to produce the full-length sense RNA genome. RNA binding assays have
shown the importance of the secondary structural loops of the cis-regulatory element
in the 3° UTR. Activity tests confirmed the importance of 3' UTR as well as the poly-
A tail as a matrix for polymerization (91). The production / purification of the HEV
RdRp under denaturing conditions underlined the importance of the regulatory
elements at the 5’ end of sgRNA with a hierarchy of affinities towards 3’ UTR, 5’
UTR then the sgRNA, respectively (92). HEV RdRp has been shown to form complex
with others ORF1 proteins as MTase, PCP and HEL. Also, it interacts with immune
host factors, as IFN induced protein IFIT1 (93). Some mutations in the RdRp

sequence have been related to pathogenesis and adverse clinical outcomes. A point
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mutation in RdRp (G1634R) of HEV-3 detected in immunocompromised patients,
with chronic infections was correlated with higher viral load and initial resistance to
ribavirin (94). In addition, this mutation promotes the replication of HEV in cell
system (95). In pregnant women infected with the HEV-1, the higher presence of
HEV ARN in samples were related to mutations in the RdRp (C1483W and N1530T)
(85). Until now, Ribavirin is the only available drug for treatment of chronic HEV

infection, targeting RdRp activity (95).

2.5.3 HEV-ORF2

ORF?2 has a length of 1983 nt, starting at 37 nt after ORF1 and ending at 65 nt before
the poly-A tail. ORF2 encode viral capsid protein. Capsid protein translocates into the
ER by a signal peptide sequence located in the N-terminus. The C-terminus part of the
capsid protein is implicated in encapsidation and viral stabilization (95). The cellular
localization of the capsid protein was investigated. It appears to be widely distributed
in subcellular organelles such as ER, Golgi and even the nucleus (96). This protein
presents three conserved potential N-glycosylation Asn-X-Ser/Thr sites, the relevance
of the N- glycosylation of the ORF2 protein is still not elucidated. The capsid protein
is the major component and the most immunogenic HEV protein (133). HEV capsid
protein represent a potential epitope for neutralizing antibodies (97). Truncated ORF2
proteins generated by baculovirus or bacterial expression systems have been tested in

clinical trials for vaccine, but without success (98).

2.5.4 HEV-ORF3

ORF3 is the smallest HEV ORFs overlapping ORF2 by approximately 300 nt. ORF3
encodes a small transmembrane multifunctional protein of 13kDa that resembles class
I viroporins (VP13). It forms a multimeric complex localized at ER Membranes. The
function of VP13 has not yet been elucidated. However, studies have suggested that
VP13 is required for viral particle release during HEV infection, although the function

of ORF3 in cells culture has not appeared essential for HEV RNA replication or viral
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assembly (99). Immuno-mapping VP13 demonstrated that the last 32 aa of VP13

represent an immunodominant region (100).

2.5.5 HEV-ORF4

Recently, a new ORF4 (nt 2835-3308) was identified in HEV-1. The translation of
ORF4 is regulated by an IRES-like sequences. Transiently expressing ORF4 produces
a 20 kDa protein (83). ORF4 product form a protein complex with multiple viral
proteins, including XD, HEL and RdRp. The complex stimulates RdRp, in Huh7 cells,
in response to ER stress (13). In another work, it was demonstrated that the presence
of ORF4 is not required for active in vivo and in vitro replication of HEV in rats
(102). ORF4 product with loss of the ubiquitination site was observed in patients with
acute hepatitis or fulminant hepatic failure. This observation suggests a negative

contribution of proteasome-resistant ORF4 in patient outcome (103).

2.6 Treatment and Vaccine

Various stages of the HEV cell cycle can be potential targets for antiviral drug
development. Acute infection generally does not require treatment. Chronic hepatitis
E can lead to spontaneous resolution in some cases, but it can also lead to rapid
progression into cirrhosis and death. Therefore, it is important to consider treatment in
these patients. Ribavirin is currently the only treatment option for many patients and
the most useful antiviral available for HEV infection (104). Studies have shown that
ribavirin alone has led to a sustained antiviral response in at least 2/3 of cases with
chronic infection. However, treatment failure associated to ribavirin use was also

reported (63).
Regarding vaccination, there are several vaccine candidates based on ORF2 capsid

protein, which generate anti-HEV antibodies and provide cross-genotype protection

against infection (105). However, most HEV vaccine programs based on the
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recombinant HEV capsid were discontinued at the pre-clinical stages due to mixed
data or incomplete protection rate. HEV 239 vaccine was generated from a truncated
version of pORF2 aa 368-607 expressed in an Escherichia coli (E. coli) system,
which self-assemble into virus-like particles (VLPs) in vitro. The vaccine is
commercialized, since 2012, in China only, under the name Hecolin (Xiamen Innovax
Biotech, Xiamen, China (106). The lack of robust HEV cell culture system constrains
the development of attenuated or inactive vaccine. Moreover, other region of HEV
have been explored as vaccine candidates. Recombinant ORF3 provides only a partial
protection and the generated antibodies were not able to neutralize the virus in cell
models (107). The antibodies generated against ORF1 proteins could not recognize
HEV particles during infection (108). Thus, the ORF2 protein is the most attractive

candidate for the moment.

2.7 Objectives

Hepatitis E, caused by the HEV, is among the emerging neglected diseases. At
present, very little data is available on the molecular mechanisms that allow the
replication and the propagation of HEV. In addition, the role of the different proteins
encoded by the genome has been putatively assigned, by sequence similarity with the
group of viruses related to alphaviruses. The main obstacle to the characterization of
functional domains is the lack of a suitable animal model, a robust virus propagation
system, but also the difficulty in producing functionally active proteins. HEV
infection leads to acute hepatitis, which is eventually brought under control by the
immune system in the majority of people. However, in so-called vulnerable
individuals, including pregnant women, adolescents, immunosuppressed or transplant
patients, HEV infection can become chronic with fatal consequences, underscoring
the importance of the immune response in this infection. During infection, the nsPs,
encoded by ORF1, are the first to be expressed and appear to play a crucial role in

regulating the host's immune response, leading the replication cascade can progress.
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The aim of this study is to identify and characterize viral molecular motifs and
enzymatic activities harboured by HEV ORF1 products and implicated in immune

evasion.

The development of this project will rely on:

0] The evaluation of the effect of ORF1 products on the modulation of the innate
immune response in a mammalian system.

(i) The biochemical characterization of target ORF1 domains, explaining the
effect observed in cells.

(i) ~ Mutagenesis analysis of the selected targets for a structure/ function
assignment.

(iv)  The assessment of the effect of these mutations on type I IFN susceptibility

and ISGs activation in cells.

Finally, the study conducted during this thesis will contribute to the understanding of
HEV evasion mechanisms and will pinpoint viral targets important for the

development of specific antiviral drugs.
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Abstract

Hepatitis E (HEV) is an important etiological agent causing acute and chronic hepatitis. HEV
belongs to the alphavirus-like super family and possesses a single stranded RNA genome with
three open reading frames (ORF1 to 3). ORF1 encodes the viral nonstructural polyprotein,
essential for RNA replication and crucial for the down regulation of the innate immune
response, through inhibition of interferon (IFN) production. The molecular mechanisms
underlying this evasion are still unknown. IFN inducible OAS/RNase L system is one of the
first antiviral responses. It relies on the synthesis of short 2’-5’ oligonucleotides (2-5A) by
oligoadenylate synthetases (OAS). 2-5A activate the latent cellular RNase L, which then
degrades viral and cellular RNAs, restricting viral infection. Viruses evolved different
strategies to escape the OAS/RNase L system, one of which is the degradation of 2-5A by
harbouring a 2’-5’-phosphodiesterase (PDE) activity. PDE enzymes bear two conserved
catalytic Hx(S/T)x motifs (where x is preferentially a hydrophobic amino acid). In the present
study, we conducted sequence analysis of HEV ORF1 polyprotein, revealing the presence of
Hx(S/T)x conserved motifs in three HEV ORF1 domains, namely Macro, helicase (HEL) and
RNA dependent polymerase (RdRp) domains. We then determine the implication of these
motifs on IFN induction. Recombinant proteins corresponding to the domains of interest were
produced in E. coli to assess the presence of 2-5A degradation activity. Our results show that
2-5A oligotrimers can be modified only in the presence of the Macro domain, extended with
the hyper variable region, combined to HEL domain. Finally, this study will contribute to the
understanding of HEV evasion mechanisms, which could ultimately be extrapolated to other

RNA viruses with the aim of developing antiviral tools.
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Introduction

HEV (Hepatitis E Virus) is now recognized as a global health problem in both developing and
industrialized regions, including South and East Asia, East Africa, Mexico, Western Europe
and USA (1). The World Health Organization (WHO) estimates that annually 20 million
people are infected with HEV, encompassing 3.3 million symptomatic cases and up to 70,000
deaths per year (2). In developing countries, morbidity concerns manly adolescents, young
adults and pregnant women, in the latter group liver failure rate can reach 25%. In developed
countries, clinical manifestations are associated with the development of chronic hepatitis
(potentially fatal) in immuno-compromised patients (3). HEV is classified in the Hepeviridae
family, genus Orthohepevirus and species Orthohepevirus A. HEV is actually subdivided into
eight genotypes (HEV-1 to HEV-8). HEV-1 and HEV-2 are limited to humans and primates
and circulates mostly in developing countries, where the virus is transmitted by fecal
contaminated drinking water. While HEV-3 and HEV-4 follow a zoonotic transmission and
might be contracted by blood transfusions or organ transplants, from HEV infected donors
(4,5). Genotypes HEV-5, HEV-6 and HEV-7 have been isolated from wild boar and camelids

(6). Their zoonotic potential is still to be defined.

The HEV virion is small, non-enveloped and contains a single-stranded RNA of a positive
polarity 6.6 to 7.3 kb in length. Viral RNA is capped (7 methylguanylate) at its 5’ end and
harbours a poly A tail at the 3’ end. In total, four open reading frames (ORF1-4) were
described (7). ORF1 encodes a ~187kDa polyprotein containing seven potential non-
structural proteins (nsPs) domains including: methyltransferase (Met), Y-domain (Y), papain-
related cysteine peptidase (PCP), proline-rich hypervariable (HVD), a Macro (XD), helicase
(Hel) as well as a RNA dependent RNA polyymerase (RdRp) domains. The last third of HEV
genome gives rise to a capped and bicistronic subgenomic RNA (sgRNA), containing the
overlapping ORF2 and 3. ORF2 encodes the capsid structural proteins. ORF3 leads to the
synthesis of a phosphoprotein, involved in virion release and viral escape. ORF4, present only
in HEV-1, generates a product stimulating the activity of RdRp (6,8). The functions of ORF1
HEV nsPs were initially deduced, by comparison and similarity to the Alpha-like supergroup
(9). Some functions have been confirmed by cloning, expression and partial purification of
individual domains (10,11). However, it remains to be elucidated whether the activity is

carried by the entire polyprotein or proteolytically generated individual domains (12,13).
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In the course of RNA virus of positive polarity ((+) RNA) infection, as HEV, double-stranded
RNA (dsRNA) replication intermediates accumulate inside the cell and act as signals to
activate numerous innate immune responses, among which the 2-5-oligoadenylate (2-5A)
synthetase (OAS)/RNase L. pathway. The enzymatic function of OAS proteins is to
synthesize, from ATP, 5'-triphosphorylated 2-5A. The latter are linked by 2'-5' phosphodiester
bonds, instead of a 3'-5' link found usually in RNA and DNA. These 2-5A bind with high
affinity to the inactive, monomeric form of the endoribonuclease L. (RNaseL), causing its
dimerization and activation (14). Once active, RNase L cleaves viral and ultimately cellular
RNAs, triggering apoptosis of the infected cell (15). The small RNAs generated by RNase L
action are sensed by the retinoic acid-inducible gene I (RIG-I)-like receptors, amplifying
thereby IFN production, and OAS expression (16,17). A 3D characterization of RNase L, in
the presence of different 2-5A analogues, allowed the characterization of RNase L/ 2-5A
interaction prerequisites for binding and activation (18). These studies highlighted that RNase
L can only be activated by 2-5A trimers or tetramers which are mono, di or tri-phosphorylated
at their 5’ end, the maximum activity being achieved with the trimer triphosphate (2-5) p3As

(19).

Numerous studies have highlighted the importance OAS/RNase L pathway inhibition in viral
escape (20,21). Viruses can antagonize this antiviral machinery by several mechanisms,
including dsRNA sequestration direct RNase L inhibition. Viral proteins antagonising the
OAS/RNase L pathway include: (i) Vaccinia E3L protein, the latter decreases the available
level of dsRNA (22); (ii) VP3 protein of group A rotaviruses (RVA), ns2 group 2
betacoronaviruses, and mouse hepatitis virus (MHV), hydrolysing 2-5A by an encoded
phosphodiesterase (PDE) activity (23,24). Viral PDEs belong to the type 2H family
possessing two conserved motifs H-x- (S / T) -x, where x is a preferably hydrophobic amino
acid. The histidine residue of the catalytic units would directly contribute to the catalysis,
while the serine or the threonine residue would stabilize the substrate in the active site pocket
(25). PDEs generally adopt a (-a- B- o- - B fold, with the two histidine residues on
antiparallel sheets. These viral PDE activities are thought to derive from ancestral RNA
ligases (LigT-like) family found in bacteria and archaea, and involved in the metabolism and

maturation of RNAs (26).
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Herein, we conducted bioinformatics analyses of the HEV ORF1 polyprotein. This led to
identification of three H-x- (S /T) -x motifs, which might play a role in the modulation of the
innate immune system through the inhibition of the OAS / RNase L pathway. We then
investigated the impact of domains harboring these motifs on IFN induction and 2-5A

degradation.
Material and methods
Cloning

The full-length DNA of XD, HVD-XD and HEL gene encoding the corresponding proteins
were amplified from Sar 55 (HEV-1) replicon by PCR with the corresponding forward and
reverse primers. Amplified DNA fragments were cloned by enzymatic restriction into pet28b

or pEf6 vectors (Invitrogen) for bacterial and mammalian expression, respectively.
Cell Culture and transfection

Human hepatoma cells (Huh7.5) were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 100 pg/ml penicillin-streptomycin (GIBCO) and 10% Fetal Bovine Serum
(FBS), at 37°C, in humified atmosphere containing 5% CO2. The day prior transfection 4x10°
cells were seeded into 10 cm? plates. 70-80% confluent plates were transfected with 4pg of
recombinant pEf6 plasmids encoding the protein sequences of XD, HVD-XD, HEL, and
RdRp domains. The empty vector serves as mock control. After 48h of incubation, medium
was changed and the cells were further transfected with 5pg/ml Poly(I:C). Cells were
harvested 6 hours post-transfection. Transfection regent Lipofectamine™?2000 (Invitrogen)

was used for both transfections according to the manufacturer’s protocol.
Immunofluorescence

Cells were fixed in 3% paraformaldehyde for 20 minutes at room temperature (RT) and
washed two times with PBS. The fixed cells were permeabilized with PBS-Tween20 (0.1%)
for 10 minutes, washed two times then incubated with the blocking buffer (PBS-Tween20
(0.1%) - BSA (3%)) for 30min at RT. Monoclonal anti-FLAG M2 antibody (Sigma - F3165)
diluted 1:500 was added to the cells for 1h at 37°C. Following two washes, cells were
incubated 30 min with 4',6-diamidino-2 phenylindole (1:500) (DAPI, Invitrogen), to label the
nucleus, and Phalloidin (1:50) (Alexa Fluor 488, Invitrogen) for actin. The expressed
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recombinant protein were incubate with monoclonal anti-FLAG M2 antibody (1:500),
followed by the fluorescent conjugated goat anti-mouse IgG (1:500) (Alexa Fluor 633,
Invitrogen). Fluorescence signals were analyzed using LSM 8000 Airyscan confocal

microscope (Zeiss LSM 800) under oil immersion objective (63 % 1.5).
RT-PCR (Reverse transcriptase PCR)

RNA extraction was carried out with RNeasy MiniKit (Qiagen). Purified RNA was quantified
by nanodrop spectrophotometer (Nanodrop technologies). 80ng of total RNA was reverse
transcribed using the MMLV-RT kit according to the manufacturer’s protocol (Invitrogen).
Expression of the 3-IFN gene was evaluated by real-time qPCR using the Applied Biosystems
7900HT. Specific primers was used for [-IFN gene (Forward primer : 5'-
GTTCCTTAGGATTTCCACTCTGACTATGGTCC-3'" ; Reverse primer : 5'-
GAACTTTGACATCCCTGAGGAGATTAAGCAGC-3') and [-actin gene (Forward primer
5-GGAAATCGTGCGTGACATTA-3'; Reverse primer 5-AGGAGGAAGGCTGGAAGAG-
3", as interested and housekeeping genes respectively. Threshold cycles (Ct) were obtained
using CFX Touch Real-Time PCR detection system (Bio-Rad). Results were normalized
using B-actin gene expression and are expressed as Fold Change (FC), FC = 2722¢t where
AACt = (Ctpirn — Ctaciin) stimulated — (Ctparn — Ctacin) unstimulated. Statistical analysis was
performed using GraphPad Prism software. In vitro data were analyzed using Ordinary one-
way ANOVA with Dunnett's multiple comparisons test. *P < 0.05 **P < (0.01; ****P <
0.0001.

Recombinant protein expression

Recombinant plasmids were transformed into the competent E. coli (C41 (DE3) plys) strain
and cultured in Lysogeny Broth (LB) containing 100 ug/mL of Kanamycin at 220 rpm at
37°C during 4 hours. Logarithmic phase (OD600 of 0.6) cultures were induced with 0.5mM
of IPTG. Bacterial pellets were re-suspended in lysis buffer (20 mM Tris—HCI, pH7, 5 mM
betamercaptoethanol (bMeOH), 150 mM NaCl, 5% glycerol, 20ug/ml DNase, 0.25 mg/ml
lysozyme and 1 mM PMSF). Cells were then subjected to ultrasonication (40%, 1 min, 15sec
on /15sec off). Immobilized metal affinity chromatography (IMAC) purification was
performed using 1ml Ni-NTA column (Qiagen) in a batch mode. The filtrated supernatant was
loaded onto the column pre-equilibrated with binding buffer (20 mM Tris—HCI, pH7, 5 mM
bMeOH, 150 mM NaCl, 5% glycerol and 10mM imidazole). After a first column wash with
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10 volumes of wash buffer (binding buffer containing 60 mM imidazole), a second washing
was performed with high salt concentration 1M NaCl in the same buffer. Recombinant

proteins were eluted with 250 mM imidazole.
ADP-ribose binding

ADP-ribose binding to XD and XD-HVD of HEV was assessed using dot blot assay. Briefly,
serial dilutions (from 250 to 3.9 pmol) of Macro domain containing proteins were spotted
onto a nitrocellulose membrane (Schleicher & Schuell). Following a saturation step in the dot
blot buffer (10 mM Tris-HCL pH 7.5, 150 mM NaCl, and 0.5% Tween-20), supplemented
with 4% skimmed milk, during 1h at RT, the membrane was incubated with auto-ADP-
ribosylated hPARP-1 for 1h at RT. The primary antibody anti-PAR binding reagent (Sigma)
diluted 1:1500 in dot blot buffer with 1 % skimmed milk was added for 2h at RT. Then, the
secondary antibody, anti-rabbit IgG (Dako), diluted up to 1:2000 was incubated with the
membrane for 1 h, at RT. After each step, three washes with dot blot buffer were performed.
The signals were revealed using ECL reagent (Cat. # 170-5061, Bio-Rad). The results were
visualized using Amersham™ ImageQuant™ 800 Immager system. BSA was used as a negat -

ive control of ADP-ribose binding.
NTPase assay of HEL

ATPase activity of purified HEV HEL was performed using a thin-layer chromatography
(TLC) assay. The reaction was carried out in 15pL final volume of 500 mM MOPS-Na buffer
(pH 7.0, 50 mM MgCl, ,50 mM DTT, 1% Tween-20) and 0.4p Ci of [y- 3°P] ATP or 0.4puCi
of [a- 3*P] ATP. The HEV HEL and DENV NS3, used as control, were used at 3pM at 22°C
for 1hour. After an inactivation step at 95°C for 5 minutes, hydrolysis products were subjec-
ted to TLC polyethyleneimine-cellulose plate (Merck) with 0,45M (NH4).SO4 as a mobile

phase. Signals visualized using an Amersham™ Typhoon™ Biomolececular Imager (Cytiva).

2-5 PDE activity assay

2-5 PDE activity was assessed by mixing 3 uM of different combination of recombinant XD,
XD-HVD, HEL, RdRp domains, with 20uM of purified 2-5A trimer in the reaction buffer (20
mM Hepes, pH 7.5, 10 mM MgCl,, 1 mM DTT). After 16 hours at 22°C, as described in Zhao
et al. (24), the reaction was stopped by heating at 95 °C for 5 min. Reaction products were

applied to Microcon 10K centrifugal filter column and centrifuged at 3500g for 30 min at
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4°C. The filtrate was diluted in triethylammonium bicarbonate (TEAB) 0,05M, pH 8.0, then
analyzed on an HPLC column (Novapak C18, 4 pm, 3.9 x 150 mm), using a linear gradient of
10 to 60% (TEAB) 0.05M/acetonitrile, at a flow rate of 1 mL/min in 60 min. Elution profiles
of reaction products were recorded at 260 nm. Recombinant non-structural protein 3 of
dengue virus 2 (DENV NS3) (27) and commercial CIAP (Calf Intestinal Alkaline
Phosphatase, 20 U/uL, Invitrogen) were used for the generation of mono, di and tri phosphate

2-5A of different lengths, serving as controls.

Results and Discussion

HEV ORF1 proteins contains H-x- (S / T) -x motifs, a hallmark of PDE enzymes:

The innate immune response plays an important role in HEV infection, with type I IFN
activation (a and f IFN) as a key component. Viral replication is directly correlated with a
decrease in IFN production, showing that viruses evolved effective escape strategies to resist
to a sustained INF response in infected cells (28). Numerous studies have highlighted the role
of HEV ORF1, ORF2 and ORF3 in modulating immune response (29—31). Hence,
transfected full ORF2 protein in HEK293T cells inhibited Retinoic acid inducible gene — I
(RIG-I) dependent interferon response and antagonized Toll-like receptor (TLR) pathways
(32). Immunoprecipitation studies have shown that the phosphoprotein, encoded by HEV
ORF3, interacts with STAT1 altering IFNa-dependent STAT1 phosphorylation and hence
activating ISGs (33). At present, the replication cycle of HEV has not been established and
the proposed model is based on the replication cycle of alpha-like viruses. This model implies
that ORF1 is the first ORF to be translated. This is followed by genome replication and the
translation of ORF2 and 3 from sgRNA (34). The timeline, described herein, imposes a
crucial role for ORF1 products in viral replication and immune response evasion. This
assumption was further supported, in the case of HEV, by data showing that the
overexpression of ORF1 domains decreases IFN response (30). Although, the mechanism
underneath this action is still unknown, it suggests the presence of molecular determinants in
HEV ORF1 products that inhibit host’s innate immunity. Since, one of the IFN response
escape pathway is the inhibition of the OAS/RNase L system by 2-5A degradation (35), we
decided to search for the presence of potential PDE in ORF1 polyprotein.

ScanProsite Proteins and Proteomes Software tool was used to scan HEV ORF1 polyprotein
and compare it to the Prosite database. The analysis revealed the presence of three Hx- (S /

T) -x motifs, characteristic of PDE activity. The first motif is present at the junction of the
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HVD and the XD domain (I), the second is located in the HEL domain (II) and the third at the
C-terminal end of the RdRp (IIT) (Figure 1A). These motifs are conserved in different HEV-1
isolates but also present in the HEV-2 to HEV-4 genotypes, suggesting that they may have a
functional role in viral replication. The comparison of the sequences delimiting the potential
H-x- (S / T) -x motifs, show that these align with the catalytic ligand-binding cleft of 2H
phosphoesterases (2°’PDE) of different groups related to ARN ligases (LigT-like), present in
bacteria and archaea (26) (Figure 1B). Type 2’PDE hydrolyze the (2-5A) phosphoester bond
using two conserved H-x- (S / T) -x motifs. At the evolutionary level, the H-x-(S/ T)-x motifs
would derive from an ancestral duplication of a single motif which was accompanied by a
sequence divergence between the motifs allowing species-specific adaptation. In the
At5g40190 family of Arabidopsis and the AGR_C_4233 protein of Agrobacterium, for
example, histidine is present in only one of two motifs, required for PDE activity (26). Other
organisms, such as retroviruses, exhibit very long stretches of several hundred amino acids
between the two motifs (36). The implication of these motifs in functions related to RNA
metabolism suggests that they may present a binding site to RNA and / or nucleotides (ATP,
2-5A, NADP + and ADP derivatives ribose). These interactions could also play an important

role in the escape from innate immunity.
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1 NS2A MHV 33 VEMGLDCKLQK----AH ——-TELDIKADQYKQVEFAIQE —————————— IIDDLA 74
2 VP3_RVA 712 YKYDVKI--------- ---GVLHISDNMVPDVIDILKI-------~--] MKNELF 750
3 ORF1_HEV 761 APGATARAPAI----- RHRRLEFTYPDGSKVFAGSLFESTCTWLVNASNVDHRPG 816
4 gagpol ZRV 862 W-LNTLHKFQTPTDE-WHCHI|-----BYDISEDEEYEQN--FSE---==-=--= VLGRST 904
5 2'3'"PDE_Rso 46 WPHARWMPRDQ----- --RFLGATPEDGVPYWMRMLES -~~~ LAGLAAERGPL 93
6 HCT_ Bme 44 --DEICRLTEKPRRYGH:IAjY PFRgAGEH——il— —————— SENDLLAALMHFASSAAPV 92
1 NS2A MHV 97 REFEELH---EDIVEILRRRGCTADQSREWIHICRVRQFDEERETKGMQFYH-~~-KEPF 150
2 VP3 RVA 767 SBVLSTY---FKIYNVFYKNQITFGQSRMFIHUIRLEFNNMRTVRIETTKLQ----IKSI 820
3 ORF1_HEV ~ 1055 PNQIPAI--DFEHAGLVPAIRPDLAPTS--W RCPADVCELIRGAYPMIQTTSRVL 1111
4 gagpol ZRV 914 EBVA------- AEIILTEEQEGYFEMTETSTHIVIIFMNEGHEA-KALGPMVKRMOKVGD 967
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6 HCT Bme 143 R-PERL----NERQRHNLVRWGYPYVFEEFR LIrGPVEEKDRSRVERVL----EEFF 194

Figure 1. A. Position of H-x- (S / T) -x patterns in ORF1. B. Multiple alignment of the 2H
motifs of proteins. Proteins from NS2A (MHYV, murine hepatitis virus), VP3 (HRV, human
Rotavirus), gagRdRp (ZRV, Endogenous zebrafish retrovirus), ORF1 of HEV (HVD-XD
domain for the motif [T] and HEL domain for motif [II], 2'3 'RNA cyclic PDE (Rso, Ralstonia
solanacearum), HPC (Bme, Brucella melitensis). Alignment was performed using the

algorithm muscle from the Seaview program.

HEV ORF1 proteins have different subcellular localisation in Huh7.5 cells
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Subcellular localization of HEV replication complex have been poorly defined to date.
Previous studies in heterologous expression system revealed that ORF1 protein products are
membrane associated and partially colocalize within ER and ER-Golgi intermediate
compartments (37). Also, the ORF1 protein products colocalize with exosomes and
multivesicular bodies, suggesting exosomal membranes are required for the establishment of
the viral replication complex. Further, these funding and the partial colocalization of ORF1
products with ORF2 and ORF3 proteins, suggest a close connection between HEV replication
and assembly sites (11). In order to address the behavior of ORF1 domains, containing PDE
motifs, in Huh 7,5 cells, the expression of the domains of interest was assessed by
immunofluorescence assay (Figure 2). Hence, the expression of XD, HVD-XD, HEL and
RdRp domains with a FLAG tag reveal differences in localisation profiles. The FLAG tag is
expressed only in fusion to a target protein (Figure 2, line A) and can be detected as a red
signal (Figure 2, lines B-E). The XD, when expressed alone, is diffuse in the cytoplasm with
an accentuated perinuclear staining (Figure 2, lines B). However, when XD is preceded by the
HVD (HVD-XD), the cytoplasmic staining is not diffuse any more but restricted to dot-like
structures in the perinuclear region. Moreover, our results show that HVD-XD is able to
translocate into the nucleus (Figure 2, lines C). This observation suggests that XD has targets
in the nucleus important for viral replication or immune response suppression. HEL and RdRp
individual domains were detected in dot-like structures surrounding the nucleus, in a manner
similar to XD alone (Figure 2, lines D and E). Previously, alphavirus nsPs involved in
immune response evasion were reported to be localized in the nucleus. Hence, Semliki Forest
virus (SFV) nsP2 localize to the nucleus and blocks cellular RNA export to the cytoplasm
(38,39). Also, nsP3 of SFV can be detected in cytopathic vacuoles at the perinuclear area, in
infected cells (40). NsP2 and nsP3 from alphavirus have been involved in the interference
with cellular transcription and translation. Accordingly, nsP2 and nsP3 can antagonize cellular
antiviral responses triggered by alphavirus infection. In addition, nsP3 blocks the formation
of host cellular stress granules involved in innate antiviral (41,42). Although additional
controls using organelle markers are needed to ascertain the cellular localization of PDE motif
containing domains, the results presented here open new expectations on the role of the

studied domains on the HEV replication.

53



Results
Hepatitis E virus: Escaping the OAS/RNase L system

Merge FLAG) Phalloidin DAPI

RdRp

Figure 2. Cellular localisation of ORF1 proteins harbouring PDE motifs observed by
Immunofluorescence. Pictures were generated using confocal microscopy (scale bar, 10

pm). ORF1 proteins (XD, HVD-XD, HEL, RdRp) in fusion to the FLAG tag are represented

54



Results
Hepatitis E virus: Escaping the OAS/RNase L system

in red. The nucleus is blue following DAPI stanning. Actin filaments are stain in green
following phalloidin treatment. pEF represent the Mock control. Cells were doubly labeled
with monoclonal anti-FLAG M2 antibody, DAPI and phalloidin; followed by Alexa Fluor 633
or Alexa Fluor 488-conjugated secondary antibodies for FLAG tag and phalloidin,

respectively. Co-localizations appear in the Merge panels.

HEV ORF1 proteins inhibit IFN expression in Huh 7.5 cells

The investigation of the effect of PDE containing motifs ORF1 protein domains on the
modulation of the innate immune response were carried out in Huh7.5 mammalian cells,
endogenously expressing immuno-detectable amounts of RNase L (43). The cells were
transfected with the constructs used for immunofluorescence study either individually or by
combining different domains, to ensure the presence of two PDE motifs required for catalysis.
Activation of OAS, RNase L and type I IFNs was triggered by stimulating the transfected
cells with Poly I:C. The effect of our ORF1-PDE domains of interest on the inhibition of (-
IFN induction was then evaluated by quantification of the -IFN mRNA using real time PCR
(RT-gPCR), after mRNA extraction from transfected cells. Results are represented as relative
fold change of B-IFN genes expression (Figure 3). One can notice that the expression of
individual PDE containing HEV domains reduces 65 to 83 % [-IFN induction, when
comparing to the mock control. This effect is prominent in Macro domain containing
fragments (XD and XD-HVD). Our results confirm previous published data stating that XD-
HVD reduces B-IFN induction. However, in contrast to our data, they did not notice a
reduction in B-IFN induction in the case of HEL and RdRp (30). This might suggest that (3-
IFN repression mechanisms could be tissue specific. Interestingly, co-transfection of different
protein domains had a synergic effect on [B-IFN repression (Figure 3). All the tested
combinations show increased B-IFN antagonism compared to the corresponding individual
counterpart. Hence, B-IFN induction is decreased by more then 90% in XD/HEL and XD-
HVD/HEL combinations. This result emphasizes the role of Macro domain in viral escape.
The latter was shown to be achieved by different mechanisms, including: (i) the interference
with PARPS antiviral activity, targeting viral replication, transcription and translation (44);
(ii) de-MARylation of Ras-GTPase-Activating Protein SH3-Domain-Binding Protein (G3BP),
involved in stress granules formations (45); (iii) B-IFN system antagonism (46). In HEV, this
antagonistic effect might be reached through the interference with the RIG-I-like receptors

(RLRs) pathway, by the inhibition of RIG-I and MDA5 induction; or the abolition of
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interferon regulatory factor 3 (IRF-3) phosphorylation, a prerequisite for B-IFN expression
(30). The synergic effect on B-IFN repression observed in our study suggest that other
molecular events, contributing to viral escape, are still to be discovered. Regarding the fact
that our ORFlproteins of interest harbour PDE catalytic motifs, we hypothesized that a
potential 2-5A degradation mechanism could promote B-IFN repression by the inhibition of

the OAS/RNase L system.

32

ki

Fold change B-IFN (log)

1 T T T T T : T T T T
XD HVD-XD HEL RdRp XD/ HVD-XD/ RdRp/ HVD-XD/ pEF
HEL HEL HEL RdRp

Transfected Proteins

Figure 3: Effect of ORF1 HEV domains containing PDE motifs on B-IFN induction
following poly I:C treatment. Expression level are represented as the mean fold change (FC
= 2-AACt, where AACt = (Ctrarget — Ctactin) Stimulated — (Ctuargert — Ctactin) unstimulated) *
standard deviation of mean (SEM). Ordinary one-way ANOVA with Dunnett's multiple
comparisons test was used to compare different conditions. Significant differences are
denoted by asterisks *P < 0.05 **P < 0.01; ****P < 0.0001. The graph represents averages of

three independent experiments. The error bars represent the difference of SEM.
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Recombinant HVD-XD and HEL degrade 2-5A

In order to test our hypothesis, i.e. assess the presence of a PDE activity, degrading 2-5A, we
carried the expression and the purification of ORF1-PDE proteins in bacterial system.
Unfortunately, we were not able to get a soluble RdRp or a N-terminal truncated RdRp
domains, inferring the need of continuing the optimisation of expression and purification
conditions. Recombinant XD, HVD-XD and HEL proteins were purified in high yield
(2mg/L) using two purification steps (Figure 4A and B). Purified recombinant XD, HVD-XD
and HEL proteins were subjected to biochemical characterization, in order to verify the
integrity of their functional domains (Figure 4 C and D). Hence, XD and HVD-XD are able to
bind ADP-ribose from the auto-poly ADP-ribosylated hPARP-1 in a concentration depending
manner (Figure 4 C). The binding was achieved without the addition of HEL domain, as
advocated by Li and Coutard 2016 (47). This discrepancy might be explained by the
difference in constructs design, XD was shortened at the N-terminus by 17 amino acids in the
previously published study (47). In the case of HEL domain, ATPase assay was performed
(Figure 4 C). Results show clearly that recombinant HEV HEL possesses a NTPase activity. It
is able to dephosphorylate completely ATP, releasing the y-phosphate from y-3?P-ATP as well
as the a-phosphate from a-3?P-ATP. Dengue NS3, used as a reaction control, is just able to

remove the y-phosphate, converting ATP to ADP (Figure 4 D).

57



Results
Hepatitis E virus: Escaping the OAS/RNase L system

PM i | 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 PM
— E—

Ead
e

-

- ﬂ‘d- — — - —

-

a-ATP
‘DENV NS3

‘ HEV HEL

ATP
ADP
AMP

. |y-ATP

W HEV HEL
W \s3 DENV

Pi
250pmol

125pmol :
62.5pmol .
31.2pmol .
15.6pmol| &
-

7.8pmol | - ‘ ‘

3.9pmol .

Y-ATP a-ATP

Figure 4: Purification and activity assessment of HEV ORF1 HEL and various XD
length fragments. (A and B) SDS-PAGE-Coomassie blue staining of purified fractions, after
gel filtration column, for XD and HEL, (C) XD and HVD-XD ADP-ribose binding assay (D)

NTPase activity assessment for HEL domain.

The putative 2-5 PDE activity of the expressed domains was evaluated by 2-5 PDE assay in
vitro, as described previously (24). For that end, recombinant proteins XD, HVD-XD and
HEL were incubated in the presence of purified 2-5A trimer ((2-5) pzAs)). After the
incubation period the reaction products were subjected to HPL.C analysis to seek for any 2-5A
modification. The results are summarized in Figure 5. Elution peaks were compared to
controls established using 2-5A treated enzymatically in order to obtain tri/di and de-

phosphorylated 2-5A trimer as well as dimers. These desphosphorylated controls were
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obtained by mono or total dephosphorylation using DENV NS3 and various phosphatase

enzymes. A well characterized PDE12-2’5’enzyme was added as a positive control (data not

shown) (48).
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Figure 5. HPLC hydrolysis profiles of 2-5A by recombinant HEV ORF1 proteins. (A) 2-
5A ((2-5) p3Aa3)) untreated negative control). (B) HVD-XD. (C) Hel. (D) HVD-XD and HEL.

The elution profile of the untreated 2-5A trimer is represented in Figure 5A. Similar retention

times (16.657 and 16.804 min) were obtained when 2-5A trimers were incubated in the

presence of XD-HVD (B) and (C) HEL recombinant proteins, respectively, indicating an

absence of 2-5A degradation when the domains are used individually. Comparable retention

time was observed when recombinant XD was used (data not shown). Interestingly, when

XD-HVD and HEL were combined, two elution peaks were recorded (Figure 5D). A

prominent peak eluted at 15.939 min and a small peak at 15.540 min. When comparing to

controls, these two peaks might correspond to:

(i) Tri and di phosphorylated 2-5A dimer, with retention times of 15.821 and 15.120,

respectively. Both tri and di phosphorylated 2-5A dimers are non-RNaseL

activating (49,50). These results support the presence of a 2°5’-PDE activity,

which when linked to the NTPase activity of HEL leads to the production of a

dephosphorylated dimer.
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(ii) The prominent peak could also be assimilated to a di phosphate form of 2-5A
trimer (15.809).

Hence, at this point, two hypotheses can be drowned. First, HEL activity removes one
phosphate from the tri-phosphorylated 2-5A trimer only in the presence of XD (prominent
peak), probably needed for the correct recognition and positioning of the 2-5A oligoadenylate.
The product resulting from the reaction is further not completely degraded into the 2-5A
dimer by the putative PDE activity (small peak). Second, the putative 2’PDE activity converts
the 2-5A trimer into the 2-5A dimer (prominent peak). The latter is then subjected to a partial
HEL dephosphorylation. The first step being a prerequisite, allowing to give access to the
HEL active site, which might be not optimized for 2-5A oligonucleotides. This assumption is
supported by previous studies showing that HEV HEL has a NTPase activity, which is able to
remove the a-phosphate from the ATP but only the y-B-phosphate from the RNA (51,52).

PDE enzymes degrade 2-5A trimer into 2-5A dimer releasing 5'-AMP residues one by one
until the 5'-terminal ATP moiety is released (23,24). However, in our case no AMP, nor ATP
are detected. This might be due to HEL NTPase activity, which can dephosphorylate released
AMP and/or ATP and ultimately adenosine. The latter is known to possess an
immunomodulatory role in favour of viral pathogenesis (53,54). However, further analysis are
required to improve the identification and characterization of the 2-5A trimer degradation

products when treated with HVD-XD and HEL domains.

In conclusion, the results obtained here show that HEV ORF1 contain three PDE motifs (H-x-
(S / T) -x). When transfected into Huh7.5 cells, the domains harbouring these motifs
antagonize type I IFN response. IFN repression might be due to the inhibition of the OAS /
RNase L pathway, through the partial degradation of 2-5A. Further studies are needed to
confirm our results and complete the characterization of HEV ORF1 containing PDE
domains. Understanding viral activities involved in the inactivation of cellular defense might
allow the identification of targets that can be exploited for the generation of antiviral drugs

against HEV.
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3 Alphavirus: Capping process as a specific antiviral
target for drug development

3.1 Alphavirus History

Discovery of alphaviruses dates back to 1930, when the first member, i.e Western
equine encephalitis virus (WEEV), was isolated in the United States. However, it was
not until the WEEV epidemic in 1941, incurring the loss of around 3 million equines
and affected 4000 humans, that the family was brought into the focus of researchers
(109). Although various outbreaks must have taken place previously. Following the
discovery of WEEYV, other alphavirus members were discovered, including Eastern
equine encephalitis virus (EEEV) in 1933 in eastern United States (168); VEEV in
1935, after outbreaks in Venezuela, Columbia and Trinidad (169); SFV in 1942 in
Uganda; SINV was isolated in Cairo (Egypt) in 1952 (170) and at the same time
CHIKYV in la Reunion island (171), O’nyong-nyong virus (ONNV) emerged as a
disease causing entity in 1959 in Uganda (110) . This unusually distinct virus, is more
closely related to CHIKYV than to other alphavirus members. Since 1959, this virus
has caused at least three outbreaks in Africa affecting more than 2 million individuals.
Another member of this genus Mayaro virus (MAY V) was first isolated in 1954 and is
enzootic in South American regions (110). Alphaviruses have recently been identified
to infect marine organisms like rainbow trout and Atlantic salmon pointing towards

the wade range of their possible host organisms (111).

3.2 Classification and geographical distribution

Alphaviruses are part of a widely distributed group of viruses, classified under the
Togaviridae family. The family includes around 30 members, present in all the

continents except Antarctica (figure 9). The genus is divided into seven antigenic
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complexes, of which four are medically important types namely: VEEV, EEEV, SFV
and WEEV (110). Alphaviruses are further grouped into New World and Old World
viruses on the basis of their geographical distribution. New World viruses are widely
distributed in Northern, Central as well as Southern America whereas Old World
members cover European, African, Asian and Australian continents. There is no clear
evidence about the origin of the alphaviruses but on the basis of phylogeny studies it
is assumed that they might have originated in New World countries and spread out to
the Old World regions (112). Further evolution led to the formation of two major
groups SINV and SFV. This divergence of New and Old World might have taken
place some 2000-3000 years ago and some migratory birds or animals might have
played a role in this dispersion (113). WEEV and EEEV outbreaks are common in
American continent especially in different United States regions. They are transmitted
by Culiseta melanura species of mosquitoes, which help the maintenance of enzootic
and epizootic cycle of these viruses (114). Generally, WEEV and EEEV target equines
but sporadic cases of human infections are also reported. There are almost eight
antigenic subtypes of VEEV having different virulence capabilities. Enzootic strains
of VEEV consist of subtypes ID, IE, and II-VI and epizootic of subtypes IAB and IC.
The enzootic strains have been isolated in Florida, Mexico, Central America, and
South America. Epizootic strains are found mainly in Venezuela, Columbia and
Trinidad but also between northern Argentina and Florida (114). Different species of
Aedes and Culex mosquitoes help in the transmission of VEEV into its different hosts.
Strains with lesser virulence circulate in a mosquito-rodent/mosquito enzootic cycle.
Whereas, highly pathogenic strains, able to cause encephalitis, are able to infect

humans crossing the epizootic cycle with the horses (114).

CHIKYV was first observed in African regions during 1952, where it was circulating in
primates and various forest mosquitoes species. The adaptation to human led to a
major epidemics in African and Southern Asian regions. Now the virus has become
endemic in southern and southeastern Asia, although recent cases of CHIKV infection

are reported in some European countries also (115). MAYV which is antigenically
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associated to CHIKYV is native from Amazon River Basin. It circulates in primates and
hematophagous mosquitoes but can infect humans (116). Ross River virus (RRV),
first isolated in 1959 from Aedes vigilax mosquitoes, in the Ross River area, in
Australia, is found to cause epidemic polyarthritis mostly in Australia and Pacific

Ocean islands (117).

Figure 9. Geographical distribution of the main human pathological
alphaviruses. CHIKV: chikungunya virus; RRV: Ross River virus; SINV: Sindbis
virus; VEEV: Venezuelan equine encephalitis virus, VEEV: eastern equine
encephalitis virus; WEEV: Western equine encephalitis virus. The image was adapted

from (184).

3.3 Clinical manifestation and treatments

Alphaviruses circulates in an enzootic and epizootic cycle in the environment.
Arthropod vectors like mosquitoes acquire the infection after biting a viremic host.

After viral replication, it is transmitted to other hosts through salivary secretions.
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Once inside the body, the virus leads to viremia causing illness in Humans, birds and
other mammalian species (figure 12) (113). Inside the principal host, first symptoms
are visible after an incubation period of 2-6 days, a period during which the virus tries
to increase its copy number. There are further two phases of infection: an acute phase
and a chronic phase, lasting from few days to a couple of weeks. In humans and
domestic animals, infection with Alphaviruses can lead to encephalitis, polyarthritis,
but also hemorrhagic fevers. The symptoms can be correlated to the geographic
distribution. Hence, the Old World alphavirius causes myopathies, polyarthritis, and
ultimately hemorrhagic fevers. This group includes viruses like the RRV, Barmah
Forest virus (BFV), CHIKV or the SINV (118). The New World alphavirus cause
encephalitis, vomiting, leukocytosis and miscarriages in humans and domestic
animals. This group includes VEEV, EEEV, and WEEV. Old World viruses present
rare cases of mortality, whereas New World ones are known to cause fatal
encephalitis. In humans, although the death rate is low (less than 1%), up to 15% of
individuals infected with “encephalic” alphaviruses can develop long-term or even
lifelong neurological sequels (118). The fever associated to the infection does not stay
for long, but severe joint pain, headache and nausea can be suffered for 7-8 days. In
addition, although these viruses are normally transmitted by arthropods, laboratory
accidents have shown that viruses causing equine encephalitis can be highly
infectious by the air (119). Majority of the alphavirus members are pathogenic to
humans and can easily be used as weapon for bioterrorism. Clinical diagnosis of the
infection in the case of alphaviruses is difficult sometimes, since symptoms can
overlap those of rubella or enterovirus infection. making the disease complicated to
identify at the initial stages. To date, although different vaccine strategies have been
investigated, the only approved vaccine against VEEV is an attenuated strain of the
virus, TC-83, only authorized in veterinary medicine (120). In addition, no specific
antiviral treatments have been approved. As a result, these viruses represent

significant epidemic and epizootic risks.
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Figure 10. Enzootic and epizootic/epidemic transmission cycles of Alphavirus.
The enzootic transmission cycle of alphavirus is maintained among rodents, birds and
other vertebrates as reservoirs. Mosquitoes, as Culex spp, represent primary vectors.
In epizootic cycle, alphavirus is transmitted by mosquito vectors (e.g., Aedesspp.) to
susceptible amplification hosts such as horses or humans. The image was created in

BioRender.com.

3.4 Genome organization

The (+) RNA genome in alphaviruses is approximately 11.7 kb in length. The genome
is capped at the 5’ terminus and present a poly-adenylated tail at the 3’terminus with
untranslated regions (UTR) at the 5’ and 3’ ends (figure 11). The overall organization
of the alphaviral genome is conserved. The nsPs, forming the replication complex are
encoded by the 5’ proximal end. Upon cell penetration, the genomic (49S) RNA, is
translated onto four nsPs (nsP1, nsP2, nsP3 and nsP4) inside host cytoplasm.
Structural proteins are encoded from the last 1/3 through a sgRNA, leading to the
production of a capsid protein, three glycosylated proteins (E1, E2, E3) and a small 64

amino-acids glycoprotein 6K) (121). Moreover, alphavirus genomic RNA contains
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four highly conserved regions, known as cis-acting conserved sequence elements
(CSEs). These CSEs play an important role in the regulation of the viral genome

replication (122).

I—» 49S RNA Genome ——> 26S Subgenomic RNA

26S Subgenomic RNA

( me.| 1 3

[ Capsid ‘p62

' -fiﬁ
Capsid | | E3 E2 ‘. -

mG-Cap 5’

3'Poly A

lProteonsis by nsP2

Figure 11. Genome organization of alphavirus. Alphavirus genome is 5’capped and
3’polyadenylated. The 49S RNA genome encodes for the nsPs polyprotein precursor,
whereas the structural protein precursor is translated from the 26S sgRNA located in
the 3’end of the genome. Both precursors are cleaved by viral and cellular proteases

into individual functional proteins. The image was created in BioRender.com.

3.4.1 Life cycle

Entry of the virus inside the host cell is considered to be an engagement between viral
glycoproteins and some uncharacterized host cell receptors (figure 12). Although the
exact mechanism is still not fully elucidated, it seems that the common receptor is
laminin-like (found on mosquitoes cell surface) (123). Once bound to the cell
receptor, the virus enters by endocytosis, via a clathrin dependant mechanism. With
the maturation of this endocytic vesicle, the pH drops and becomes acidic, this change
in pH destabilizes the E1-E2 interaction and a fusion loop previously hidden and
present at the end of the E1 glycoprotein becomes exposed. This loop is then inserted
into the endosomal membrane, allowing the fusion of viral and endosomal

membranes. This process leads to the release of the nucleocapsid into the cytoplasm
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through a pore formation mechanism (124). Inside the cytoplasm, genomic RNA is

released from the capsid, providing a template for replication (figure 12).

3.4.2 Virus replication

Alphaviruses, like other positive-strand RNA viruses, replicate their RNA genome in
association with cellular membranes. The 49S genomic RNA once released into the
cytoplasm is directly translated with the help of cellular machinery into a polyprotein
formed by either nsP123, and 4 or nsP12, and 3 (125). The translation takes place
when the polymerase reads through the opal codon between the nsp3 and nsp4. The
polyprotein is cleaved into isolated nsP1 to 4. The cleavage is the result of cis and
trans activity of the papain like protease nsP2 (125). There are different intermediate
stages of the polyprotein cleavage and each cleavage regulates a different step in the
viral replication cycle. The polyprotein is first cleaved by cis activity of nsP2 leading
to the formation of the nsP123 and nsP4 RdRp enzyme. Then during the late stage of
the infection, the polyprotein formed by nsP123 gets further cleaved into nsP1 and
nsP23 by the trans activity of nsP2. Finally, nsP23 gets cleaved into nsP2 and nsP3 by
the trans activity of the nsP2 protease (126). Replication complex formation occurs on
vacuoles derived from cytoplasmic and organelle’s membranes. Vacuoles are
identified to be the place where the (-) RNA is synthesized with the help of the
replication complex formed by nsPs (127). The different types of replication
complexes, listed above, are implicated at different replication stages. Hence, nsP1 to
4 combine together to form a complex required for the synthesis of (-) RNA during
the early stages of the infection (127). As the infection proceeds, a transient
intermediate stage is observed to be formed by nsP1, nsP2, nsP3 and nsp4 which
might play a role in the (-) and (+) strand synthesis. This mature form of nsPs also
leads to the synthesis of the 26S sgRNA from the subgenomic promoter on the
genomic RNA (128). During the later stages of the infection, nsP23 and nsP1 and
nsP4 combine to form replication complex leading to the synthesis of (+) RNA (figure

12). All the nsPs play different but critical roles in the replication process.
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Figure 12. Alphavirus replication cycle. (1) Virus entry by receptor-mediated
endocytosis. (2) Release of the nucleocapsid into the cytoplasm and the liberation of
the viral genome. (3) Translation of nsPs. (4) Differential processing of nsP’s. (5) nsPs
with the viral RNA and host proteins form the membrane-bound replication complex,
required for genome replication and the transcription of (-) RNA strand. The latter
serves as a template for synthesis of both the full-length (+) genome and the and 26S
sgRNA. (6, 7) Translation of sgRNA and processing of structural polyprotein (capsid,
E1l, E2, E3 and 6K). (8)(9) Glycoproteins are further modified in the endoplasmic
reticulum (ER) and the Golgi. (10), (11) New virus particles are assembled and
released by budding from the plasma membrane. The image was created in

BioRender.com.
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3.4.3 nsPs: Viral replication complex

3.4.3.1 nsP1

The nsP1 is known as the capping enzyme. It possesses a MTase and GTase activities
(figure 13), needed for the capping of the genomic RNA and sg RNA. Unlike other
capping enzymes, nsP1 is unique in terms of harboring both capping activities. The
reaction catalyzed by nsP1 is said to be “unconventional” (figure 13). The capping
starts with the methylation of a GTP molecule at position N7 by the nsP1 MTase
activity in the presence of SAM S-adenosylmethionine (SAM) methyl donor to form
m?’GTP + Sadenosylhomocysteine (SAH). Then, a GTasel activity hydrolyzes the
m’GTP molecule and forms a covalent bond ™GMP-nsP1 complex. The latter is
transferred, through a GTase 2 activity, on the 5' diphosphate end of the viral RNA,
forming a cap-0 structure (""GpppRNA) (26). The removal of the y-phosphate of viral
RNA is insured by the RTPase activity carried by nsP2 protein (129). Alphaviruses
lack 2'0 MTase activity and only synthesize 0-caps at the 5 'end of their RNAs, which
makes them susceptible to the recognition by innate immunity restriction factor IFIT1.
However, the presence of a stem-loop structure at the 5’UTR reduces the recognition
of alphavirus RNAs, by RIG-1 and the IFIT 1/3, see general introduction section
(130). Amphipathic helixes, present in nsP1, ensure the anchoring of the replication
complex to membranes (131). Moreover, cysteine residues 418-420 were found to be
palmitoylated which further strengthens the association of alphavirus replication
complex to membrane structures (132). nsP1 has also been found to participate
directly to the initiation and the elongation of (-) RNA synthesis, through an
interaction with nsP4 (133). NsP1 represents a good therapeutic target due to its
unique mode of action. Targeted inhibition of this enzyme might reduce viral RNAs

capping and make the virus vulnerable to innate immunity.
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Figure 13. Alphavirus nsP1 capping reactions. (1) Using SAM as a methyl donor,
nsP1 methylates GTP at position 7("™GTP). (2) "™GTP gets covalently attached to
nsP1, forming a " GMP-nsP1 complex. (3) The 5'-triphosphate end of the viral RNA
is then converted to 5'- diphosphate with the help of RNA 5'-triphosphatase activity of
nsP2. (4) The ""GMP-nsP1 is transferred to the 5'-end of the viral RNA, forming cap-

0 structure. The image was created in BioRender.com.

3.4.3.2 nsP2

The alphavirus nsP2 is a multiple domain protein with several enzymatic activities.
The N-terminal and C-terminal domains are assumed to possess helicase and protease
activities, respectively (figure 14). Protease domain at the C-terminal is involved in
the cleavage of the polyprotein nsP1234 at three different positions, i.e nsP1/2, nsP2/3
and nsP3/4 (125). The N terminal domain contain an NTP site and harbours ATPase
and GTPase activities. NTPase conserved motifs I (GSGKS) and II (DEAF)
beginning from residues 189 and 250 is responsible for NTP binding (134). Sequence
of these and other downstream conserved motifs share considerable homology with

the motifs found in superfamily 1 of helicases. nsP2 is able to bind RNA molecules
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indicating its possible role in the unwinding of RNA during the replication process
(135). First crystal structure of the protease domain was elucidated for VEEV, which
gave insights about the different structural features of the C-terminal domain. From
VEEYV nsP2 protease structure, it is established that the C-terminal domain can further
be subdivided into two subdomains: one, N-terminal harboring the protease activity
and second C-terminal containing a MTase-like domain (figure 14) (136). However,
this latter doesn’t seem to be functional, suggesting that it must have other non-
enzymatic functions. Only a small fraction of nsP2 is incorporated into viral
replicative complex. The main fraction of nsP2 is present both in the cytoplasm and
the cell nucleus (since it processes an NLS), where it is not associated with nsPs. nsP2
has been shown to antagonize the antiviral response by blocking STAT1 nuclear

translocation (137).

nsP1(~60Kda) A
N — MTase/GTase —cC

nsP2(~90Kda)

nsP3(~60Kda)

nsP4(~70Kda)

Figure 14. Domain organization of alphavirus nsPs: nsP1, nsP2, nsP3 and nsP4.
Recognized domains are indicated as colored boxes in their relative position. The

image was created in BioRender.com.

3.4.3.3 nsP3

Nsp3 is divided into three domains (figure 14): (i) a Macro domain, highly conserved

among alphaviruses, coronaviruses, Hepatitis E virus and Rubella virus; (ii) a
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conserved alphavirus-unique domain (AUD) with a zinc binding domain (ZBD).
Viable mutants of this domain were shown to exhibit defects in early events of RNA
replication, likely the formation of the replication complex for (-) RNA synthesis was
impeded (138); (iii) a C-terminal hypervariable domain, crucial for virus replication
and host partners recruitment (139). This protein has been shown to be a
phosphoprotein and majority of the phosphorylated serine and threonine residues are
located in the hypervariable region (140). Moreover, nsP3 is an important factor in

alphavirus neurovirulence.

3.4.3.4 nsP4

The C-terminal end of nsP4 constitutes the core RARp domain, responsible for RNA
synthesis in the viral replication complex (figure 14). The N-terminal domain is
alphavirus-specific and might be partially disordered structurally. It appears to be
important for the interaction with polyprotein P123 in the process of replication
complex formation. Possible nsP1-nsP4 interaction was suggested based on the
identification of compensation mutations in nsP1 along with substitutions of non-
aromatic amino acids at the N-terminal of nsP4 (133). In SINV nsP4, mutation studies
of the RdRp domain demonstrated a terminal adenylyltransferase activity, suggesting
that the enzyme has a potential role in the maintenance of the 3" poly-A tail of the (+)

RNA (141). The nsP4 is the most highly conserved protein in alphaviruses.

3.4.4 Structural proteins involved in assembly and viral release

Structural proteins are expressed from the 26S sgRNA in a precursor form as
Capsid/p62/6k/E1 polyprotein. The polyprotein is processed by host and viral
proteases to release individual structural proteins. Major modifications, particularly
glycosylations, and processing of the p62 and E3 proteins takes place in the ER.

Cleaved capsid proteins recognize a packaging signal located in the 5’ region of the
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genome, leading to the formation of nucleocapsid. In the final stage of the infection,
this nucleocapsid interacts with the E2 at the plasma membrane, through a
hydrophobic pocket present on its surface (142). This interaction leads to the
attraction of more capsid glycoproteins, resulting in the formation of glycoprotein
coat around the nucleocapsid which eventually buds out through the plasma

membrane.

3.5 Objectives

Alphaviruses are RNA viruses that are capable of causing severe disease and are a
significant burden to public health. The viral nsP1 is responsible of MTase and GTase
activities, involved in adding the cap structure on viral RNAs. RNA capping
machineries are drawing a lot of attention for antiviral drug design. The research
component in this part of the thesis are focused on the structure/function study of the

various activities carried out by nsP1.

The aim of this work is to understanding the specific contribution of nsp1-residues in
drug resistance and the implication of structure and sequence of the 5’ conserved

stem-loop, in VEEV genome, for the capping process.
Specific goals:

(i)  Perform a mutational analysis on two nsP1 VEEV positions associated with
ribavirin resistance in alphavirus.

(ii) Determine the implication of the mutated residues in the regulation of the
capping reaction.

(ii)  Explore the specificities of the GTase acceptor substrate, in terms of length,

RNA secondary structure, and/or sequence of the 5> VEEV genome.
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ABSTRACT Venezuelan equine encephalitis virus (VEEV) is a reemerging arthropod-
borne virus causing encephalitis in humans and domesticated animals. VEEV possesses
a positive single-stranded RNA genome capped at its 5' end. The capping process is
performed by the nonstructural protein nsP1, which bears methyl and guanylyltransfer-
ase activities. The capping reaction starts with the methylation of GTP. The generated
m’GTP is complexed to the enzyme to form an m’GMP-nsP1 covalent intermediate.
The m’GMP is then transferred onto the 5’-diphosphate end of the viral RNA. Here, we
explore the specificities of the acceptor substrate in terms of length, RNA secondary
structure, and/or sequence. Any diphosphate nucleosides but GDP can serve as accept-
ors of the m’GMP to yield m’GpppA, m’GpppC, or m’GpppU. We show that capping is
more efficient on small RNA molecules, whereas RNAs longer than 130 nucleotides are
barely capped by the enzyme. The structure and sequence of the short, conserved
stem-loop, downstream to the cap, is an essential regulatory element for the capping
process.

IMPORTANCE The emergence, reemergence, and expansion of alphaviruses (genus of
the family Togaviridae) are a serious public health and epizootic threat. Venezuelan
equine encephalitis virus (VEEV) causes encephalitis in human and domesticated
animals, with a mortality rate reaching 80% in horses. To date, no efficient vaccine
or safe antivirals are available for human use. VEEV nonstructural protein 1 (nsP1) is
the viral capping enzyme characteristic of the Alphavirus genus. nsP1 catalyzes meth-
yltransferase and guanylyltransferase reactions, representing a good therapeutic
target. In the present report, we provide insights into the molecular features and
specificities of the cap acceptor substrate for the guanylylation reaction.

KEYWORDS capping, Alphavirus, guanylyltransferase, methyltransferase, RNA

enezuelan equine encephalitis virus (VEEV) is an encephalitic pathogen transmitted

by hematophagous arthropods. The virus circulates throughout the Americas and
causes regular outbreaks affecting humans and equids. In horses, the mortality rate is
high and can reach up to 80%. In humans, even though the fatality rate is low (<1%), up
to 14% of infected individuals can develop long-lasting and even permanent neurological
sequelae (1). Over the last few decades, much effort has been devoted to vaccine devel-
opment. The strategies adopted include the use of live-attenuated, inactivated, chimeric,
and various subunit vaccine candidates. While the live-attenuated vaccine, TC-83, is com-
monly used in Mexico and Colombia, there is still no approved vaccine for human use,
urging the development of antivirals (2).

VEEV is a member of the Alphavirus genus, which contains 31 species and belongs
to the Togaviridae family. VEEV possesses a single-stranded positive-sense RNA of
approximately 11.5 kb that is polyadenylated and contains a 7-methylguanosine (m’G)
cap structure (cap 0, m’GpppN, where N represents the first transcribed nucleotide of
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the viral RNA). The genome contains two open reading frames (ORFs) and acts as an
mMRNA after cell entry. The first ORF leads to the synthesis of nonstructural polyprotein
precursors, named P123 and P1234, which are ultimately auto-processed to nsP1 to
nsP4, forming the membrane-associated replication/transcription complex in virus-
driven lipid structures called spherules. The second ORF encodes the structural poly-
protein precursor and is translated from the subgenomic (SG) RNA. This polyprotein is
ultimately cleaved to yield E1, E2, E3, C, 6K, and TF structural proteins that drive the for-
mation of capsid shells and glycoprotein spikes, directing the packaging of new viral
genomes (3, 4). The capping of both genomic and subgenomic RNAs is mediated by
the nsP1, harboring both methyltransferase and guanylyltransferase activities. Jones et
al. have recently shown that nsP1 can form membranous dodecamer pore complexes,
ensuring the transit between the cytoplasm and the spherule contents (5). The reac-
tion catalyzed by nsP1 involves the following three steps: (i) in the presence of S-aden-
osylmethionine (SAM), GTP is methylated by the methyltransferase activity (MTase) of
nsP1 to form m’GTP and S-adenosylhomocysteine (SAH); (i) nsP1 guanylyltransferase
activity (GTase1) allows the formation a covalent m’GMP-nsP1 intermediate, releasing
inorganic pyrophosphate (PPi); and (iii) the methylated guanosine is transferred to the
ppRNA, whose yphosphate is previously removed by the nsP2 protein (6-12). This
results in the formation of a type 0 cap structure, methylated at the N7 position only.
While the catalytic amino acids in nsP1 have been relatively well characterized, specif-
ics of the RNA substrate required for efficient capping remain poorly described.

It has previously been demonstrated that specific secondary structures present at
the 5’ region of the viral RNA are essential to the virus. These structures, known as con-
served sequence elements (CSE), can greatly vary from one alphavirus species to
another, suggesting that they play a key role not only in the regulation of the viral rep-
lication cycle but also in host diversity, tissue tropism, and probably disease outcome
(13-17). Cis-acting elements in the alphavirus genome have been identified in both 5’
and 3’ untranslated regions (UTRs), but also sprawl through coding regions of viral
RNA sequences. Experimental evidences confirm the importance of CSE within the 5’
UTR and near the nsP1 start codon for the initiation of viral RNA replication. A 3" CSE of
19 nucleotides upstream of the poly(A) tail was shown to act in concert with the 5’ CSE
for the regulation of minus- and plus-strand RNA synthesis (15, 17, 18). Similarly, the
SG 5’ UTR, along with the first capsid protein-coding nucleotides, serves as the SG pro-
moter (19, 20). The role of RNA elements goes beyond RNA synthesis per se. Thus, both
genomic and SG 5’ RNA elements contain translational enhancer sequences (21, 22).
RNA structural elements spanning nsP1 and nsP2 sequences were shown to act as ge-
nome packaging signals (23-25). Moreover, viral RNA structures can serve as docking
sites not only for the viral replication machinery but also for the interaction with host
factors (26).

In the VEEV-attenuated strain TC-83, which is the basis of the veterinary vaccine, two
key single nucleotide changes were shown to contribute to the attenuated phenotype.
One mutation is located in the 5’ UTR and corresponds to G3A substitution in the
extreme 5’ terminus (27, 28). This replacement strongly destabilizes the secondary struc-
ture present at the 5’ terminus. Interestingly, the mutation results in an increase in the
synthesis of genomic RNA, reducing SG RNA synthesis and consequently creating an
imbalance in the ratio of subgenomic to genomic RNA (29). Moreover, this secondary
structure has additionally been shown to play a crucial role in immune escape by resist-
ing IFITT restriction, a product of an interferon-stimulated gene that contributes to the
regulation of protein synthesis. While many RNA viruses evade IFIT1 restriction through
2'-0 methylation of their 5’ cap ("GpppN,,), alphaviruses lack this second methylation.
Instead, the secondary structure located in the 5 UTR compensates by altering IFIT1
binding, thereby evading translational inhibition (26). Although the role of secondary
structure elements in immune escape and RNA synthesis has thus been established, the
possible impact of these structural motifs on VEEV RNA capping has never been
addressed. The objective of the present study is therefore to investigate the impact of

August 2021 Volume 95 Issue 15 e00777-21

Journal of Virology

jviasm.org 2

Downloaded from https://journals.asm.org/journal/jvi on 10 January 2022 by 193.54.110.55.



VEEV-nsP1 Substrate Preferences for m’GpppN Synthesis Journal of Virology

. s Y W‘C\')
—Q}% —g—gﬁd rﬁl SL2 :

% 7'6 o

" >

FIG 1 Mfold-predicted secondary structure of VEEV 5" end genomic RNA. Fold of the first 230 nucleotides showing the 5 stem-loops SL1 to SL5.

RNA length, sequence, and secondary structure on nsP1-RNA binding and efficiency of
RNA capping in order to set the minimal acceptor substrate requirement for m’GMP
transfer.

RESULTS

In a previous study, we have shown that VEEV-nsP1 is able to cap a synthetic 15-nucle-
otide-long oligomer mimicking the 5’ end of the VEEV genomic RNA (11). In order to
deepen our understanding of the molecular motifs potentially modulating capping effi-
ciency, we investigated the effect of 5’ RNA length and structure on the cap formation.
The computer-predicted secondary structure of the first 230 VEEV RNA nucleotides is
presented in Fig. 1. The 5" end of VEEV folds into several stem-loops (SL) similar to those
reported for Sindbis virus (SINV) and Semliki Forest virus (SFV) (14, 18, 30). The structure
starts with a short stem-loop (SL1) formed by the first 30 nucleotides of the VEEV genome.
The second hairpin (SL2) is longer and contains 3 loops. It is comprised of nucleotides 35
to 130 and thus includes part of the nsP1 coding sequence. The latter structure is followed
by three short SLs, SL3 to SL5. SL3 and SL4 are believed to form the 51-nucleotide CSE act-
ing as a transcriptional enhancer (16).

Capping of VEEV wild-type RNA SL1. We first characterized the capping parame-
ters of an in vitro-transcribed VEEV RNA corresponding to SL1 (Fig. 1). A 5'-triphosphate
RNA substrate was incubated with recombinant VEEV nsP1enzyme (12) in the presence
of [a-32P]GTP under various experimental conditions. The sequential capping reaction
described in the introduction includes the formation of m’GTP, which is then cova-
lently complexed to the enzyme (m’GMP-nsP1) before getting transferred onto a y-de-
phosphorylated RNA (ppRNA). In cells, this 5’-triphosphatase activity is presumably
provided by the helicase domain of nsP2. Here, RNA 5’ dephosphorylation was carried
out by dengue virus (DENV) nonstructural protein 3 (NS3) (31). Hence, in order to
underline the importance of the »phosphate dephosphorylation, we used both NS3-
treated and untreated RNA. For the characterization of the reaction product, the
capped RNA was subsequently treated with P1 endonuclease prior to analysis on thin-
layer chromatography (TLC). TLC plates were developed in either (NH,),SO, (Fig. 2A) or
LiCl (Fig. 2B), the latter allowing a better resolution of high migration spots. The results
are presented in Fig. 2. The first 4 lanes in Fig. 2A, as well as lane 1 in Fig. 2B show the
capping reaction on a nondephosphorylated RNA (pppRNA). In the presence of SAM
(Fig. 2A and B, lane 1), GTP is methylated to form m’GTP. The reaction by-products
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FIG 2 Capping of VEEV WT RNA SL1. RNA was pretreated with DENV NS3 to remove the yphosphate. Then, the capping reaction was
carried out in the presence of 2uM nsP1, 100uM SAM, and 0.33 uM [a-P*’]GTP. m’GpppA caps were digested from RNA with
nuclease P1 and resolved on polyethylenimine cellulose thin-layer chromatography (TLC) using (NH,),SO, (A) or LiCl (B) as a mobile
phase. The migration of standards are indicated on the left side of each TLC chromatogram. The plates were revealed by
autoradiography. The conditions of each capping reaction are summarized below the TLC plate. Data are representative of three

independent experiments.

include unused GTP, but also GDP and GMP. However, no m’GpppA is detected. It was
previously demonstrated that SAH, the by-product of GTP methylation reaction, is
required for m’GMP-nsP1 complex formation when m’GTP is used as the substrate for
the capping reaction (7, 11). In the present study, we show that the addition of an ex-
ogenous excess of SAH reduces m’GTP production (Fig. 2A, lane 2). Moreover, the
addition of SAH-hydrolase to the reaction mixture (Fig. 2A, lane 3) promotes the MTase
reaction. When the RNA substrate is »dephosphorylated, m’GpppA is detected (Fig.
2A, lane 5, and Fig. 2B, lane 2). Cap formation is reduced in the presence of an excess
of SAH (Fig. 2A, lane 6, and Fig. 2B, lane 3) and slightly increased when SAH-hydrolase
is added (Fig. 2A, lane 7, and Fig. 2B, lane 4), in accordance with the production of
m’GTP observed in lanes 1 to 3 (Fig. 2A). Controls run without enzyme (Fig. 2A, lanes
11 to 12, and Fig. 2B, lane 5) show a main signal corresponding to GTP, which is slightly
hydrolyzed to GDP and GMP during the course of the reaction. We note that the addi-
tion of SAH-hydrolase alone (Fig. 2B, lane 6) increases GTP hydrolysis to GDP. The addi-
tion of a GDPase to the capping reaction did not increase m’GTP synthesis (data not
shown). In lane 9 (Fig. 2B), the reaction mixture was treated with calf intestinal phos-
phatase (CIP) to confirm the position of Pi.

Another by-product resulting from the formation of the m’GMP-nsP1 complex is PPi,
which has previously been shown to inhibit the formation of the m’GMP-enzyme cova-
lent link (32, 33). In accordance with this, the addition of inorganic pyrophosphatase
(PPase) (Fig. 2A, lanes 4 and 8 to 10) promoted formation of m’GTP and/or m’GpppA
(Fig. 2A, lanes 4 and 8, respectively). In the absence of SAM or nsP1 enzyme (lanes 9 and
10), only GMP can be detected when the PPi hydrolase is present. In order to confirm
the identity of the cap, a sample of the reaction, lanes 2 and 5 (Fig. 2B), was treated with
Cap-Clip acid pyrophosphatase, an enzyme which hydrolyzes pyrophosphate bonds in
m’GpppN structures. In the absence of nsP1, only GDP and GMP are detected (Fig. 2B,
lane 8). In lane 7, we note that the cap structure is degraded into m’GMP, confirming
that the product is m’GpppA.
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FIG 3 Effect of RNA length on nsP1 binding and capping efficiency. (A) Capping reaction was carried
out for VEEV 5° RNAs. m’GpppA caps were digested from capped RNA using nuclease P1 and
subjected to TLC. The data are representative of three independent experiments. (B) Fluorescence
polarization experiment assessing nsP1 binding to 3" Cy5-labeled 30 (e)-, 130 (A)-, 164 (4)-, 194 (C0)-,
and 230 (#)-nucleotide VEEV 5’ RNA. Dissociation constants (K,) were determined using Hill slope
curve fitting (GraphPad Prism 7 program) and compiled in Table 1. All data points are the means of
three wells, and all error bars represent the standard deviation.

Effect of RNA length on capping efficiency. Next, we wondered if the other SL
structures present at the 5’ end could affect the capping reaction and if RNA length
might play a role in regulating the capping process. We produced VEEV RNAs from dif-
ferent lengths encompassing the different SLs by in vitro transcription, based on the
predicted RNA structures (Fig. 1). Five RNAs corresponding to the first 30, 130, 164,
194, and 230 nucleotides were generated. When the five RNAs are used as the sub-
strate for the RNA capping reaction (Fig. 3A), the intensity of m’GpppA formation is
inversely related to RNA length. A drastic decrease in GTase activity is observed with
substrates starting from 130 nucleotides long, with 40% of remained capping com-
pared to the 30-mer RNA. The relative activity drops to 16, 13, and 11% for 164-, 194,
and 230-nucleotide RNA, respectively. These results support that the longer the RNA is,
the less efficient the capping synthesis is.

We have previously shown that for short RNAs (15 nucleotides long) mimicking the
VEEV 5’ end, the phosphorylation state is crucial for the RNA-enzyme interaction (11).
In order to evaluate the role of substrate length in RNA recruitment, the affinity of
nsP1 for the five RNA substrates was assessed by fluorescence polarization (FP). To that
end, we labeled the 3" end of each RNA with Cy5 and performed FP experiments with
increasing amounts of enzyme (Fig. 3B). Apparent equilibrium dissociation constant
(K,) values are compiled in Table 1. FP results show that the binding constants for 30-,
130-, 164-, 194-, and 230-nucleotide-long RNAs oscillate between 0.36 and 1.3 uM.
With the exception of the 194-nucleotide-long RNA (SL1 to SL4), which is the least
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TABLE 1 Effect of 5' VEEV RNA length on RNA-nsP1 interaction®

RNA length (no. of nucleotides) Apparent K, (uM)
30 0.42 =0.03

130 0.64 = 0.08

164 0.60 = 0.07

194 1.3+0.18

230 0.36 = 0.05

aKinetic parameters were calculated using the SigmaPlot program. Values are expressed as mean * standard
deviation with an R? value of =0.98.

preferred RNA substrate for nsP1, no major differences in K, are noted within the set of
tested RNAs. Comparison of affinity and catalytic data indicate that while nsP1 is still
able to bind RNAs longer than 130 nucleotides, the capping process is largely impeded
for longer substrates. Hence, weak variations of RNA affinity toward nsP1 are not likely
to play a crucial role in the capping efficacy. The presence of SL3 to SL5 is deleterious
not only for the formation of the cap structure itself, i.e., m’GpppA, but also for the
MTase reaction since the signal corresponding to m’GTP is very weak. All the tested
RNAs share a denominator, SL1, which therefore requires further evaluation in terms of
sequence and structure determinant toward capping efficacy.

Effect of RNA 5’ secondary structure on capping efficiency. The 5’-end SL1 struc-
ture has been shown to be important for immune evasion but also the regulation of
genomic and subgenomic RNA synthesis (33). To investigate its role in the capping
reaction, we linearized SL1 by mutating positions 3, 5, 7,9, and 11 to adenosines (linear
mutant). In order to evaluate if the effect on the capping efficacy can be influenced by
changes in either sequence or structure of SL1 (Fig. 4C), we included in the study (i)
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FIG 4 Effect of RNA 5’ secondary structure on capping efficiency. (A) We subjected 30-nucleotide oligomers corresponding to the WT, linear, TC-83, and
various compensatory mutant sequences (as shown in Fig. 1) to DENV NS3 treatment and then assessed them under capping conditions. The data shown
are representative of at least three independent experiments. (B) Relative activity corresponding to means *+ standard deviation of VEEV nsP1 toward
various RNA 5" secondary structures. The relative activity of WT 5’ VEEV RNA was considered 100% for comparison with the other reaction conditions. *,
P<0.05 by t test. (C and F) Computer-predicted fold of the 5’ 30-nucleotide oligomers in WT and TC-83 VEEV RNA, respectively. (D, E, and G) Mfold of
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August 2021 Volume 95 Issue 15 e00777-21 jviasm.org 6

Downloaded from https://journals.asm.org/journal/jvi on 10 January 2022 by 193.54.110.55.



VEEV-nsP1 Substrate Preferences for m’GpppN Synthesis

TABLE 2 Effect of SL1 nucleotide mutations on RNA-nsP1 binding kinetics®

Type of RNA Apparent K, (uM)
WT 0.42 +0.03

Linear 753+23

TC-83 414+16

M1 269*0.7

cm2 3.03+0.7
TC-83CM 2.88+0.8

aKinetic parameters were calculated using the SigmaPlot program. Values are expressed as mean = standard
deviation with an R? value of =0.95.

two computer-predicted compensatory mutants, CM1 and CM2 (Fig. 4D and E, respec-
tively), that allow the recovery of the SL1 hairpin structure but with different nucleo-
tide composition; (ii) a 30-nucleotide oligomer, the G3A mutation observed in the vac-
cinal strain TC-83 (26) (Fig. 4F); and (iii) a structural compensatory mutant, TC-83C,
allowing the refolding of the TC-83 into a hairpin structure similar to SL1 (Fig. 4G). The
set of SL1 RNAs was first tested in the capping reaction. Interestingly, all of them can
be capped by nsP1 (Fig. 4A) but with variable efficacy. Relative capping activities were
thus calculated and normalized to the total radioactivity in each lane (Fig. 4B). All the
mutations leading to a change of the structure or the sequence of the 5" RNA have a
negative effect on RNA capping. The TC-83 RNA, mimicking the RNA of the VEEV veteri-
nary vaccine, has more than 20% reduction in cap synthesis. The linear RNA shows
more than 30% loss in capping efficiency. Compensatory mutations fail to restore com-
pletely RNA capping, although CM1 reaches nearly 85% of the wild-type (WT) activity.
We next tested the effect of SL1 sequence/structure modifications on enzyme binding.
FP experiments show that WT SL1 has higher polarization values, with a computed
apparent K, of 0.42 uM (Table 2). The lowest affinity is seen for the linear RNA, with an
apparent estimated K, of 7.5 = 2.3 uM (Table 2). The TC-83 RNA is also significantly
impacted in terms of binding compared to the WT substrate, with a K, of 4.1 uM. All
the compensatory mutants, with an SL similar in fold to the WT, partially restore bind-
ing affinity, with estimated K, values of 2.69, 3.03, and 2.88 uM, for CM1, CM2, and TC-
83CM, respectively (Table 2).

Nucleotides as the substrates for N7 cap reaction. The results obtained so far
support the fact that the capping process occurs early, since long RNAs tend to inter-
fere with m’GMP transfer on RNA. Moreover, we have previously shown that capping
can occur efficiently on 15 mer of 5" VEEV RNA (11) and non-VEEV RNA sequences of
comparable size (data not shown). Studies on Bamboo mosaic virus (BaMV), a member
of the alpha-like superfamily, have shown that GDP and ADP can also serve as accept-
ors for m’GMP to form m’GpppG or m’GpppA (33). We therefore conducted a capping
experiment with nucleotides as acceptors for m?GMP. In the capping reaction mixture
containing VEEV-nsP1, [a-32P]GTP, and SAM, RNA was replaced by either GDP, ADP, or
UDP (Fig. 5). The cap can be formed efficiently with ADP, UDP, and CDP as observed by
the presence of m’GpppN (where N represents A, U, or C) (Fig. 5A). Caps corresponding
to m’GpppU and m’GpppC comigrate with the m’GpppA signal under our conditions,
as described previously (34). When GDP is used as the substrate for m’GMP transfer,
the signal is very weak (Fig. 5A). A sample of each reaction condition was treated with
Cap-Clip acid pyrophosphatase to confirm the cap nature of the observed signal.
Following this treatment, the m’GpppN signal disappeared. A signal corresponding to
m’GMP is detected (Fig. 5B), confirming the identity of the cap.

DISCUSSION

The unconventional capping mechanism of alphavirus nsP1 makes it an attractive drug
target. However, exploiting nsP1 drug target potential could rationally be achieved through
an extensive and comprehensive characterization of its enzymatic activity. In order to dissect
the role of RNA element on VEEV RNA capping, we tested different RNA substrates that
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FIG 5 Nucleotides can act as acceptors for N7 capping reaction. (A) ADP, UDP, CDP, and GDP
nucleotides were used in replacement of RNA in the capping reaction described in Materials and
Methods. (B) Digestion of m’GpppN cap with Cap-Clip acid pyrophosphatase enzyme before TLC
migration. The experiment was repeated at least three times. One representative experiment is shown.

were various in length and secondary structure on the capping reaction. The analysis of the
extreme 5'-secondary structure SL1 (Fig. 1 and 4C) revealed that this RNA hairpin can be
capped efficiently by nsP1, and the capping reaction occurs in concordance with what was
previously described in the literature. RNA capping is reduced by an excess of SAH and
prompted by the addition of either SAH-hydrolase or PPase. Both SAH and PPi are by-prod-
ucts of the MTase reaction. PPi was shown to play a role in the regulation of cap transfer
onto RNA and the regeneration of GTP (35). For eukaryotic guanylyltransferases, the forma-
tion of the GMP-protein complex before transfer to RNA was shown to be reversible. When
PPi is added in excess to the reaction, GTP cannot be regenerated, and this phenomenon is
reversed by the addition of PPase (35). One can speculate that a similar process is occurring
in our case, leading to the methylation of all the GTP present in the reaction (Fig. 2A, lanes 4
and 8), thereby enhancing m’GpppA formation. It was shown previously that SAH is neces-
sary for m’GMP-nsP1 complex formation when m’GTP is provided to the enzyme (11, 36).
However, when added in excess to the reaction mixture containing GTP as substrate, SAH
inhibits GTP methylation (Fig. 2A, lane 2) and, ultimately, m’GpppA synthesis (Fig. 2A, lane
6). These data support the proposed Alphavirus capping model according to which SAM and
SAH share the same binding site (36). Moreover, the results obtained in the presence of
SAH-hydrolase (Fig. 2A, lanes 3 and 7) indicate that SAH is not released from the active com-
plex until the end of the capping process; otherwise, the production of m’GTP and
m’GpppA would have been prevented.

We have shown previously that VEEV nsP1 is able to bind di-, tri-, and, to a certain
extent, monophosphorylated 15-nucleotide-long VEEV 5’ RNAs. However, RNA capping
was observed almost exclusively with ppRNA. The faint capping observed on pppRNA
led us to postulate, at that time, that either a small proportion of pppRNA was hydro-
lyzed at the »phosphate or the enzyme was able to form m’GppppA cap, as reported
for D1 subunit of vaccinia virus (VV) capping enzyme mutants or vesicular stomatitis vi-
rus (VSV) (11, 37-39). In the present conditions, we failed to detect any significant cap-
ping reaction with pppRNA. A contrast between RNA binding capacity and capping effi-
ciency appeared when RNA of different lengths was tested. While nsP1 is able to
efficiently bind RNA ranging from 30 to 230 nucleotides, it is barely able to cap RNAs lon-
ger than 130 nucleotides (Fig. 3). The rationale behind this experiment relied on several
assumptions. First, it was shown in SFV that RNA capping occurs concomitantly with
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RNA biosynthesis (40). Second, many studies highlighted that a minimal RNA chain
extension is a prerequisite for capping to occur. For example, Tat protein of human im-
munodeficiency virus (HIV) stimulates capping when the nascent RNA is 19 to 22 nucleo-
tides long (41). In the case of VSV, RNA capping occurs after reaching 30 nucleotides
(42). The reported data for BaMV are puzzling. Huang et al. (33) found that efficient cap-
ping occurs when the RNA is longer than 50 nucleotides. However, in the same study,
they also showed that the BaMV capping enzyme is able to cap efficiently nucleotides,
supporting a possible pre- to cotranscriptional capping event, which might relate to
RNA synthesis priming, discussed below. Third, in SINV, we know that the ratio of capped
versus uncapped RNAs varies between cell types. In the first 9 h of infection, uncapped
RNAs are getting encapsidated to form new virions (43). This might suggest that, indeed,
the entire genome can be synthesized without being capped. Our data do not support a
posttranscriptional RNA capping event, at least for VEEV nsP1. The other option allowing
the generation of uncapped genomes would be a decapping event. A recent paper
demonstrated that during viral infection, cellular decapping enzymes DCP1 and DCP2
are directed to viral replication sites for the restriction of viral infection (44).

RNA alignment of different Alphavirus species suggests that, although the presence of
CSEs is conserved, they can vary in sequence. Despite these sequence variations, some
regions could fold into similar CSEs, suggesting a conserved role for these elements.
Similarly, divergence in RNA fold or sequence might contribute to functional diversity (14).
Earlier studies reported that modifications of the sequence or the structure of the SL1
have a negative impact on viral replication and alter the ratio of genomic versus subge-
nomic RNAs (29, 45). Furthermore, it was described that CSEs are hardly transposable
between different Alphavirus species. The switch of either sequence or structure had a
negative effect on replication (13, 45). Intriguingly, it was confirmed by biophysical techni-
ques that TC-83 stem-loop is less stable than the WT, but this decreased stability did not
affect viral RNA translation (29). Concerning the SL1 secondary fold in the capping reac-
tion, even if none of the tested mutants abrogate m’GpppA synthesis, our data suggest
that both the structure and the sequence of the 5’ hairpin are important for an efficient
capping process (Fig. 4). Indeed, SL1 sequence and fold disruption might reduce RNA
binding up to 17 times (Table 2), leading to a 30% reduction in capping activity. This sug-
gests that SL1 integrity is important for substrate accessibility and enzyme turnover.
Moreover, RNA binding is not rate limiting under these conditions. In our experiments, TC-
83 RNA has a more than 20% reduction in cap synthesis. This indicates that, in addition to
the negative effect on genome replication and viral escape from IFIT 1 restriction (26), the
TC-83 mutant could additionally impact viral RNA capping. This difference might create a
disbalance in the ratio of capped versus uncapped VEEV RNAs, shown to be crucial not
only for viral replication, translation, and immune escape but also for viral infectivity (26,
29, 46). Similarly, the importance of 5’ SL structure in capping was highlighted in flavivi-
ruses. A 74-nucleotide double-hairpin structure in the flavivirus genome is crucial for N7
cap methylation, whereas 2'-O methylation can proceed on very short RNAs (47).

In VEEV, the accumulated data and the present study tend to suggest that RNA cap-
ping is a very early event (11). Using nucleotides as the substrate for capping showed
that, in contrast to BaMV, VEEV nsP1 efficiently caps ADP but not GDP (Fig. 5). GDP was
shown to inhibit m’GTP synthesis in BaMV (48), which might explain the absence of
cap signal in our case. It is worth mentioning that both genomic and SG RNAs of VEEV
start with an A. The same seems to apply for other alphaviruses when looking at the
reported or putative genomic and SG RNA sequences available in the NCBI database
(49, 50). Interestingly, a non-VEEV RNA starting with a G can be capped by nsP1 (data
not shown), suggesting that even if GDP is not used as the substrate for m’GpppG cap
formation, the enzyme is able to cap RNAs starting with G. Another difference with the
BaMV study resides in UDP capping. We observe an m’GpppU and an m’GpppC signals
comigrating with m’GpppA, as described in reference 34. Recent epitranscriptomic
studies revealed that a small proportion of m’GpppU- and m’GpppU,,-capped RNAs
do exist in eukaryotic cells (51). In the case of Zika, dengue, polio, and hepatitis C
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viruses, it was shown that virus infection triggers a modification of epitranscriptomic
profiles of the host cell (52). Moreover, m’GpppU- and m’GpppU,,-capped RNAs can
be translated, and, in general, the nature of the cap analogue (m’GpppN), present on
the RNA, as well as its methylation status on the N nucleotide, regulate the translation
process (53). Although the UDP capping described here is obtained in an in vitro set-
ting, one can speculate that it might have a biological significance, potentially for the
modification of host cellular mRNA caps in view of innate immunity escape. Finally, dif-
ferent strategies for cap priming have been previously described. Influenza viruses, for
example, snatch 10 to 15 cellular mRNA oligomers and use them to prime viral mRNA
synthesis (54). In picornaviruses, priming is initiated by a protein-primed mechanism,
whereby a small viral protein (VPg) is covalently linked to a UMP via the hydroxyl
group of a conserved tyrosine residue. This UMP becomes the first nucleotide of the
nascent RNA (55). In L-A yeast virus, it was shown that the cap analogue m’GpppG
could initiate transcription (56). The latter supports a possible cap analogue synthesis
used to prime RNA synthesis, in accordance with our data, which would constitute a
novel pathway to achieve cap-protected synthesis of RNA transcripts.

In conclusion, the present study provides insights into VEEV nsP1 substrate preferen-
ces for cap structure synthesis. We show that VEEV nsP1 is able to cap RNAs from 1 to at
least 130 nucleotides in length and that both the sequence and the structure of the 5’
SL1 are important for efficient binding to nsP1 and, therefore, capping efficiency.

MATERIALS AND METHODS

Expression and purification of recombinant VEEV nsP1 protein. The cDNA encoding the VEEV
nsP1 (strain P676, amino acids 1 to 535) was codon optimized and cloned into the pET28b (Novagen)
vector in fusion with a hexa-histidine coding sequence at its 3’ end. The resulting recombinant protein
was produced in T7 Express /9 Escherichia coli cells (New England Biolabs) after induction of the expres-
sion with 0.5mM isopropyl-B-p-thiogalactopyranoside (Sigma-Aldrich) for 3h at 17°C as described in
references 11 and 12. Briefly, bacteria pellets were lysed by repeated sonication cycles in lysis buffer
(20 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5% glycerol, and 5 mM B-mercaptoethanol) supplemented with
20 wg/ml DNase |, 0.25 mg/ml lysozyme, and a tablet of EDTA-free protease inhibitor cocktail (Sigma)
per 50 ml of lysate. The soluble material was recovered by centrifugation at 30,000 x g for 30 min at 4°C
and then subjected to immobilized metal affinity chromatography (IMAC) on a 5-ml HisTrap column (GE
Healthcare). Following extensive washings with the lysis buffer supplemented with 40 mM imidazole
and 1M Nacl, the protein was eluted with lysis buffer supplemented with 250 mM imidazole and dia-
lyzed against storage buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, and 50% glycerol) for storage at
—20°C. For RNA binding assays, VEEV nsP1 was dialyzed in the same storage buffer with 10% of glycerol
and stored at —80°C until use.

In vitro RNA transcription. DNA oligonucleotides were purchased from Eurofins Scientific. Short RNAs
30 nucleotides long were generated from templates of annealed single-stranded DNA (ssDNA) oligonucleo-
tides containing the sequence of T7 ¢ 2.5 promoter followed by the 5" sequence of VEEV RNA. Long RNAs >30
nucleotides long were generated using cDNA templates produced by PCR from VEEV strain P676. The forward
primers were extended with the T7 ¢ 2.5 promoter sequence at the 5’ end. The transcription reaction was per-
formed in 40 mM Tris-HCl (pH 7.0), 40 mM MgCl,, 2 mM spermidine, 0.01% Triton X-100, and 4% polyethylene
glycol (PEG) 8000. RNA synthesis was carried out at 37°C for 4 h in the presence of 8 mM nucleoside triphos-
phates (NTPs; GE Healthcare), T7 RNA polymerase (0.1 «M), and RNase inhibitor (Ambion). RNA was purified by
phenol-chloroform extraction technique and then precipitated with ethanol supplemented with 2.5 M ammo-
nium acetate overnight at 4°C. Long RNAs of >30 nucleotides were further purified on agarose gel after elec-
trophoresis using Nucleospin gel extraction kit-NTC buffer (Macherey-Nagel), as described by manufacturer’s
protocol. RNA purity was assessed by denaturing acrylamide gel (urea PAGE).

RNA GTase assay (formation of m’GpppRNA). We pretreated 5’-triphosphate RNAs, generated by in
vitro transcription, with 1 M dengue virus (DENV) nonstructural protein 3 (NS3), produced and purified as
described elsewhere (31). The y-phosphate removal was done in 50 mM HEPES (pH 7.5) and 2 mM dithiothre-
itol (DTT) for 30 min. The enzyme was then heat-inactivated at 65°C for 5 min. GTase reaction was performed
with 2 uM nsP1 VEEV in the presence of 10 uCi of [a-P*4GTP (3,000 Ci/mmol), 50 mM HEPES (pH 7.5), 10 mM
KCl, 2mM MgCl,, 2mM DTT, and 100 M SAM for 2 h at 30°C and then stored at —20°C. Capped RNAs were
subjected to nuclease P1 (Sigma) digestion in 30 mM sodium acetate (pH 5.3), 5mM ZnCl,, and 50 mM NaCl
(2 h, 37°C), followed by proteinase K (NEB) hydrolysis (30 min, 37°C). Digested products were resolved by poly-
ethylenimine cellulose thin-layer chromatography (TLC) (Macherey-Nagel) using 0.45 M (NH,),SO, or 1 M LiCl
as mobile phase. TLC plates were visualized using Amersham Typhoon phosphor imager (12). Inorganic pyro-
phosphatase and adenosylhomocysteine-hydrolase (SAH-hydrolase) were purchased from Sigma-Aldrich.
Cap-Clip acid pyrophosphatase enzyme was purchased from Cellscript. All commercial enzymes were used as
indicated in manufacturers’ protocols. AtAPY1-ATM GDPase was produced and used as described in Massalski
et al. (57). Quantification of m’GpppA signal was carried out using the ImageJ program. Statistical analyses
were carried out using two-tailed unpaired Student's t tests (*, P < 0.05).
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15 min at 10,000 rpm and washed with ethanol (70%) to eliminate the excess dye.

Journal of Virology

RNA binding assay. (i) RNA labeling. We incorporated 12.5 uM cyanine 5-cytidine-5-phosphate-3-(6-
aminohexyl) phosphate (pCpCy5) dye (Jena Bioscience) at the 5’ end of in vitro-transcribed VEEV RNAs by
ligation in the presence of 1 mM ATP and 1 U of T4 ligase 1 (NEB) for 1 h at 37°C. The labeled RNA was puri-
fied by ethanol precipitation in the presence of 0.3 M sodium acetate, 1 ug/ul glycogen, and 2 volumes of
cold ethanol (100%) at —80°C for 1 h. After the incubation time, the Cy5-labeled RNA was centrifuged for

(ii) Fluorescence polarization assay. The binding between the VEEV nsP1 and each RNA was moni-
tored by FP. Each Cy5-labeled RNA strand was mixed with increased concentrations of nsP1 (0.09 to
20.M) and protein storage buffer in a final volume of 20 ul. Assays were performed in 384-well opaque
microplates (Greiner Bio-One). Fluorescence polarization was measured using PHERAstar FS microplate
reader (BMG Labtech) with excitation and emission wavelengths of 590 and 675 nm, respectively. All
assays were repeated three times and carried out in triplicate, and a blank control without protein was
included. The dissociation constants (K,) were calculated using GraphPad Prism 7 program.
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ABSTRACT

Alphaviruses are arthropod-borne viruses of public health concern. To date no efficient vaccine nor antivirals are available for safe human use. During viral
replication the nonstructural protein 1 (nsP1) catalyzes capping of genomic and subgenomic RNAs. The capping reaction is unique to the Alphavirus genus. The whole
three-step process follows a particular order: (i) transfer of a methyl group from S-adenosyl methionine (SAM) onto a GTP forming ™ GTP; (ii) guanylylation of the
enzyme to form a ™ GMP-nsP1adduct; (iii) transfer of ™ GMP onto 5'-diphosphate RNA to yield capped RNA. Specificities of these reactions designate nsP1 as a
promising target for antiviral drug development. In the current study we performed a mutational analysis on two nsP1 positions associated with Sindbis virus (SINV)
ribavirin resistance in the Venezuelan equine encephalitis virus (VEEV) context through reverse genetics correlated to enzyme assays using purified recombinant
VEEV nsP1 proteins. The results demonstrate that the targeted positions are strongly associated to the regulation of the capping reaction by increasing the affinity
between GTP and nsP1. Data also show that in VEEV the S21A substitution, naturally occurring in Chikungunya virus (CHIKV), is a hallmark of ribavirin suscep-
tibility. These findings uncover the specific mechanistic contributions of these residues to nspl-mediated methyl-transfer and guanylylation reactions.

1. Introduction

Global warming, increased worldwide travel and urbanization,
among other causes, promote a significant geographical expansion of
many arboviruses vectors, including Aedes, Psorophora and Culex
mosquitoes. These arthropods act as vectors for a plethora of causal
agents of infectious diseases and thus the emergence and re-emergence
of a variety of Alphaviruses is currently observed. Alphaviruses infect
diverse hosts including mammals, birds, rodents and salmonids. The
genus Alphavirus contains 31 species among which 21 were reported to
induce pathological symptoms in humans (Weaver et al., 2012).
Alphaviruses pathogenic for humans can roughly be divided into two
main groups according to the clinical symptoms they trigger. Arthralgic
symptoms include fever, cutaneous rach, polyarthralgia and arthritis.
They are mainly caused by alphaviruses of the Old World (OW),
including Chikungunya virus (CHIKV), O’nyong-nyong virus (ONNV)
and Semliki Forest Virus (SFV), with the exception of Mayaro virus
(MAYV) which circulates in the Americas. Conversely, encephalitic
symptoms are characteristic of viruses restricted to the New World
(NW), such as Eastern, Western and Venezuelan equine encephalitis

* Corresponding author.

viruses (EEEV, WEEV and VEEV). They comprise headache, nausea,
anorexia and ultimately encephalitis with more than 15% of fatal out-
comes. Long-lasting symptoms and the morbidity associated to alpha-
virus outbreaks make them a serious public health and epizootic threat
(Lwande et al., 2015; Zacks and Paessler, 2010). So far, no efficient
vaccine nor licenced antivirals are available for safe human use
(Abdelnabi et al., 2017). Moreover, the absence of a specific treatment
for alphavirus infection limits the therapy, in the case of outbreaks, to
the use of medication based mainly on symptoms relieve, such as
analgesic, anti-pyretic, anti-inflammatory and immunosuppressing
drugs (Sales et al., 2018).

Alphaviruses are enveloped viruses possessing a single positive-
stranded genomic RNA. This RNA is first translated by the host cell
machinery into polyproteins P123 and P1234 that are subsequently
processed by the viral protease yielding proteolytic intermediates and
the four non-structural proteins (nsPs) nsP1 to 4. These proteolytic in-
termediates and the matured nsPs constitute the replication/transcrip-
tion complexes (RTC) organised in spherules at the plasma membrane.
RTC drive the replication of the viral genome but also the transcription
and the capping of genomic and subgenomic RNA coding for the
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structural proteins. NsP1 is the viral RNA capping enzyme, carrying
methyl- and guanylyltransferase activities necessary for the viral repli-
cation (Ahola and Kaariainen, 1995) (Ahola et al., 1997) (Li et al.,
2015). NsP2 possesses NTPase, RNA triphosphatase and RNA helicase
activities (Rikkonen et al., 1994) (Law et al., 2019; Vasiljeva et al.,
2000). The C-terminal region of nsP2 has a papaine-like protease fold
and is implicated in the P1234 processing (Hardy and Strauss, 1989;
Shirako and Strauss, 1994). NsP3 contains a Macro domain and a
C-terminal hypervariable region. The protein nsP4 corresponds to the
viral RNA dependent RNA polymerase (RdRp) responsible for RNA
synthesis (Chen et al., 2017).

The unique alphaviral replicative process is attractive for the
development of potent and specific inhibitors. Several inhibitor
screening efforts showed that an antiviral effect can be achieved through
targeting a specific nsP. Purine nucleoside analogues or urea-derivatives
can inhibit RNA synthesis in SFV, SINV and CHIKV (Albulescu et al.,
2015; Delang et al., 2014; Pohjala et al., 2008) (Urakova et al., 2017),
suggesting a direct effect on the nsP4 RdRp. Similarly, formamide-based
cysteine protease inhibitors seem promising in targeting CHIKV and
VEEV nsP2 (Das et al., 2016; Hu et al., 2016). The list of active molecules
against nsP1 was recently extended with capping inhibitors of different
structural classes (Gigante et al., 2014) (Delang et al., 2016) (Feibelman
et al., 2018) (Gomez-SanJuan et al., 2018) (Ferreira-Ramos et al., 2019).

In the case of alphaviruses, ribavirin administration to infected pa-
tients decreases arthralgia symptoms associated to CHIKV infection
(Ravichandran and Manian, 2008). Nevertheless, infection experiments
performed in cell lines have evidenced that antiviral effect of ribavirin
on alphaviruses is cell-, virus species-, and even virus strain-specific.
Hence, CHIKV replication can be inhibited by ribavirin and the anti-
viral effect is more prominent in hepatoma cells than in lung or kidney
cell lines (Franco et al.,, 2018). In Vero cells, ribavirin has a potent
antiviral effect against CHIKV, but also against SINV and Dakar strain of
SFV. In contrast, both the Uganda strain of SFV and VEEV species are
resistant to ribavirin (Briolant et al., 2004) (De Clercq et al., 1991;
Markland et al., 2000). Interestingly, in the same cells, VEEV is sensitive
to VX-497, a carbamic acid derivative, targeting IMPDH by uncompet-
itive inhibition, underlying the high potential of targeting IMPDH in
alphavirus infection (Markland et al., 2000).

Sheidel and Stollar isolated SINV mutants resistant to three in-
hibitors of IMPDH, namely MPA, ribavirin and 2-amino- 1,3,4-thiadia-
zole. The reported mutants had a 3000 fold increased viral load when
challenged with the drug compared to the WT. Genomes of resistant
mutants carried three non-synonymous mutations in the nsP1 coding
sequence, yielding the amino acid substitutions Q21K, S23N and V302M
(Scheidel et al., 1987) (Rosenblum et al., 1994). Positions 21 and 23 are
in the vicinity of another resistant mutation selected against the capping
inhibitors [1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-ones bearing antiviral
activity (Delang et al., 2016). Together, these observations suggest that
the inhibition of IMPDH affects indirectly viral capping. The nsP1 pro-
motes specific RNA capping in the following order: (i) a methyl-
transferase reaction (MTase), where GTP + SAM form ™ GTP and the
S-adenosylhomocysteine (SAH) by-product (i) A first guanylyl-
transferase reaction (GTasel), where the enzyme forms a covalent
complex ™ GMP-nsP1. (iii) a second guanylyltransferase reaction
(GTase2), where the ™ GMP is transferred onto a 5'-diphosphate RNA
(ppRNA), to form the cap structure ™ GpppRNA (Li et al., 2015).

In this study, we focus on VEEV nsP1 Q19 and S21 residues, which
correspond to the SINV ribavirin resistant mutants mentioned above. We
have generated different combinations of K, N and A substitutions both
in the VEEV reverse genetics system and nsP1 recombinant enzyme in
order to elucidate the role of these amino acids in the viral capping and
the viral susceptibility/resistance towards compounds regulating the
intracellular GTP pool. Our data demonstrate that: (i) By modulating
SAM and GTP binding, Q19 is a key residue for the MTase reaction; (ii)
S21 is essential for ™ GMP-nsP1 complex formation during the GTasel
reaction; (iii) The double mutant Q19K-S21N, leads to a 3-fold increase
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in GTase2 activity. (iv) S21A substitution, corresponding to the natu-
rally occurring CHIKV polymorphism, is a hallmark of ribavirin
susceptibility.

2. Materials and methods
2.1. Cloning, mutagenesis and expression of VEEV nsp1 proteins

The DNA sequence corresponding to the VEEV nsP1 protein (strain
P676, amino acid 1 to 535) was synthetized by GenScript and cloned
into the pET28b (Novagen) vector in fusion with a C-terminal hexa-
histidine tag after codon optimization for bacterial expression. Site-
directed mutagenesis was performed by PCR amplification of the WT
sequence with primers carrying the desired mutations and using PFU
Turbo (Ambion) as described by the manufacturer’s protocol. All con-
structs were confirmed by DNA Sanger sequencing. T7 Express E. coli
(NEB) were transformed by the VEEV nsP1 expressing plasmids and
grown at 37 °C in Terrific Broth medium until an ODgggnm reached 0.6.
Induction of protein expression was carried with 0.5 mM isopropyl-g-d-
thiogalactopyranoside (IPTG, Sigma) for 3 h at 17 °C. Cells were har-
vested by centrifugation at 5000 xg for 15 min. The pellets were stored at
—80 °C until purification.

2.2. Protein purification

Bacteria pellets were thawed on ice, then lysed in 20 mM Tris-HCl
pH7.5, 300 mM NaCl, 5% glycerol, 5 mM mercaptoethanol supple-
mented with 20 pg/ml DNase I, 0.25 mg/ml lysozyme and Complete
EDTA-free Protease Inhibitor Cocktail (Sigma). After complete dissolu-
tion of the pellet, samples were sonicated and clarified by centrifugation
(30 000xg for 30 min at 4 °C). Following the addition of imidazole to a
final concentration of 40 mM, soluble fractions were incubated with Ni-
Sepharose resin (GE Healthcare; 0.5 ml/1 culture) for 1 h at 4 °C, with
gentle shaking. Beads were washed 2 times with 5 column volumes (CV)
of lysis buffer then 5 CV of wash buffer (20 mM Tris- HCl, pH 7.5, 1 M
NaCl, 5% glycerol, 40 mM imidazole). Proteins were eluted in 20 mM
Tris-HCI pH 7.5, 300 mM NaCl, 5% glycerol, 250 mM imidazole. Finally,
proteins were concentrated using Amicon Ultra (EMD Millipore) ultra-
filtration units and dialysed against storage buffer (20 mM Tris-HCI pH
7.5, 100 mM NacCl, 50% glycerol) for storage at —20 °C.

2.3. Methyltransferase assay

The transfer of the methyl group from S-adenosyl-[methyl-3H]
methionine (SAM [H3]) (PerkinElmer) to GTP or guanylylimidodi-
phosphate (GIDP) was performed as described previously (Li et al.,
2015). Briefly, 5 pM of VEEV nsP1 WT and mutant were incubated in 50
mM Tris pH 7.0, 2 mM DTT, 10 mM KCl, 2 mM MgCly, 2 mM GTP or
GIDP, 0.55 pCi (SAM [H3]) (0.33 pM), at 30 °C. The reaction was
stopped by loading the samples on DEAE-cellulose filters (PerkinElmer).
The filters were washed twice with 10 mM ammonium formate, once
with Hy0, and finally with 95% ethanol. The radioactivity was measured
by scintillation counting with SCINT BETAPLATE solution in a
MicroBeta 2 counter (PerkinElmer). The kinetics parameters were
determined by varying the concentrations of either SAM, GTP or GIDP.
Data were analysed using Sigmaplot software.

2.4. nsP1 guanylyltransferase assay (GTasel)

The formation of ™ GMP-nsP1 complex was monitored by incubating
5 uM of each VEEV-nsP1 protein with [o-P%2] GTP (3000 Ci/mmol), 100
pM SAM, 10 mM NaCl, 2 mM MgCl, and 2 mM DTT in 20 mM HEPES
buffer pH 7, at 30 °C for 1 h. The complex was then resolved by elec-
trophoresis on a 12% SDS-PAGE. The radiolabeled material was visu-
alized using Amersham Typhoon phosphor-imager.
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2.5. Invitro transcription

DNA oligonucleotide corresponding to the first 30 nucleotides of
VEEV genomic RNA preceded by the phi 2.5 class II promoter was used
as a template in an in vitro RNA reaction synthesis. Transcription buffer
contained 40 mM Tris-HCI (pH 7.0), 40 mM MgCl; and 2 mM Spermi-
dine, 0.01% Triton, 4% PEG 8000. The reaction was conducted at 37 °C
for 4h in the presence of 8 mM of NTPs (GE Healthcare), T7 RNA po-
lymerase (0.1 pM) and RNAse inhibitor (Ambion). The RNA solution was
centrifuged 15 min at 3000xg, treated with 15 min at 37 °C with DNase
(Ambion), then subjected to a phenol/chloroform extraction. RNA was
subsequently precipitated with ethanol supplemented with 2.5 M of
Ammonium acetate O/N at 4 °C. The purified RNA is hereafter named
VEEV RNA.

2.6. RNA guanylyltransferase assay (GTase2: formation of ™ GpppRNA)

In order to remove the y-phosphate of T7 expressed RNA, 5 uM of
VEEV RNA was preincubated with 1 pM of Dengue NS3, produced and
purified as described previously (Milhas et al., 2016) in 50 mM HEPES
(pH 7.5) and 2 mM DTT for 30 min. The reaction was stopped by heat
inactivation at 65 °C for 5 min. The generated diphosphate 5’ termini
VEEV RNA was then incubated with 2 pM of nsP1 VEEV proteins in a
reaction mixture containing 10 pCi of [o-P3?] GTP (3000 Ci/mmol), 50
mM HEPES (pH 7.5), 10 mM KCl, 2 mM MgCl,, 2 mM DTT and 100 pM
SAM for 2 h at 30 °C. After one freezing/thawing cycle the capped RNAs
were digested with 1 U of nuclease P1 (Sigma) in 30 mM sodium acetate
(pH 5.3), 5 mM ZnCl; and 50 mM NaCl (2 h, 37 °C). At the end of the
reaction, proteins were hydrolysed with 1 U of proteinase K (NEB).
Digestion products were separated by polyethylenimine cellulose
thin-layer chromatography (Macherey-Nagel) and resolved using 0.45
M (NH4)2SO4 as mobile phase. The radiolabeled material was visualized
as described above.

2.7. Generation of a recombinant VEE virus

Wild type and mutants VEEV were generated by co-transfection in
Vero E6 cells of overlapping synthetic (GenScript) molecular clones
covering the whole genome using the Infectious Subgenomic Infectious
Amplicons (ISA) method as previously described(Aubry et al., 2015).
Briefly, Three VEEV fragments were generated. The first 5’ end fragment
covers the CMV early promoter linked to the first 80 nucleotides of the
VEEV genome (strain P676). The second fragment encompasses either
WT or mutated nsP1 from nucleotide position 1 to position 1772 of the
VEEV genome. The third fragment encompasses NsP2 to Nsp4 from
nucleotide position 1683 to 7583 and the 3’ end fragment encompasses
the structural proteins and the 3’ UTR (7503 to genome end) linked to a
poly A tail, a ribozyme site and the SV40 poly A signal. All fragments
were linearized by amplification from the GenScript-delivered plasmid
using Taq polymerase and directly purified from the amplication reac-
tion. The day before transfection Vero E6 cells were seeded in 96 wells
plates at 50000 cells per well. Transfection was carried using Lipofect-
amine 3000 reagent (Life Technologies) and 100 ng of total DNA per
well. Supernatants were collected on day 6 post transfection. Viral ge-
nomes were quantified by quantitative RT-PCR of viral RNA extracted
from the supernatant in presence of a DNase treatment. Subsequently,
viral stocks were grown on Vero cells.

2.8. Antiviral assay

Antiviral assays were performed using recombinant VEEV WT, S21A
(see above) and Chikungunya virus strain Opyl (La Réunion Island
LR2006_OPY1; EVAg 001v-EVA83). The amount of each virus and the
duration of the assay had initially been calibrated so that the replication
is still in the log phase of growth at the time of readout and the cycle
threshold (CT) standard deviations of qRT-PCR quantification
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(quadruplicate) is below 0.5. Approximate multiplicity of infection
(MOI) range from 10~*to 1073 depending on the strain.

One day prior to infection 5 x 10* Vero E6 cells were seeded in 100 pl
of medium (supplemented with 2.5% FCS) in each well of a 96-well titer
plate. The next day, 8 two-fold serial dilutions of the compounds
(beginning at 400 pM final concentration, down to 0.16 pM), in dupli-
cates or triplicates, were added to the cells (25 pl/well, in 2.5% FCS
containing medium). Four Virus Control (VC) wells (per virus) were
supplemented with 25 pl medium. Fifteen minutes later, 25 pl of a virus
mix containing the appropriate amount of viral stock diluted in medium
(2.5% FCS) were added to the 96-well plates.

Cells were cultivated for 36-48 h after which 100 pl of the super-
natant were collected for viral RNA purification. The supernatants were
transferred to 96 well S-Bloc from QIAgen preloaded with VXL mix and
extract by the Cador Pathogen 96 QIAcube HT kit run on QIAcube HT
automat according to Qiagen protocol. Purified RNAs were eluted in 80
pl of water. Viral RNAs were then quantified by real time one step RT-
PCR to determine viral RNA yield using 3.5 pl of RNA and 6.5 pl of
RT-PCR mix using standard cycling parameters. The four control wells
were replaced by four 2 log dilutions of an appropriate T7-generated
RNA standards of known quantities for each viral genome (100 copies
to 100 million copies).

Mean inhibition of virus yield is equal to 100 X (mean quantities of
viral RNA in VC quadriplicates - mean quantities of viral RNA in drug
treated triplicates)/mean quantities of viral RNA in VC. The inhibition
values (expressed as percent inhibition, in linear scale) obtained for each
drug concentration (expressed in pM, in log scale) are plotted using
Kaleidagraph plotting software (Synergy Software) and the best
sigmoidal curve, fitting the mean values, is determined by a macro in the
software: (Inhibition, Y is given by Y = 100/1 +(m0/m1)™2). This macro
allows to determine the best curve fit and the m1 and m2 parameters,
where m1 corresponds to ECsp.

3. Results

The aim of this study was to examine the effect of nspl mutations
both in infected cells and at the enzyme level in order to get mechanistic
insights into the alphavirus RNA-capping process. In SINV, three mu-
tations in nsP1 were shown to be associated to ribavirin resistance
(Fig. 1): (i) a glutamine (Q) to a lysine (K) in position 21; (ii) a serine (S)
to an asparagine (N) at position 23 and (iii) a valine (V) to a methionine
(M) in position 302. These substitutions induced a cross-resistance to
ribavirin and 2-amino-1,3,4-thiadiazole, both inhibitors of the cellular
enzyme IMPDH. These data might suggest that cellular GTP pool balance
is a concern in resistance development through a potential nsP1 capping
activity modulation. In order to refine the role of these amino acids and
their substitutions, we first assessed the molecular context associated to
ribavirin resistance by an alignment analysis restricted to the three loci
involved in ribavirin-resistance in the SINV model (Fig. 1). Position 21 is
occupied by a conserved glutamine (Q) along the human-tropic alpha-
viruses. In contrast, the amino acid at position 23 is varying following
the geographical distribution of human-tropic alphaviruses, with an
alanine (A) for OW viruses and with a polar residue serine (S), threonine
(T) or cysteine (C)) for NW viruses. In position 302, the amino acid can
greatly vary with no obvious relation with the geographical distribution.
We therefore decided to focus the study on positions 21 and 23 corre-
sponding to residues 19 and 21 on the VEEV nsP1 sequence, respec-
tively. Hence we mutated Q19 and S21 to various combinations of K, N
and A residues, both in the VEEV reverse genetics system, and in the
recombinant VEEV nsP1 protein for biochemical characterization, VEEV
nsP1 being the biochemical model validated for all the capping steps (Li
et al., 2015).

3.1. Effect of the mutations on methyltransferase activity (MTase)

To understand the effect of substitutions at positions 19 and 21, we
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Fig. 1. Multiple sequence alignment of alphavirus nsP1 proteins in the vicinity of ribavirin resistance mutations. Sequence alignment was performed using T-Coffee
and combined to PHD secondary-structure prediction using the ESPript software. Sequence of VEEV is numbered. Sites of ribavirin resistance mutations are in red
boxes. Catalytic histidine is highlighted in the bleu box. Black squiggles and arrows represent a helices and f strands respectively. Dotted lines indicate region with
low reliability of secondary structure elements for a helices and B strands. VEEV, Venezuelan equine encephalitis virus (NC_001449.1); SINV, Sindbis virus
(NC_001547.1); AUV, Aura virus (NP_819010.1); ONNV, O’nyong-nyong virus (NC_001512.1); CHIKV, Chikungunya virus (MH229986.1); SFV, Semliki Forest virus
(NC_003215.1); MAYV, Mayaro virus (AZM66145.1); BFV, Barmah Forest virus (NC_001786.1); EEEV, Eastern equine encephalitis virus (KX029319.1); WEEV,

Western equine encephalomyelitis virus (NC_003908.1).

first examined the effect of these mutations on nsP1 methyltransferase
activity using time course experiments. For this purpose, the different
mutant proteins were incubated with GIDP, a non-hydrolysable
analogue of GTP, in the presence of ’H] SAM, and the enzymatic ac-
tivity was determined using a filter binding assay. Fig. 2A shows a time
course experiment indicating that under these conditions all mutants are
in the linear phase of the reaction before 180 min. Fig. 2B represents a 2
h end-point assay summarizing the resulting effects of the mutations and
allowing the comparison of measured MTase activities relative to that of
the WT enzyme. It appears clearly that most of the mutants display a
decreased activity compared to the WT except Q19K and S21A. Mutants
can be divided in two groups. A first group with decreased enzymatic
activity compared to the WT including Q19N and Q19A, these latter
keep about 50% of the nsP1 MT activity (Fig. 2A and B and Table 1). The
other mutants from this group (S21N, Q19K/S21N and Q19N/S21N)
show a marked decreased (70-80%) of MT activity. All of them contain
the S21N substitution. This observation suggests that activity loss is the
hallmark of S21N substitution. Mutants of the second group present an
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enhanced MTase activity, with Q19K and S21A single mutations,
yielding up to 1.57 time increase of the activity. However, it is note-
worthy that the increase of the activity due to Q19K cannot compensate
the negative effect of S21N. Altogether these results suggest that the loci
on the nsP1 sequence studied here contains residues impacting the
methyltransferase activity, relating MPA- and Ribavirin-resistance to
this enzyme.

To date no crystal structure of alphavirus nsP1 is available. NsP1 has
a predicted Rossmann fold with canonical motifs in its N-terminal
domain, and is putatively folded with a-helixes and p-sheets separated
by loops probably involved in nucleotide co-factor binding (Ahola et al.,
1997) (Ahola and Karlin, 2015). In order to define if the targeted mu-
tations regulate either GTP and/or SAM binding, we determined the
apparent Km values for SAM and GIDP. Briefly, we quantified the
amount of [3H] methyl transferred on GIDP at increasing concentration
of SAM or GIDP and the Km was deduced from Lineweaver-Burk plots
(Fig. 2 C and D). The kinetic experiments indicate that WT nsP1 binds
SAM with an apparent Km of 0.5 pM (Table 2) which is in the same range
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Fig. 2. Altered methyl-transfer in mutated nsP1. The activity was monitored by incubating VEEV-nsP1 WT and mutant proteins at 30 °C for varied amounts of time in
the presence of 50 mM Tris (pH 7.0), 2 mM DTT, 10 mM KCl, 2 mM MgCl2, 2 mM GTP or GIDP, 0.55 pCi (SAM [H3]). The reaction product was loaded on DEAE-
cellulose filters and the radioactivity quantified by scintigraphy. The mutation effect was investigated either in time course (A) or 2 h end-point experiments (B). (C)
Typical Michaelis-Menten and Lineweaver —Burk plot for WT nsP1VEEV. Kinetic parameters were determined using Sigmaplot program and compiled in Table 2.
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Table 1
Effect of mutations on the capping reactions.
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VEEV nsP1 Methyltransferase m’GMP-nsP1 complex RNA guanylylation Guanylyltansferase activity GTase 1+GTase 2 (%)
MTase (%)” GTase 1 (%) GTase 2 (%)°
WT (Q19/521) 100 100 100 100
Q19K 157 £ 6 124 117 145
Q19N 55+6 85 197 167
QI19A 58 +3 195 107 209
S21A 137 £ 2 147 136 200
S21IN 33+4 191 125 239
Q19K/S21IN 31+7 126 207 261
Q19N/S21N 2242 91 350 318
Note.

2 m7GIDP formation refers to the methyltransferase reaction in the presence of 5 yM WT or mutant nsP1, 0.33 uM of SAM [H?] and 2 mM of GIDP. Values correspond

to means of three different experiment + standard deviation.

b GT1 activity corresponding to the ratio of ™ GMP-nsP1 complex formation (Fig. 3) vs MT activity, assuming that all the formed™ GTP is used in the reaction.
¢ GT2 activity corresponding to the ratio of m7GpppA formation (Fig. 4) vs GT1 activity.
4 Total guanylylation reaction corresponding to the ratio of RNA-guanylylation vs MT activity.

as the Km of other previously characterized recombinant MTases (0.1-8
pM) (Schulz and Rentmeister, 2012; Tomar et al., 2011) (Horiuchi et al.,
2013). The Km value of mutant nsP1 varies between 0.14 and 1.5 pM.
These values are barely impacted by single mutations except for Q19K
showing a ~3-fold increase in SAM binding. Increased SAM binding
properties of this mutant correlates with increased MTase activity
(Fig. 2A and B). Conversely, the double mutant (Q19K/S2IN and
Q19N/S21N) show a ~3-fold increased Km, which might explain the
reduced MTase activity of these mutants. The Km value of WT nsP1
VEEV for GIDP was also determined (0.27 mM, Fig. 2E). The Km values
of mutant proteins vary from 0.1 to 0.6 mM, except for S21A nsP1 which
shows a Km at 10 pM, reflecting a 27-fold increased apparent affinity for
the GTP analogue compared to that of WT. This dramatic change might
explain the enhancement of the corresponding MTase activity observed
in Fig. 2D and C. Altogether these results indicate that position 19 and
21 of VEEV nsP1 impact both SAM and GIDP binding. In addition, we
observe that mutations increasing the SAM or GIDP binding properties
increase the MTase activity of nsP1 whereas those decreasing SAM or
GIDP recruitment decrease the MTase activity.

3.2. Effect of mutations on nsP1-guanylylation (GTasel)

We next wanted to determine whether the mutants could differen-
tially affect the formation of the ™ GMP-nsP1 adduct. To test this hy-
pothesis we incubated each mutant in the presence of SAM and [a->2P]
GTP. During the incubation, the [a-3%P] GTP is first methylated on its N7
position (MTase reaction) and the guanylylation of nsP1 occurs subse-
quently (GTasel reaction). The generated radiolabeled ™ GMP-nsP1
complex was next separated using SDS-PAGE and the amount of [a->2P]
GTP bound to nsP1 was quantified. Fig. 3 shows that Q19K and S21A
single substitutions result in a 2-fold increase of complex formation
compared to that of WT nsP1. This is reminiscent of the increased MTase
activity observed above (Fig. 2). The S21N mutation either alone or
associated to Q19K or Q19N significantly decreases nsP1-guanylylation

Table 2
Effect of mutations on kinetic parameters for MTase reaction.

VEEV nsP1 Km (SAM) (pM) Km (GIDP) (mM)
WT 0.55 + 0.16 0.27 + 0.08
Q19K 0.14 £ 0.03 0.1 £ 0.02
QI9N 0.5 0.23 +0.1
QI19A 0.75 + 0.3 0.65 + 0.2

S21A 0.58 £ 0.1 0.01 + 0.003
S21IN 0.71 + 0.05 0.2 £ 0.002
Q19K/S21IN 1.54 £ 0.4 0.11 + 0.07
QI19N/S21N 1.3+03 0.08 + 0.02

Note: Kinetic parameters were calculated from Lineweaver —Burk plots using
Sigmaplot program.

as observed for the MTase reaction. In contrast, the Q19A mutant which
is characterized by moderate MTase activity shows an increase in nsP1
guanylylation, since its activity is similar to WT. Indeed, since MTase
and nsP1-guanylylation reactions are sequential, this result suggests that
the MTase reaction is not rate-limiting for this mutant. Hence, the
assessment of the GTasel reaction per se for each individual mutant can
be evaluated by calculating the ratio global ™ GMP-nsP1 complex for-
mation/MTase (Table 1). By doing so one can notice that mutating Q19
to K but not N increases nsP1-guanylylation (25%). In addition we
calculated an increase of about 50% for the S21A mutant and almost
100% (2-fold), for Q19A and S21N. Interestingly, it seems that there is
no synergistic effect between the two residues for the GTasel reaction,
since the double mutants behave almost identically to the corresponding
single Q19 mutant.

3.3. Effect of mutations on RNA-guanylyltransferase activity (GTase2)

Subsequently, we explored the effect of amino acid substitutions on
the nspl-mediated RNA-guanylylation reaction leading to the formation
of the ™ GpppRNA cap structure (GTase2 reaction). To assess this re-
action, the first 30 nucleotides corresponding to the 5’ sequence of VEEV
genomic RNA were in vitro transcribed and the 5'-triphosphate end of
RNA was dephosphorylated to generate a 5'-diphosphate end. We then
incubated this RNA with nsP1 mutants, SAM and [a-3%P] GTP. The re-
action products - capped RNAs - were next digested by P1 endonuclease
treatment. The released cap structures were separated using thin layer
chromatography (TLC), and revealed by autoradiography (Fig. 4).
Typically, TLC profiles reveal the presence of all nucleotide moieties
present during the different steps of the reaction, namely GTP, GDP,
GMP, ™ GTP and the cap structure m7GpppA. For the negative control
(without nsP1) the main product observed is GTP, although faint spots
corresponding to GDP and GMP are present, generated by GTP hydro-
lysis. When nsP1 enzymes are present, GTP, GDP and GMP all the above
mentioned chemical species are still present (Fig. 4A). In particular GDP
is a well-known by-product of the cap synthesis mediated by the Bamboo
mosaic virus capping enzyme (Hu et al., 2011; Huang et al., 2004; Lin
et al., 2012). The M7GTP is the product of the MTase reaction and mi-
grates very close to GMP. Lastly, the ™ GpppA cap structure corresponds
to the final product of the global capping reaction. The intensity of the
m7GpppA product differs from one mutant to another and reflects the
effect of the mutations on the global capping reaction. Fig. 4B points out
that the substitution to N of one or both Q19 and S21 residues negatively
affects the overall capping reaction. Q19A substitution induces a 20%
gain over the WT nsP1 capping activity. Strikingly, Q19K and S21A
induce a 2.5-fold increase in capping compared to the WT nsP1. Still, the
activity described above corresponds to the global capping activity
including MTase, GTasel and GTase2 activities. When looking at the
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Fig. 3. Effect of mutations on the formation of m7GMP-nsP1 complex. A: nsP1 guanylylation was monitored by SDS-PAGE following m7-GMP-nsP1 complex for-
mation using [a —P%?] GTP, 100 pM cold SAM and 5 uM of each nsP1 enzyme. B: Coomassie blue stained gel of the nsP1-guanylylation reaction for protein load
normalisation. C: Relative activity of VEEV nsP1 WT and mutant enzymes.
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Fig. 4. Impact of ribavirin resistant mutation on RNA Guanylyltransferase activity. A. VEEV-RNA guanylylation reaction was carried out in the presence of
diphosphate 5 termini VEEV RNA 30 oligomer nucleotides, 2 pM of nsP1, 100 pM of SAM and 0.33 pM of [a ~P32] GTP. m7GpppA caps were digested from RNA with
nuclease P1 and resolved on polyethylenimine cellulose thin-layer chromatography. B. The relative activity was calculated by considering that of WT as 100%. Values
correspond to means =+ standard deviation. See Material and method for detailed procedure.
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ratio of GTase2 over GTasel (Table 1), one can estimate the rate of the
GTase2 reaction per se for each mutant. Hence, the substitution of one
residue leads to a 1.5 to 2-fold rise in GTase2 activity. Q19 and S21
residues appear to act in synergy, since the double mutants are 2.5 to
3-fold more active than the WT. It should be emphasised that the gua-
nylyltransferase activity of nsP1 comprising the formation the
m7GMP-nsP1 complex and the transfer to RNA is increased for all the
mutants.

3.4. Effect of ribavirin on WT and S21A VEEV replication

To investigate the role of Q19 and S21 nsP1 VEEV residues on
ribavirin susceptibility, we next introduced the mutations of interest
into the VEEV molecular clone using the ISA method in Vero E6 cells
(Aubry et al., 2015). Unfortunately, in this system only S21A substitu-
tion led to the generation of viable viral particles. The other sub-
stitutions yielded no or low-efficiency replicating viruses, insufficient to
initiate an antiviral assays in the presence of ribavirin (data not shown).
Therefore, the analysis focused on VEEV WT and S21A, using CHIKV as
reference. To test the effect of ribavirin on these viruses, the amount of
viral RNA in infected cultures containing increased amounts of ribavirin
was compared. The dose response curves are presented in Fig. 5 and
ECso compiled in Table 3. As expected, VEEV WT is not sensitive to
ribavirin below 250 pM, whereas ECsq of ribavirin on CHIKV could be
determined and is about 26 + 8 pM (Table 3). Interestingly, VEEV S21A
became ribavirin sensitive in the assay, with ECsy of 60 &+ 13 pM. In the
genomic sequence of CHIKV the naturally occurring residue at that
position is an A (Fig. 1). This observation suggests that this position
might be one of the hallmarks towards ribavirin sensitivity in alphavi-
ruses. To confirm that the antiviral effect of ribavirin is associated to the
inhibition of the cellular IMPDH, the experience was repeated using a
culture medium supplemented with GMP. Exogenous supply of GMP
allows to bypass the IMPDH pathway and partly restores GTP synthesis.
In the presence of exogenous GMP, the antiviral effect of ribavirin is
partly abrogated for both CHIKV and VEEV S21A, suggesting that

s CH KV
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s VEEV S21A
e VEEV S21A + GMP
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Fig. 5. Dose response curves of ribavirin on the replication of CHIKV, VEEV WT
and VEEV S21A, in presence or absence of GMP.
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Table 3

Antiviral activity of ribavirin on VEEV WT and S21A.
EC50 (upM) VEEV WT VEEV S21A CHIKV OPY1
Ribavirin >270 60 +£13 26+ 8
Ribavirin+ 100 pM GMP >400 >400 90 + 18

ribavirin effect on both viruses is mediated through IMPDH inhibition.

4. Discussion

The results presented here support the initial hypothesis according to
which the development of resistance following GTP depletion is asso-
ciated to a modulation of the capping efficiency. Hence, mutation of Q19
to K led to a three fold increase in SAM and GTP affinity, thereby
enhancing the first step of the capping pathway, i.e., the MTase reaction.
The importance of this specific lysine in the GTP methylation is sup-
ported by the fact that substitution of Q19 to N has nearly no effect on
SAM and GTP kinetic parameters. It is noteworthy that K in position 19
selected in SINV ribavirin resistant virus is also naturally observed in
fish alphaviruses SPDV and SDV, reflecting possible discrepancies of
GTP concentration in the intracellular environment between mammal-
and fish-infecting alphaviruses. The only example in the literature where
a nearby residue was mutated is the substitution of L18 to E (L19E) in
SFV nsP1, which leads to the complete and partial loss of SAM and GTP
binding in UV-crosslinking experiments, respectively (Ahola et al.,
1997). Concerning position 21, the results suggest that this residue
regulates the guanylylation reaction. The S21N substitution has a weak
MTase activity but a strong nsP1 guanylylation activity (GTasel). When
acting in synergy with the K in position 19, the RNA guanylylation
(GTase2) is increased up to 207% vs 117% and 125% for the single
mutants. This phenomenon endorses the resistance mutations observed
in SINV, in which upon GTP depletion the adaptive response could be
the generation of an enzyme with higher GTP affinity and a stronger cap
transfer on RNA. This hypothesis would have however to be validated on
SINV nsP1 model.

Our results point out to a close interconnection between GTP and
SAM binding, as evidenced by the kinetic parameters determined for
each substrate. This observation is also in agreement with previous
studies highlighting that SAH produced during methylation is regulating
the downstream steps of the capping (Li et al., 2015). From a structural
point of view, these data support the fact that the two binding sites could
be close to each other and involve leaning residues in the extreme
N-terminus of the MT domain, as illustrated in the structure of Flavivirus
virus (ZIKV) NS5 protein (Coutard et al., 2017; Zhao et al., 2017).

In parallel, we show that some polymorphism exists at position 21 in
the alphavirus family (Fig. 1). We established that S21A shows an
increased sensitivity of VEEV to ribavirin. As the addition of GMP de-
creases the antiviral effect of ribavirin, we assume that S21 might
represent a key residue in ribavirin susceptibility. Together with the
increase of the susceptibility towards ribavirin, S21A substitution on
recombinant VEEV nsP1 shows a strong MTase activity and a 2-fold
increased guanylyltransferase activity. This substitution, which is OW
alphavirus specific (Fig. 1) points out that there are differences in the
molecular mechanism governing capping reaction between alphavirus
members. However, it remains possible that drug resistance/sensitivity
could be modulated by compensatory mutations in other nsPs which
remain to be determined.

Hence, it is important to bear in mind that drug resistance can be
concomitant to mutations in other nsPs. Compensatory mutations are
mainly due to the dynamic of interactions between the various nsPs
alone or in the context of different polyprotein state in the course of
processing, as exemplified by the switch between negative and positive
sens RNA synthesis (Lemm et al., 1994). Recent study on Favipiravir, a
potent antiviral pyrazine derivative against alphaviruses, led to the
isolation of CHIKV nsP4 K291R resistant mutation. This mutant could
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not survive in the absence of the drug unless compensatory mutations in
nsP2 and nsP3 where present (Delang et al., 2014). In SINV, synergic
effect of compensatory mutations between nsP1 and nsP4 was observed
in methionine depletion resistant mutants (Stollar et al., 2013). More-
over, subjecting VEEV infected cells to cytidine analog, $-D-N4-hy-
droxycytidine, showed that it has a strong antiviral potential. However,
virus developed resistance mutations in nsP4, explained by its role in
nucleotide incorporation, but also to a lesser extent into all other nsPs
(Urakova et al., 2017).

Interestingly, ribavirin resistance was generally associated to muta-
tions in viral RARp domains. These mutations could be explained by the
triphosphate form of ribavirin acting as an obligate or non-obligate
chain terminator for the polymerase, or by the monophosphate form
of ribavirin inhibiting IMPDH and inducing the depletion of GTP
together with hypermutation by lack of available nucleotide (De Clercq
and Li, 2016). However, other mode of action of ribavirin has emerged
in certain virus family, with some of them targeting the cap formation.
For example, ribavirin 5'-triphosphate was crystallized into the
GTP-binding site of the DENV MTase NS5 (Benarroch et al., 2004).
Likewise, a direct interaction of ribavirin with vaccinia virus (VV)
capping D1 subunit was described. The monophosphate of ribavirin is
able to form a RMP-D1 complex leading to the formation of RpppRNA
(Bougie and Bisaillon, 2004). The characterization of the L protein of
different rhabdoviruses showed that ribavirin diphosphate (RDP) could
also bind the GDP polyribonucleotidyltransferase domain and interfere
with cap formation only if the concentration of cellular GDP is low
(Ogino and Ogino, 2017). Moreover, we and others have shown that
5’-triphosphate ribavirin is not acting directly on nsP1, as demonstrated
by mM range ICs values for VEEV and CHIKV nsP1 MTase (Kaur et al.,
2018; Li et al., 2015). A similar ICsy value was obtained for VEEV nsP1
when tested in GTase 2 assay in the presence of RTP (data not shown).

RNA capping is a crucial process for controlling RNA stability,
translation and recognition of “self” by host cells. Diphosphate,
triphosphate, mis-capped or mis-folded RNA trigger the activation of
RIG-I, MDA 5 and toll like receptors (TLR7/8 and TLR3) leading to
Interferon secretion and thereby to the restriction of mis-capped viral
genomes (Freund et al., 2019; Hyde et al., 2014). This is emphasised in
different studies. In reoviruses for example increased infectivity can be
associated with improved vRNA capping (Eaton et al., 2017). Likewise,
Flaviviruses can boost their guanylylation activity under oxidative stress
conditions to enhance viral replication (Gullberg et al., 2015). In
alphaviruses, the situation appears puzzling. In general, drug resistance
mutations observed in alphavirus nsPs (including those studied here)
decrease viral infectivity and negatively impact viral replication. This
translates into small viral plaques and reduced viral titers in resistant
mutants (Scheidel and Stollar, 1991; Urakova et al., 2017). Hence, point
mutations leading to an increased nsP1 activity suggest that
over-capping has a deleterious effect on the efficiency of viral infection
(LaPointe et al., 2018; Stollar et al., 2013). During alphavirus replica-
tion, viral RNA population is heterogeneous. In addition to capped viral
RNA, the infection leads to the accumulation of mono, di, tri and even
non phosphate viral RNA. Interestingly, capped and uncapped RNA can
be encapsidated with or without host’s translation factors (Sokoloski
et al., 2015). Clearly, the balance between capped and uncapped viral
RNA is an important issue, whose biological significance is still to be
defined. Over-capping might lead to a competition over translational
host factors with a negative impact on infectivity. Yet in the case of
drug-induced GTP pool depletion, the maintenance of an appropriate
ratio of capped/uncapped RNA could be achieved by capping increase.

In conclusion, our results suggest that positions 19 and 21 are key
players in the capping mechanism. In the presence of IMPDH inhibitors,
RNA capping can be enhanced by mutations of these residues in order to
overcome GTP depletions. The nature of the amino acid at position 21
might represent an important sensitivity/resistance marker to be taken
into account for the rational design of nsP1 inhibitors.

Note: EC50 was determined as the mean of the results from three
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independent experiments (ribavirin alone) and duplicates (Ribavirin+
100 pM GMP).
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4 Macro domain key player in coronavirus infections

4.1 Macro Domains

Macro domains are widely distributed among life kingdoms. They have been
phylogenetically subdivided into six distinct clades: MacroD-type, MacroH2A-type,
Macro2-type, Viral-type, PARG (Poly (ADP-ribose) glycohydrolases) and ALC1
(amplified in liver cancer 1)-type. Macro domains are found in more than 150 RNA
viruses, including Togaviridae, Hepeviridae and Coronaviridae. Most RNA virus
Macro domains are included into the MacroD-like family. In viruses, they were
originally termed X-domains then renamed because of their structural similarity with
H2A histone variant called MacroH2A. Macro domains, which are able to bind
various mono-MAR derivatives, including ADP-ribose 1” phosphate (Apprlp), O-
acetyl-ADP-ribose and PAR, in a free form or conjugated to protein, are also known
as Macl. In addition, SARS-CoVs, MERS-CoV and other members of the [3-
coronaviruses, contain a non-conserved region with two additional Macro domains
(Mac2/Mac3 — formally known as SUD domains), which bind to RNA substrates
(143). The Macro domain from thermophilic bacterium Archaeoglobus fulgidus was
the first Macro domain which atomic structure was resolved (144). It was shown to
bind ADP-ribose with a well-conserved ligand-binding pocket. The Macro domain
contains approximately 130-190 amino acid residues that form a globular mix of six
stranded [-sheet flanked by five a-helices (figure 15) (145). The conserved cleft that
bind ADP-ribose on the surface have been confirmed by several crystal structures and
biochemical studies (figure 15). The residues found in B-sheet 2, 3-sheet 5, a-helix 2
and a-helix 5 coordinated the distal ribose moiety. Also, the residues situated in this
region contribute to the backbone contacts with the a-§ phosphate of ADP-ribose. The
proximal ribose is sandwiched between -sheet 5,6 and 7 in the C-terminal region.
Viral Macro domain were shown to bind ADP-ribose derivatives, but also to
hydrolyse MARylated (de-MARylation) and, in some cases, PARylated (de-
PARylation) substrates (145). Moreover, a phosphatase activity against Apprlp was
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reported for alphaviruses, Human coronavirus 229E (HCoV-229E) and SARS-CoV
(146,147). Hydrolysis activities are believed to counter the above mentioned PARPs
anti-viral effects (see general introduction section). This assumption is supported by
many mutagenesis studies of Macro domain key residues implicated in ADP-ribose
binding, showing a reduction of virus replication and virulence of HEV, alphaviruses
and several coronaviruses (148). Hence, MHV Macro domain catalytic mutant failed
to induce acute hepatitis; and its growth is restricted in culture cells unless IFN
receptor knockout cells are used or PARPs inhibitors are added (148). In HCoV-229,
the mutant virus becomes susceptible to type I and II IFN and is unable to suppress
the activation of ISGs. In mouse adapted SARS-CoV, mutation of ADP-ribose binding
pocket renders the virus more susceptible to cytokines, including IFN, TNF and IL-6,
and protects mice from lethal infection outcome (148). These data are supported by
Heer et al stating that SARS-CoV-2 infection alters PARP family gene expression and
disrupts NAD+ biosynthesis (149). The accumulated data highlight the importance of
ADP-ribosylation in host-viral conflict and the role of viral Macro domains for the
viral virulence. Thus, Macro domain could be a novel therapeutic target preventing

severe coronavirus, alphavirus or HEV-induced disease.

Proximal ribose

Distal ribose

al/p-Phosphates
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Figure 15. Structure of SARS-CoV and SARS-CoV-2 Macro domain in complex
with ADP-ribose molecule. SARS-CoV (blue) and SARS-CoV-2 (green) structure
superposition with ADP-ribose were made with Chimera (150). Secondary structures
are labeled and ADP-ribose molecule is shown in yellow sticks with oxygen (red),
nitrogen (blue) and bound water (red spheres). Structure of SARS-CoV (PDB: 2FAV)
(151) and SARS-CoV-2 (PDB: 6WQJ) (152) Macro domains were extracted from
PDB.

4.1.1 Viral Macro Domains: prominent antiviral targets

The implication of viral Macro domains in the modulation of host cell defence and the
promotion of viral replication via ADP-ribosylhydrolase activities supports their
targeting for anti-viral drug development. Until now research related to the
development of inhibitors against viral Macro domains remains limited and involves
mainly SARS-CoV-2 and CHIKV. Most of the identified inhibitors bind to Macro
domain in the region of adenosine and diphosphate bond. In the case of CHIKV
Macro domain inhibitors, several computational and experimental drug design
methods have been undertaken. Two 4’-halogenated dihydrorugosaflavonoids (chloro
and bromo derivatives) were found to bind in the ADP-ribose region by molecular
docking (153). Evaluation of these compound in cell culture revealed that they inhibit
viral replication in Vero cells up to 95% and 92%, respectively (153). In another
studies Shimizu et al. selected 12 molecules out of 48 750 compounds based on the
docking scores of ADP-ribose binding of CHIKV Macro domain for further in vitro
analysis (154). Some of the compounds appeared to interfere with virus replication.
Although, experimental evidences showing the binding of these compounds to the
Macro domain remain lacking. In addition, the interactions of flavonoids from natural
resources with protein targets as Macro domains have been studied by computational
tools. Some of them such as hesperetin, naringenin, baicalin and quercetagetin
revealed a highest theoretical binding affinity to the CHIKV nsP3 Macro domain

(155). Further, in another recently study nontoxic and noncarcinogenic flavonoids
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were also identified to bind to the CHIKV nsP3 Macro by in silico-based
pharmacological tests (155). Despite the numerous compounds identified,
experimental validation confirming the inhibitory effect is lacking. Among the
clinically used antiviral nucleoside analogs, remdesivir was the only metabolite
occupying the adenosine site. It has a comparable binding affinity to the ADP-ribose
measure by ITC (156). The plasticity of the ADP-ribose binding cleft provides new

insights for antiviral drug design.

4.2 Coronavirus: Classification and epidemiology

Coronavirus (CoVs) are one of the known largest group of viruses belonging to the
Nidovirales order, including Coronaviridae, Roniviridae, Mesoniviridae, and
Arteriviridae families. The Coronaviridae comprise one of two subfamilies
Coronavirinae and Torovirinae. Coronavirinae subfamily is further subdivided into
four genera, alpha, beta, gamma and delta CoVs. Genera alpha and beta are able to
infect mammalian cells. While, gamma and delta CoVs have affinity towards birds
(157). Alpha and beta CoVs are responsible for known human CoVs related diseases.
Actually, principal CoVs lineages causing significant illness in human comprise:
HCoV-229E, Human coronavirus OC43 (HCoV-OC43), Human coronavirus NL63
(HCoV-NL63), Human coronavirus HKU1 (HCoV-HKU1), SARS-CoV, SARS-CoV-
2 and MERS-CoV. These viruses cause infections of the upper and lower respiratory
tract. In general, the symptoms of infections range from a mild common cold to a
lethal respiratory infection, depending on the virus. The main epidemics affecting

humans in recent years have been caused by SARS-CoV and MERS-CoV.

The epidemic of SARS-CoV originated in Guangdong Province in Southern China
during November 2002, then it was brought to Hong Kong in February 2003 (158).
The disease spread rapidly to Asian, North American and European countries causing

atypical pneumonia with a fatality rate of 10%. In June 2012, the MERS-CoV, a new
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betacoronavirus (beta-CoV) was isolated from a patient in Saudi Arabia who died of
severe pneumonia and renal failure (158). Others, outbreaks of MERS-CoV have been
reported in Korea in 2015 with 180 cases, and in 27 other countries, causing 848
deaths in July 2019. At the end of 2019, a novel beta-CoV similar to SARS-CoV
emerged in the city of Wuhan, China. This new virus was designated as SARS-CoV-2
causing an outbreak of an unusual viral pneumonia. SARS-CoV-2 shares 79 and 50%
genome sequence identity with SARS-CoV and MERS-CoV, respectively (159).
Phylogenetic analysis included SARS- CoV-2 in the subgenus Sarbecovirus of the
genus beta-CoV along with SARS-CoV and SARS- related coronaviruses (SARSr-
CoVs) (figure 16), found in bats. To date, it is still not clear where and when the
SARS-CoV-2 first humans were infected, although genetic evidences suggest that it is
a natural virus that probably originated in animals (158). This novel coronavirus is
responsible for the actual pandemic known as coronavirus disease 2019 (COVID-19).
SARS-CoV-2 is a highly transmissible coronavirus with a fast worldwide spread. As
of March 2022, 238,229,951 cases have been confirmed, including 4,859,277
cumulative deaths (160). This new virus affects all the ages of the population but the
median age of the infections is around 50 years. People having co-morbidities are
more likely to develop severe respiratory disease. Mortality rate among COVID-19
patients ranges between 2 and 4%. While mortality rate of SARS-CoV and MERS-
CoV reached 15 and 37%, respectively (161).

Several serological and molecular diagnostics tools were developed to detect CoVs
infections (162). The most useful diagnostic method available actuality for SARS-
CoV-2 is the reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The persistence of SARS-CoV-2 outbreak for almost two years represents the most

serious threat to health and world economy in the XXI century.
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Figure 16. Coronavirus phylogenetic tree. Coronaviruses are grouped into four
genera: alphacoronavirus (alpha-CoV) (sky blue), betacoronavirus (beta-CoV) (pink),
gammacoronavirus (gamma-CoV) (green) and deltacoronavirus (delta-CoV) (light

blue). SARS-CoV-2 is highlighted in red. The image was adapted from (163).

4.2.1 Genome organization and replication cycle

Coronaviruses are (+) RNA viruses with exceptionally large genomes of ~30 kb,
containing at least six ORFs. The first ORFs (ORF1a/b) is located at the 5 end and
represents two-thirds of the whole genome length (figure 17). It encodes the non-
structural proteins (nsp), described below. The ORFs located at the 3" end lead to the
synthesis of the structural and the accessory proteins, including envelop glycoprotein

spike (S), membrane (M) proteins, envelope (E) proteins and the nucleocapsid (N)

protein (figure 17) (164).
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Figure 17. Coronavirus genomic organization. The 5’-capped and 3’-
polyadenylated genome contains at least 6 ORFs. ORFla and ORF1b, encode two
polyproteins (ppla and pplab). These polyproteins are cleaved by viral proteases
generating 16 non-structural proteins (nspl—nsp16). A zoom on nsp3 is represented to
highlight the multiple domains of this protein. The description of each domain is in
the main text. 3’ORFs encode the structural and accessory proteins, mentioned in the

text. The image was created in BioRender.com.

4.2.1.1 Replication cycle

Coronavirus enters the host cell by receptor-mediated endocytosis utilizing a variety
of entry receptors (figure 18). The initial attachment of the virion to the host cell is
initiated by interactions between the S protein and its receptor. Many coronaviruses
utilize aminopeptidase N (APN) as entry receptor. SARS-CoV, SARS-CoV-2 and
HCoV-NL63 use angiotensin-converting enzyme 2 (ACE2). MERS-CoV binds to
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dipeptidyl-peptidase 4 (DPP4) at the cell surface (164). The binding is mediated
through a specific receptor-binding domain (RBD) exposed at the surface of S1 after
the proteolytic cleavage of S protein into two sub-units S1 and S2. The
S-protein/receptor interaction is the primary determinant for a coronavirus to infect a
host species and governs the tissue tropism of the virus. The viral RNA is released
into the cells following entry of the virus. Once in the cytoplasm the replication starts
with the translation of the 5'-proximal ORFs of the viral genome corresponding to
ORF1a and ORF1b. The translation of the ORFs by the cellular machinery results in
the synthesis of two large replicase polyproteins: ppla and pplab. Synthesis of pplab,
a C-terminally extended form of ppla, involves a ribosomal frameshift signal (RFS)
occurring near the 3'end of ORF1a. This frameshift acts like a regulator to balance the
abundance of replicase enzymes compared to other proteins and regulates the
stoichiometry of nsPs (165). The two polyproteins ppla and pplab then undergo
proteolytic maturation allowing the production of 16 non-structural proteins. This
process is driven by 1 or 2 papain-like protease domains (PL1P™) and a chymotrypsin-
like enzyme also known as main protease (3CLP™® or MP™) that reside in nsp3 and

nspb, respectively (165).

After polyprotein maturation, most of the nsps assemble to form the replication-
transcription complex (RTC). The RTC uses the genomic (+) RNA as a template for
replication of the new genomic RNA and transcription of sgRNA through genomic
and sg (-) RNA intermediates. CoV RNA synthesis alternates between (-) and (+)
RNAs similarly to all positive strand RNA viruses. Viral RNA intermediates,
including dsRNA, have been identified in double-membrane vesicles (DMVs), which
seem to be either completely closed or partially open and are connected to the ER.
DMVs seem to be the only place where viral RNA synthesis occurs despite the
presence of other conceivable replication organelles such as convoluted membranes
and single-membrane vesicles. The nsp12, the viral RdRp, is the centrepiece of the
RTC, along with its co-factors nsp7 and nsp8. The complex also includes nsp13, its

helicase activity unwinds dsRNA in a 5’ to 3’ direction, and nsp14, which can excise
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mismatching nucleotides incorporated in the RNA chain, since it harbours an
exonuclease activity (166). Two essential modification are introduced on both sg and
genomic RNA to mimic cellular mRNAs: a cap-1 structure at the 5’end and a
polyadenylated tail at the 3’ end. The capping mechanism involves the RNA
triphosphatase (RTPase) and the GTase activity of nsp13; the MTase activity of nsp14
(N7-MTase) and 2°0O-MTase of nsp16 (167). Following sgRNA synthesis, structural
and accessory proteins are translated in the cytoplasm. The structural proteins S, M
and E are inserted into the membrane of the ER. They move along the secretory
pathway to the ER-Golgi intermediate compartment (ERGIC), where assembly of the
new viral particle takes place. The viral genome is encapsidated by the N protein and
buds across membranes of the ERGIC carrying E proteins to form mature virions
(168). Following assembly, virions are transported to the cell surface in vesicles and
released into the extracellular medium by exocytosis (figure 18). Recently, it has been
suggested that budding of SARS-CoV-2 and MHV may also occur via lysosomal
trafficking (186).

@ Binding and viral entry via
membrane fusion or endocytosis

. e
\\\_/’ T \ >,

/- 7 @Release of viral genome

@ Formation N '
Virus inside golgi
RNA genome of mature

Ry
o vesicle
/ (+ sense) virion

Translation of viral
oEEs , (1) 5.5 math \
_ polyproteins ; - ERGIC
proteins combine Y
( @ Proteolysis with nucleocapsid .“p“ab. .A'Y.A"‘
Genomic RNA (+ sense) Virigeiri/' Nucleocapsid
e a» 5
& (] @ Subgenomic transcription
@ AN Nucleocapsid (N) @ Ny EpEsT e
RNA replication ()
(RTC) I AAAAA sokes T (7) Translation of w E ‘ﬂf‘gq‘x 3
structural proteins

\\f

AN Membrane (M) .

S, M, and E at
ER membrane

AN Envelope (E) 4

Endoplasmic
reticulum (ER)

Y/ Genomic and subgenomic RNA (+ sense)

111



Introduction:
Macro domain key player in coronavirus infections

Figure 18. Replication cycle of coronavirus. The different steps (1 to 10) of the
viral cycle are represented. See text for details. The image was created in

BioRender.com.

4.2.1.2 nsp3

The nsp3 is the largest multi-domain protein of coronavirus, with a molecular weight
of 200 kDa. The organization of nsp3 varies within the CoV genera. Through
bioinformatics analysis, it has been ‘split’ into at least 8 domains and two
transmembrane conserved regions. At the N-terminus of nsp3 is located the ubiquitin-
like domain 1 (Ubl1) and the Glu-rich acidic region also called nsp3a. These regions
exist in all CoVs, despite a low (~15%) amino-acid sequence identity (143). Ubl1 is
involved in the binding to ssSRNA and the interaction with the N protein. A second
ubiquitin-like subdomain (Ubl2) is located within nsp3. The exact functional role of
the Ubl2 domain is not clear despite its conservation among the CoVs compared to
Ubl1l. A HVR links these two domains to the PL1P™ in the case of the alpha-CoVs and
in clade A of beta-CoVs. However, all other CoV's possess other papain-like protease
2 domain (PL2P™) (169). Both papain-like protease domains are responsible for the
cleavage of the polyproteins la/lab to release nspl, nsp2, and nsp3 from the N-
terminal region. The PL2P™ was reported also to possess deubiquitinating and
delSGylating activities. The deubiquitinylation activity of the MHV nsp3 protein has
been shown to be involved in the inactivation of TBK-1 preventing IRF3 translocation
to the nucleus and activation of the IFN response (170). A conserved Macro domain
(Mac1l) is present between HVR and PL 1P domain in all the nsp3 of coronaviruses.
Macl is an ADP-ribose binding domain and the function of this domain were
described above. Macl is followed by a “SARS-unique domain” (SUD) (171). This
region includes two Macro-like domains: the Macro domain II and III (Mac2 and
Mac3) as well as a subdomain called: Domain Preceding Ubl2 and PL2 pro (DPUP).
A region corresponding to parts of SUD was also found in MERS-CoV and MHV
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(143). Mac2 and Mac3 has been show to be essential for SARS-CoV and SARS-CoV-
2 replication/transcription and translation. Most of the functions of Mac2 and 3 are
related to RNA binding. It has been proposed that the SUD domain regulates the
antiviral response of the host cell by binding to RNA or DNA carrying G-quadruplex
sequences (143). In beta-CoV, two domains tail PL1P™, the nucleic-acid binding
(NAB) and the beta-CoVs-specific marker (BSM) domains. They are implicated in the
binding to ssRNA and unwinding of dsDNA, respectively. The C-terminal region of
nsp3 includes: two transmembrane regions (TM1 and TM2), an ectodomain (3Ecto), a
Y1 and a CoV-Y domains. The TM1 and TM2 allow nsp3 to pass the ER membrane
twice. It is thought that transmembrane regions and 3Ecto domain are important for
PL2P© cleavage of the nsp3-4 polyprotein (172). The Y1 domain is a conserved
domain among the Nidovirales order while the CoV-Y is conserved only in CoVs.
Both domains are located in ER on the cytosolic side. Currently, the role of these two
domains are not clear but were shown to be important for the binding to nsp4. Hence,
nsp3 protein plays several important roles during CoVs infection by interaction with
viral nsps and with the RNA to form the RTC. Furthermore, nsp3 antagonize the host
innate immune response by counteracting different PMTs such as

de-MAR/PARylation, deISGylation or deubiquitination.

4.3 Coronavirus: treatments and vaccines.

To date, there is no registered effective antiviral treatment for any affecting human
coronavirus. The outbreak of COVID-19 pandemic and the SARS-CoV-2 spread
worldwide at an exponential rate led to the development of various drugs. Many
inhibitory molecules from other viruses have been redirected against SARS-CoV-2. In
addition, molecules in development against SARS-CoV and MERS-CoV have been
also tested. One exception of the authorized drug against SARS-CoV-2 is remdesivir,
an inhibitor of RdRp developed against Ebola virus. Remdesivir have been shown to

inhibit MERS-CoV and SARS-CoV-2 polymerases in vitro (173,174). However, only
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modest clinical efficacy and no impact on the survival rate of COVID-19 patients was
reported. Other clinical approved antiviral drug tested against SARS-CoV-2 is the
combination of Lopinavir and ritonavir. Both potent inhibitors of the human
immunodeficiency virus (HIV) protease (175). Ritonavir is also an inhibitor of
Lopinavir metabolism and therefore increases its half-life, which justifies their
combination. Although HIV protease and SARS-CoV 3CL protease do not belong to
the same family, a previous study showed that Lopinavir partially inhibits 3CL
protease in vitro (176). In clinical trials, testing multiple molecules as
lopinavir/ritonavir combination was found to inhibit SARS-CoV replication in cell
culture, reducing patient symptoms. However, a study, using this combination, does
not suggest any improvement in hospitalized patients with severe COVID-19 disease
(175). Moreover, favipiravir, a purine analogue nucleotide, which inhibits the
polymerases of various RNA viruses was also tested on SARS-CoV-2 infected
patients. This study shown better results over lopiravir/ritonavir in the presence of
inhaled IFN (177). Other small molecules with a broad-spectrum inhibitory action on
viral entry of several viruses is umifenovir. Although its mechanism of action on
SARS-CoV-2 entry is unknown, a study showed an improvement in patient’s
condition (178). The list of molecules tested against SARS-CoV-2 is constantly
growing, but until now there is no effective approved treatment eliminating the virus

or stopping the symptoms of the disease.

Thus far, driven forward by the COVID-19 pandemic, vaccine development has by far
outpaced antiviral drug discovery. The majority of vaccine development strategies is
based on using the S protein as an antigen to elicit a potent neutralizing antibody
response. Antibodies generated against S protein in recovered SARS patients are
immunodominant and long-lasting in humans and animals (179). Approaches
previously used to develop CoV vaccines included DNA plasmids, nanoparticles,
virus-like particles, viral vector preparations using adenovirus or vaccinia virus as
platforms encoding viral antigens, chemically inactivated virus and live -attenuated

virus (180). In 2020, innovative solutions using mRNA technology resulted in the
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fast-track development and production of FDA-approved vaccines (181). Although,
no vaccines against SARS and MERS have been approved and most of them did not
progress beyond Phase I clinical trials. Four vaccines have been approved for use
against COVID-19 by the European Medicines Agency (EMA). These include mRNA
vaccines encoding the S protein of SARS-CoV-2 from Pfizer/BioNTech and Moderna,
and adenovirus-vector vaccines encoding the SARS-COV-2 spike glycoprotein from
AstraZeneca and Janssen/Johnson & Johnson. Base on the results of countries with
advanced vaccination programs, like Israel and the United Kingdom, vaccination
clearly reduces severe disease and the number of hospitalizations. However, the
impact on preventing transmission between humans and re-infection of vaccinated
people is still under evaluation. It is also too early to estimate how long last the
protection derived from vaccination. Moreover, the circulation of new SARS-CoV-2
variants worldwide, carrying multiple mutations in the S protein, may affect the
vaccine efficacy. Social and economic factors including compliance by the public and
cost-effective production/distribution play an important role in successful vaccination
campaigns, especially to achieve the threshold necessary to obtain herd-immunity.
Moreover, not all individuals can receive vaccination such as young children,
immunocompromised patients and other risk groups. Antiviral therapy can provide
treatment of illness at the onset of symptoms, and/or when vaccination-induced
protection is incomplete or inefficient. Antiviral drugs can be designed to target
different viral components with broad-spectrum activity against multiple CoVs. The
developed antiviral could be administered at the onset of a future outbreak of a novel
pathogenic humans CoV. Therefore, for a number of reasons, it remains critical to

pursue antiviral drug development for CoV's

4.4 Objectives

The clinical outcome upon SARS-CoV-2 infection can vary from silent infection to

mild, severe and ultimately lethal COVID-19. The detrimental progression of
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COVID-19 is attributed to a hyper-inflammatory reaction called cytokine storm,
leading to an increase in circulating levels of pro-inflammatory cytokines. The low
efficiency of re-positioned drugs as anti-COVID treatment underlines the urge of
discovery of novel therapeutic agents as well as other specific coronavirus drug
targets. This would be considerably facilitated through the characterization and the
accumulation of knowledge on coronavirus proteins. Previous studies pinpointed
Macro domain as a good therapeutic target. Based on published evidence we propose
that SARS-CoV-2 Macro domain is a valid anti-viral target against COVID -19.
Functional characterization of SARS-CoV-2 Macro domain will define specific

molecular determinants, crucial for antiviral drug design.

The aims of this part of the study is to design and test specific Macro domain ligands
and inhibitors, determine their mechanism of action (ADP-ribose binding and /or
hydrolysis) through a functional and biochemical characterization of SARS-CoV2

Macro domain.

The development of this project will rely on the following goals:

I. Conduct a mutagenesis study targeting specifically the divergent residues
between SARS-CoV and SARS-CoV-2, in order to pinpoint differences in
their catalytic function in terms of ligand binding and substrate hydrolysis.

ii. Select potential inhibitory molecules on the basis of ADP-ribose pocket
occupancy.

iii. Evaluate the effect of selected molecules on SARS-CoV and SARS CoV-2

Macro domains.
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Abstract

The Coronavirus disease 2019 (COVID-2019) pandemic currently provokes a global
health and economic crisis due to the generalized spread of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is a large, enveloped and
positive sense single stranded RNA virus. Its genome encodes 16 non-structural
proteins (nsp 1-16), forming a large replication complex anchored into the
membrane . The largest protein of this complex is nsp3, a multi-domain protein that
contains a well conserved Macro domain (also called X domain or ADP-ribose
phosphatase domain). The Macro domain can bind to mono-ADP-ribose (MAR) and
poly-ADP-ribose (PAR) in their free form or conjugated to a protein or RNA
substrates. Macro domains also carry de-MARylation and de-PARylation activities,
implicated in the inflammation process and the regulation of innate immunity. Herein,
we report a mutagenesis study focusing on SARS-CoV-2 F156 and SARS-CoV N157
residues, stipulated important for ADP-ribose orientation within the binding cleft.
Our data suggest that the exchange of these residues or their substitution to alanine
slightly influence ADP-ribose binding, but drastically impact Macro domain de-
MARylation activity.

Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the virus
associated with the current pandemic of coronavirus disease (COVID-2019). SARS-
CoV-2 is a member of the family Coronaviridae and the subfamily Coronavirinae [1].
SARS-CoV-2 belongs to B-coronaviruses together with previously identified SARS-
CoV and MERS-CoV. All of these -coronaviruses have been associated with human
fatal diseases [2]. SARS-CoV is the agent of SARS that caused 774 deaths and 8096
confirmed cases from 2002 to 2003 [3]. MERS-CoV emerged in 2012 spreading in
the Middle East with 2494 positive cases and 858 deaths [4]. Although the mortality
rate of SARS-CoV-2 (<2%) is low compared to SARS-CoV (9.6%) and MERS

(35%), it spreads faster among humans [5]. Rapidly evolving vaccine strategies seem
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effective, however they might be constantly hampered by the emergence of new

variants [6].

SARS-CoV-2 is a positive-sense single-stranded RNA (+ssRNA) virus with a length
of 29.9 kb [7] and encodes two large open reading frames (ORF1a and ORF1ab), the
latter generated by a frame-shift close to the ORF1a end. They lead to the production
of two large polypeptides subsequently processed to 16 non-structural proteins nspl
to 16. The last third of the genome encodes viral structural proteins: spike (S),
envelope (E), membrane (M), nucleoprotein (N) and accessory proteins. The
translation of this last part of the genome (ORFs) occurs via RNA intermediates or
subgenomic RNAs (sgRNA). Structural proteins will ensure genomic packaging,
encapsidation, virion formation and release [8]. Amongst nsps produced by
coronaviruses, nsp3 is the largest multi-domain protein with an average molecular
mass of about 200 kD. Essential component of the replication/transcription complex
(RTCQ), its architecture is however not absolutely conserved within CoV genera, due to
duplication or the deletion of some domains. In addition to two conserved
transmembrane regions (TM1 and TM2), eight regions remains conserved : the
ubiquitin-like domain 1 (Ubl1), the hypervariable region (Glu-rich or acidic domain),
at least one Macro domain (also named “X domain”), the ubiquitin-like domain 2
(Ubl2), the papain-like protease 2 (PL2P™), a zinc-finger domain (ectodomain), the
Y1 and CoV-Y domains of unknown functions (PMID: 29128390). In SARS-CoV-2,
three tandem Macro domains (Mac1l to Mac3) were described . Macro domains Mac?2
and Mac3 interact with nucleic acids, whereas (Mac1) is involved ADP-ribose binding

and hydrolysis [9].

ADP-ribosylation is a ubiquitous post-translational modification (PTM) affecting
protein activity, interactions, ubiquitination and degradation. The reaction is driven by
ADP-ribosyl transferases (ARDTs) and leads to the addition of one (MAR) or
multiple/poly (PAR) ADP-ribose moieties onto charged amino acid residues, mostly

aspartate or glutamate. Several groups of ARDTs were described but the best
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characterized are poly-ADP-ribosylpolymerases (PARPs), which use nicotinamide
adenine dinucleotide (NAD+) as a substrate[10]. PARPs family comprises 17
members in humans. Their ADP-ribosylation activities are implicated in DNA repair,
chromatin remodelling, transcriptional regulation, cell signalling, inflammation and
immune response [11]. PARPs 1, 10, 12, 13 and 14 are involved in the regulation of
innate immunity and were shown to have an anti-viral effect via: (i) promoting viral
proteins proteasome degradation; (ii) inhibiting translation machinery; (iii) inhibiting
viral replication; (iv) stimulating the formation of stress granules; and (v) inducing
interferon signalling and interferon stimulated genes (ISGs) [12,13]. However, ADP-
ribosylation is a reversible PTM. Two enzyme families are able to hydrolyse ADP-

ribosyl linkages: ADP-ribosyl hydrolyses (ARHs) and Macro domains.

Macro domains are widely distributed among life kingdoms and are encoded by
positive strand RNA viruses including Togaviridae, Hepeviridae and Coronaviridae,
as mentioned above [14,15]. These domains are able to bind various mono-ADP-
ribose derivatives, including ADP-ribose 1” phosphate (Apprlp), O-acetyl-ADP-
ribose and PAR, in a free form or conjugated to protein or RNA substrates [16,17].
Viral Macro domain were shown to bind ADP-ribose derivatives, but also to
hydrolyse MARylated (de-MARylation) and, in some cases, PARylated (de-
PARylation) substrates [18-22]. Moreover, a phosphatase activity against Apprlp was
reported for alphaviruses, Human coronavirus 229E (HCoV-229E) and SARS-CoV
[23-26]. Hydrolysis activities are believed to counter the above mentioned PARPs
anti-viral effects. This assumption is supported by many Macro domain mutagenesis
studies of key residues implicated in ADP ribose binding, which show a reduction of
virus replication and virulence of Hepatitis E virus (HEV), alphaviruses and several
coronaviruses [27]. Hence, murine hepatitis virus (MHV)’s Macro domain catalytic
mutants failed to induce acute hepatitis and its growth is restricted in culture cells
unless IFN receptor knockout cells are used or PARPs inhibitors are added [28,29]. In
HCoV-229, the mutant virus becomes susceptible to type I and II IFN and is unable to
supress the activation of ISGs [30]. In mouse adapted SARS-CoV, mutation of ADP-
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ribose binding pocket renders the virus more susceptible to cytokines, including IFN,
TNF and IL-6, and protects mice from lethal infection outcome [18]. These data are
supported by Heer at al [31] stating that SARS-CoV-2 infection alters PARP family
gene expression and disrupts NAD+ biosynthesis. The accumulated data highlight the
importance of ADP-ribosylation in host-viral conflict, thus making Macro domain a

suitable druggable target.

Amino-acid sequence comparison of nsp’s domains between SARS-CoV-2 and
SARS-CoV reveals that the SARS-CoV-2 Macro domain shares 71 % identity with
SARS-CoV, hence being the most divergent amongst nsp [32,33]. The crystal
structure of SARS-CoV-2 Macro domain was solved in its free form (apo) and
complexed to various ligands including 2-(N-morpholino) ethanesulfonic acid (MES),
AMP and ADP-ribose. The reported structures follow the classical architecture
described for Macro domains, with 7 B-sheets sandwiched between two layers of a-
helices [32—35]. Structural comparison studies between SARS-CoV-2 and SARS-CoV
Macro domains pinpointed the residue F156 in SARS-CoV-2, corresponding to an
N157 in SARS-CoV. The divergence at this position suggest a considerate change in
the orientation of ADP-ribose adenine group in the binding pocket between the Macro
domains of these two viruses, which might impact ADP-ribose binding and/or

hydrolysis kinetics.

In the present study, we focus on SARS-CoV-2 F156 and SARS-CoV N157 to
evaluate the impact on the stability and activity of theses residues on the Macro

domain and their relation with their natural ligand.

Results and discussions

ADP-ribose binding coordination

The overall structure of the CoV Macro domain consisted of six a-helices and one
seven-stranded [(3-sheet. The -sheet The B-sheet (B1—-2—B7—-f6—33—5—[4) is topped
and bottomed by 3 a-helices (al, o2, and a3 and a4, o5, and a6 respectively) thus
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delimiting a groove where the ligand binds (Figure 1). Comparative protein sequence
analysis of SARS-CoV and SARS-CoV-2 Macro domains (Figure 1A) reveals that
most of the differences are located at the extremities of the domain namely the al
helix and a1-f33 loop at the N-terminus, and the a6 helix at the C-terminal. Divergent
residues between the two close related viruses represent ~30 % of the sequence in
accordance to previous reports [32,33]. The structural basis of Macro domain and
ADP-ribose interactions have been characterized [23,24,32—35]. These studies pointed
out that the ADP-ribose molecule is partially buried in a chief hydrophobic cleft
encompassing, in the case of SARS-CoV-2, the C-terminal end of [ strands 3, 5,
36, B7 and two loops, 3-a2 and 6-a5 (Figure 1B and C). The cleft accommodating
ADP-ribose creates four contact zones. The first forms a hydrophobic patch between
the residues 123, V49, P125, V155 and F156 (all conserved except the later), which
interacts with adenine and points it toward the polar D at position 22. Residues
interacting directly with ADP-ribose are well conserved among various Macro
domains. The catalytic residue D22 correspond to D23 in SARS-CoV (Figure 1E) and
is present in other Coronavirinae members, many alphaviruses and non viral Macro
domains [27,36—38]. Mutagenesis studies showed that these catalytic residues are
crucial for ADP-ribosyl-hydrolase and ADP-ribose-1” phosphatase activities, they
drastically impact viral replication and virulence (reviewed in [27]). The second, a
conserved glycine rich stretch (residues 46-48) accommodates the diphosphate moiety
of ADP-ribose. Phosphate groups connecting adenosine moiety to the distal ribose
interact with various backbone amide nitrogen atoms of residues within the loop
B3—a2 and B6—a5 region. The a-phosphate group forms oxygen-hydrogen bonds with
V49 and 1131 while B-phosphate with S128, G130 and F132 (Figure 1 D and E).
Distal ribose fits tightly into the pocket formed by the nitrogen bonds between the
backbone amide of G48, G 46 and N 40 with the ribose-1,2 and 3" oxygen atom. The
third, implicates F132 and 1131, which stabilize the proximal ribose. The forth,
involving L1136, A154 and D157, supports the distal ribose via water-hydrogen
bonding [32-35] .
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In SARS-CoV-2 the adenosine moiety is partially covered by F156, which interacts
edge-to-face with the aromatic ring system (Figure 1C and D). This residue
corresponds to N157 in SARS-CoV (Figure 1E). The proximity of phenylalanine to
the adenosine ring is only observed in SARS-CoV-2 among betacoraviruses, even if
other hydrophobic residues are present at that position. These data suggest the
possible involvement of F156 in the differential alignment of ADP-ribose adenine

group in the binding pocket of SARS-CoV-2.

Expression and Purification of recombinant Macro domain proteins

In order to understand the influence of F 156 on ADP-ribose binding and hydrolysis
kinetics, we generated several substitutions leading to: (i) the exchange of F 156 and
N157 between Macro domains of SARS-CoV-2 and SARS-CoV, respectively; (ii) the
substitution of the target residues to alanine. Recombinant Macro domain proteins,
with a N-terminal 6 x His tag, of 172 amino acids (aa) and 168 aa, corresponding to
SARS-CoV and SARS-CoV-2 respectively, were successfully expressed in E. coli
(Figure 2A) and purified. Bands of about 20kDa were observed in soluble purification
fractions, and enriched throughout the purification process (Figure 2B). Despite being
a 20.8 kDa protein, the Macro domain of SARS-CoV-2 migrates slightly higher than
that of SARS-CoV (20.9 kDa). The difference in the gel migration could be related to
the difference in SDS adsorption of these two proteins. Besides, SARS-CoV-2 shows

slight differences in purification buffer preferences as compared to SARS-CoV.

First, SARS-CoV-2 was significantly lost during the washing steps at the imidazole
concentration used for SARS-CoV (60 mM). Thus, imidazole concentration was
decreased to 30 mM. In contrast, salt concentration had to be increased to eliminate
more tightly bound contaminants. After two purification steps (IMAC and gel
filtration), proteins of interest were pure, as evidenced by SDS-PAGE after
Coommassie blue staining (Figure 2C). Identities of WT SARS-CoV-2 and SARS-
CoV recombinant Macro domains were confirmed by Matrix Assisted Laser

Desorption Ionization - Time of Flight (MALDI-TOF) mass spectrometry.
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CoV Macro domains ADP-ribose binding assessment

Previous studies investigated Macro domain binding parameters towards ADP ribose
using ITC for various human pathogenic coronaviruses, including SARS-CoV and
SARS-CoV-2. The reported Kd values oscillate between 10 and 24 pM for SARS-
CoV, and between 10 and 17 pM for SARS-CoV-2 [23,32,33,36]. The differences
being due to slight variations in experimental protocols and constructs design. In
order to accurately evaluate the characteristics of generated mutants, we started by
setting the references values for our WT Macro domain proteins. Hence, dot blot
assays were conducted using automodified hPARP-1 and increased amounts of WT
Macro domains. PAR generated by hPARP-1 was able to bind to SARS-CoV and
SARS-CoV-2 WT proteins, and detected using an anti-PAR antibody, in a
concentration dependent manner (Figure 3A, lower panel). The quantified binding
signal displays drastic differences, up to 75 %, in PAR binding of SARS-CoV
regarding SARS-CoV-2 at various Macro domain concentrations (Figure 3A, upper
panel). Next, we determined the dissociation constants and thermodynamic
parameters of ADP-ribose by ITC (Figure 3B). The results are compiled in Table 1. In
our hands computed Kd values for SARS-CoV and SARS-CoV-2 correspond to
5.942.9 pM and 11.545.7 pM, respectively.

To determine if the presence F156, SARS-CoV-2 could cause hindrance, preventing
ADP-ribose binding into the pocket, Kd values were measured for the different
mutants (Table 1). Substitution of F156N in SARS-CoV-2 and N157F in SARS-CoV
affected slightly ADP-ribose binding affinities (Tablel). Thus, computed values being
6.17£1.66 pM for SARS-CoV N157F and 9.17+1.14 pM for SARS-CoV-2 F156N.
Alanine replacement in SARS-CoV N157A led to a 2 fold increase in Kd value
(13.5+1.67 pM) compared with the WT protein. Conversely, SARS-CoV-2 F156A
substitution had minor repercussions in ADP-ribose affinity, with a Kd of 9.8+3.43

PM. Hence, even SARS-CoV-2 F156N substitution drives the mutant toward SARS-
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CoV Kd value, single amino acid substitution is not sufficient, in this context, for a
complete mimicking of SARS-CoV ADP ribose binding characteristics. Interestingly,
the simultaneous mutation of SARS-CoV-2 V24I/E25Q/F156N, mimicking MERS-
CoV sequence, generated a Macro domain with Kd value similar to that obtain for
MERS-CoV (~3 pM) [36]. In SARS-CoV-2 the proximity of V24, E25, and F156 to
D22 may impact the strength of hydrogen bonds forming, which could impact the side
chain orientation of ADP-ribose adenine group. These data support the necessity of a
synergistic effect between the molecular determinants involved in ADP ribose binding

(Figure 1 D and E).

Altered de-MARylation in CoV Macro domains mutants

Viral Macro domains possess MAR and PAR hydrolytic activity leading to the
removal of ADP ribose derivatives from MARylated and PARylated proteins [39—41].
To assess the effect of CoV Macro domain mutation on protein de-MARylation,
catalytic PARP3 protein was used as a substrate in time course hydrolysis reactions
(Figure 4). MARylated PARP3 was incubated in the presence of various CoV Macro
domains mutants. After the indicated time points, the reactions were subjected to
mPAGE. Western blot using the anti-MAR regent allows de-MARylation assessment
by the removal of the MAR signal (Figure 4A, upper panel). CoV Macro domain load
was controlled by Coomassie blue staining (Figure 4A, lower panel). Load controls
for PARP3, corresponding to Ponceau membrane staining are shown in (Figure 4A,
middle panel). Auto-MARylated PARP3 without CoV Macro domain served as a
control for zero hydrolysis. Bands intensities were quantified and fitted in nonlinear

regression curves (Figure 4B).

SARS-CoV-2 and SARS-CoV Macro domain are able to remove almost completely
MAR from PARP3 within 30 minutes. Substrate decay is more important in SARS-
CoV-2 (70-90 % loss after 5-10 minutes) compared to SARS-CoV (30-70 %) (Figure
4B), in accordance with recently reported data [35]. The effect of Macro domain

mutations on PARP3 de-MARylation is intriguing. Hence, SARS-CoV-2 F156A
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mutant shows a complete loss in hydrolysis activity for the first 10 min. MAR
hydrolysis reaches hardly 40 % of WT value after 30 min. Alanine substitution in
SARS-CoV has also a negative effect on de-MARylation as observed for SARS-CoV
N157A mutant, at 10 min de-MARylation activity is reduced by half. Substitution of
the conserved D22 and D23 by alanine in SARS-CoV-2 and SARS-CoV, added to the
study as negative controls for hydrolysis activity, abolish totally the de-MARylation
activity, corroborating the crucial role of this aspartic acid in the catalysis.
Intriguingly, SARS-CoV N157F and SARS-CoV-2 F156N mutants behaved as the
mimicked parental Macro domain. Hence, SARS-CoV N157F mutant shows an
increased hydrolysis activity similar to that of SARS-CoV-2; whereas SARS-CoV-2
F156N MAR hydrolysis was impeded, reaching SARS-CoV values. The aromatic
structure of phenylalanine in the hydrophobic cavity creates a stacking interaction
with the adenine moiety, thus stabilizing the ADP-ribose in the groove of SARS-CoV-

2 Macro domain.

To link the observed activities to a potential modification of mutant proteins
thermostability, CoV Macro domain sequences were subjected to HoTMuSiC tool, to
evaluate the changes in melting temperature (ATm) under point mutations, on the
basis of its experimental 3D structure [42]. The obtained predictions, listed in Table 2,
corroborate de-MARylation activity results. Thus, SARS-CoV-2 F156N has a
negative ATm (-3.77) value, causing a destabilization of the protein; while SARS-
CoV N157F displays a ATm of +1.01, favoring thermostability. Alanine substitution
impact negatively protein stability with computed ATm values of - 3.39 and -0.49 for
SARS-CoV-2 F156A and SARS-CoV N157A, respectively. These data suggest that
F156, in SARS-CoV-2, and its corresponding N157 residue in SARS-CoV are key

players in Macro domain de-MARylation activity.

Despite a high similarity in terms of sequence and function among viral Macro
domains, notable differences in their affinity for ADP-ribose and catalytic activity do
exist, affecting the state of ADP-ribosylation substrates in cell. Many studies linked

viral Macro domain ADP-ribose hydrolase activity to viral pathogenesis. Catalytic
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mutations targeting residues D23, H38, N41, H46 and G131 in SARS-CoV (Figure
2E) and equivalent positions in other RNA viruses, were shown deleterious for ADR-
ribose binding/hydrolysis activity, PARP activation, and viral virulence
[22,23,28,32,34]. As an example, in the case of SARS-CoV N41 catalytic residue, the
Macro domain mutant N41A is devoid of MAR-hydrolase activity and elicits more
significant IFN, ISGs and pro-inflammatory cytokines production than the wild type
virus in infected mice [18]. In MHYV, mutation of the catalytic D residue (D16,
numbered D1329 in ORF1a polyprotein) to A has a severe impact on virus replication
and the mutant virus is defective in blocking IFN production. The phenomenon is
emphasized when this mutation is combined to the substitution N30A (numbered
N1347A in ORFla polyprotein). The later corresponds to N 40 in SARS-CoV-2,
involved in distal ribose interaction[43]. A recent study reports the impact of SARS-
CoV-2 N40 mutation on PARP9Y activation and IFN signalling [44], highlighting the

importance of this residue in immune escape via STAT signalling.

In contrast, residues outside the adenine binding pockett are barely investigated. Yet,
studies on Chikungunya virus (CHIKV) Macro domain showed that the mutation of
Y114, corresponding to F132 in SARS-CoV-2 and situated in the stretch
accommodating the diphosphate moiety of ADP-ribose, impaired MAR hydrolysis
activity but not ADP-ribose binding, hampering though viral replication[22].
Interestingly, F132L replacement in SARS-CoV-2 impeded MAR hydrolysis activity,
as in CHIKYV, but F156L substitution didn’t show a drastic effect on ADR-ribose
hydrolysis from autoribosylated PARP14 WWE-CAT [45]. This data supports our
finding, emphasizing the importance of the hydrophobic patch at that position in
SARS-Cov-2 and highlights the fact that many questions remain regarding the role of

non-conserved and/ or non-catalytic residues.

Finally, mutational analysis conducted in the present paper led to the decoupling
ADP-ribose binding affinities and MAR activity for of SARS-CoV and of SARS-

CoV-2 Macro domains. Moreover, it pinpointed the importance of F157 residue in
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SARS-CoV-2 and N156 residue in SARS-CoV-2 for MAR hydrolysis, broadening our

knowledge on Macro domains function, a prerequisite for anti-viral drug design.

Material and methods
Expression and Purification of the SARS-CoVs Macro domain

The cDNA encoding nsp3 sequence of SARS-CoV (residues 182 to 355, GenBank
#AY291315) and SARS-CoV-2 (residues 207 to 375, NCBI accession
YP_009725299.1) were codon optimized and cloned into the pET28 (Novagen)-
TWIST Bioscience. The recombinant proteins were expressed in the competent E.
coli (C41 (DE3) plys). A detailed protocol on expression and purification of SARS-
CoV is already reported [46]. The expression of SARS-CoV-2 recombinant protein
was done in Turbo Broth medium (Cat#0104 AthernaES). The induction was carried
with 50pM of IPTG (O.Dgyw nm of 0.6) at 25°C for 12-14 hours. At the end of the
incubation time, the cultures were centrifuged at 9000 rpm at 4°C for 30 min, and

thepallets were kept at -80°C until purification.

The purification of Macro domain of SARS-CoV was done following the conditions
previously reported [46]. The bacterial pellet from Macro domain of SARS-CoV-2
was resuspended in lysis buffer (50 mM Tris—HCI, pH 8, 150 mM NaCl, 20 mM
MgS04, 5 % Glycerol , 20 pg/mL DNase, 0.25mg/mL lysozyme and 1 mM PMSF) at
4°C for 1 hour . The cell lysate was sonicated (amplitude- 40 %, 4x 10s on /5s off)
and the supernatant was collected. Immobilized metal affinity chromatography
(IMAC) purification in batch was performed using Ni-NTA column (GE Healthcare).
The filtered supernatant was loaded into the column per-equilibrated with binding
buffer (50 mM Tris—HCI, pH 8, 150 mM NaCl, 5 % Glycerol and 10mM Imidazole).
The column was then washed with 10 column volume (CV) of wash buffer (50 mM
Tris—HCI, pH 8, 150mM NaCl, 5 % Glycerol and 30 mM Imidazole) followed by
second wash with high salt concentration wash buffer supplemented with 1 M NaCl .
Recombinant protein was eluted with elution buffer (50 mM Tris—HCl, pH 8, 150 mM
NaCl, 5 % Glycerol and 200 mM Imidazole). The fractions containing the purified
protein were then pooled and dialysed against GF buffer (50 mM Tris-HCI pH 8, 150
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mM NaCl, 5 % glycerol). In addition, a second purification step of size-exclusion
chromatography were performed by injecting the protein into a Superdex 75 (GE
Healthcare) equilibrated with GF buffer. The eluted protein was concentrated and
stored at -80°C. Mutants Macro domains were expressed and purified following the

same conditions as the corresponding wild-type recombinant proteins.

Poly (ADP-ribose) synthesis

PARylated protein was synthesized by auto-ADP-ribosylation of human PARP-1
(hPARP-1) (Sigma) in 300 pL reaction volume in the presence of 100 mM Tris pH 8,
10 mM MgCl,, 2 mM DTT, 0.8 units hPARP-1 and 250 pM NAD-+. The reaction was
carried at room temperature (RT) for 2 h under moderate agitation. PARylation was
stopped by diluting the reaction in 20mL of dot blot buffer (150 mM NaCl and 0.05 %

Tween). The diluted reactions were directly used for the Macro domain binding assay.

Binding assay

Binding affinity of ADP-ribose to SARS-CoV and SARS-CoV-2 was performed in a
nitrocellulose membrane (Schleicher & Schuell). The binding reactions were carried
out by spotting serial dilutions (from 250 to 1.9 pmol) of recombinant Macro domain
proteins on nitrocellulose membrane using Minifold II dot blot apparatus (Schleicher
& Schuell). Bovine serum albumin (BSA) was used as negative control for the assay.
The membrane was blocked with dot blot buffer supplemented with 4% skimmed
milk, for 1 h, at RT. The blocked membranes were incubated with auto-ADP-
ribosylated hPARP-1 for 1h at RT under constant agitation. The unbound material was
removed by three extensive washes with dot blot buffer. The primary antibody anti-
PAR binding reagent (Sigma) was used diluted 1:1500 in dot blot buffer with 1 %
non-fat milk for 2 h, at RT. The secondary antibody, anti-rabbit IgG (Dako) /, was
diluted 1:2000 in dot blot buffer and incubated with the membrane for 1 h, at RT. The
membrane was washed three times in dot blot buffer after each anti-body.

Immunoreactive signals were revealed using ECL reagent (Cat. # 170-5061, Bio-Rad)
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and visualized using Amersham™ ImageQuant™ 800 Imager system. Images were
analyzed and quantified using ImageJ software [47]. Each experiment was repeated

three times. Band’s intensity was normalized to the total protein load.

Isothermal titration calorimetry (ITC)

ITC experiments were performed using VP-ITC (MicroCal Inc., Northampton, MA)
at 20°C. Purified recombinant SARS-CoV and SARS-CoV-2 WT and mutant proteins
were used at 150 pM. The interaction was assessed in GF buffer, using 75 to 2000 pM
of ADP-ribose as injected ligand. The curves were generated from the integrated data
of injection peaks plotted against ADP-ribose to protein molar ratio. All data were fit
in Origin 7.0 (MicroCal), provided by the manufacturer. The dissociation constant
(Kd), stoichiometry (N) and thermodynamic parameters (enthalpy AH and entropy

AS) were determined.

De-MARylation assay

MARylated PARP3 was obtained by incubating 10 pM PARP3 in 25 mM Tris pH 8,
100 mM NaCl, 2 mM DTT, and 200 pM NAD+ for 30 minutes at 30°C. De-
MARylation activity was assessed by incubating 1 pM of MARylated PARP3 with
150 nM of recombinant Macro domains at 37°C for a period of 0 to 30 min in the
same buffer. The reaction was stopped by adding mPAGE™ 4X LDS Millipore
sample buffer and heating at 95°C for 5 min. Autoribosylated PARP3 protein without
any Macro domain served as negative control. Reactions were loaded on a 4 to 20 %
mPAGE bis-tris gels precasted gel. After migration, protein bands were transferred to
Immobilon-PSQ PVDF membrane (#170-4159, MERCK) overnight at 4°C. The
membranes were blocked with 4 % non-fat milk in TBS-Tween buffer for 1 h. The
primary antibody anti-MAR reagent was used at a final dilution of 1/2500 in TBS-T
with 1 % non-fat milk for 1h. The membrane was then processed as described above
in the dot blot binding assay. Quantification was done using ImageJ program. The

results were normalized to the value of the negative control.
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Tables:

Table 1. Thermodynamic parameters for CoV Macro domains determined by ITC
CoV Macro domain Kd(pM) N AH(kcal/mol)

SARS-CoV 59124 0.945£0.012 -0.001 £0.21

SARS-CoV-2 11.5+£5.7 0.92 £0.008 -0.001 £0.13

SARS-CoV-N157F 6.17+1.66 0.67 +0.008 -9.528 £ 0.17

SARS-CoV-2 F156N 9.17+1.14 0.784 £0.012 -8.037£0.2

SARS-CoV N157A 13.5+1.67 1.05+0.003 -9.352 £ 0.043

SARS-CoV-2 F156A 9.8 £3.43 1.28 £ 0.05 -7.225 £ 0.37

Kd (dissociation constant)
N (stoichiometry)
AH (enthalpy)

Table 2. Changes in melting temperature for CoV Macro domain mutants determined

by HoTMusSiC

CoV Macro domain mutants ATm (K)
SARS-CoV-N157F 1.01
SARS-CoV-2 F156N -3.33
SARS-CoV N157A -0.39
SARS-CoV-2 F156A -3.39
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Figure Legends
Figure 1: Sequence alignment and structure superposition of SARS-CoV with

SARS-CoV-2 Macro domain proteins. (A) Alignments comparison of SARS-CoV
and SARS-CoV-2 Macro domains. Secondary-structure elements are labelled for
SARS-CoV-2. Secondary structure elements are represented with squiggles for o-
helixes, 1 (310-helix) and B-strands are displayed as arrows and strict 3-turns as TT.
Residues with strict identity are marked in red box, whereas residues considered as
highly similar are dyed in red and framed in blue. Sequences and 3D structure of
SARS-CoV (PDB: 2FAV) and SARS-CoV-2 (PDB: 6W0J) Macro domains were
extracted from PDB. Superposition were made with Chimera[48] and the alignment
using the ESPript [49]. (B) SARS-CoV (blue) and SARS-CoV-2 (green) structure
superposition with ADP-ribose. The secondary structures are labeled and ADP-ribose
molecule is shown in yellow sticks with oxygens (red), nitrogens (blue) and bound
water (red spheres). (C) An expanded close-up view of the the ADP-ribose binding
groove superposition highlights the amino acids with major divergence N 157 in
SARS-CoV and F156 in SARS-CoV-2. ADP-ribose coordinates with their interacting
amino acids in the binding cleft of SARS-2 and SARS-CoV-2 (D) and SARS-CoV
(D). Chemical structure of ADP-ribose and corresponding amino acids are exposed
according to stick and balls model. Interaction of covalent bonds of ADP-ribose are
shown in purple and of amino acid residues in brown. Hydrogen bonds formed
between residues and ligand are represented as green dashed lines with the bond
length as numeric numbers. Surrounding residues, in the hydrophobic pocket, in
contact with ADP-ribose, are displayed as red eyelash symbols. Diagrams were
generated by using LigPlot+ [50].

Figure 2: Expression and purification of recombinant SARS-CoV and SARS-
CoV-2 Macro domains. (A) Western blot probing the expressed recombinant proteins
insoluble (IF) and soluble (SF) expression fraction. (B) SDS-PAGE of bacterially
expressed SARS-CoV-2 Macro domain following IMAC purification (E1-9: elution
fractions; W: whash; UB: unbound material). (C) SDS-PAGE of SARS-CoV-2 Macro

domain elution fraction (GF1 to 5) after Gel filtration chromatography.
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Figure 3: ADP-ribose binding to SARS-CoV and SARS-CoV-2 recombinant
Macro domains. (A) Lower panel: Dot blot and graphic representation of hPARP1
binding to SARS-CoV and SARS-CoV-2. BSA is used as a negative control for
binding. Upper Panel: Binding signal quantification using ImageJ software Average
and standard deviation were computed using the GraphPad Prism program. (B) ITC

analysis of SARS-CoV and SARS-CoV-2 titration with ADP-ribose.

Figure 4: de-MARylation of automodified PARP3 by CoV Macro domains. (A)
Western blot with anti-MAR agent assessing MAR hydrolysis from PARP3 (Upper
panel). Ponceau red staining of WB membrane for PARP3 protein load control
(Middle Panel). mPAGE Coommassie blue staining for Macro domain protein load
control. The results are representative of three independent experiments. (B) Bands
intensity were quantified using ImageJ software and fitted to a nonlinear regression

curve. Error bars indicate standard deviation.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Abstract

Coronavirus disease 2019 (COVID-2019) pandemic is an ongoing global health and
economic crisis caused by human infection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The SARS-CoV-2 and SARS-CoV genomes encode for
16 non-structural proteins (nsps). They drive virus replication and participate in viral
evasion from the host immune response. Among coronavirus nsps, nsp3 contains a
protein module termed Macro domain, which was shown to carry an IFN antagonist
activity thereby interfering with host innate immunity response (1,2). This domain is
able to bind and hydrolyse ADP-ribose derivatives. The hydrolysis activity is
correlated to immune escape. Macro domains are involved in the regulation of a
variety of physiological processes and represent valuable therapeutic targets. Based on
the available structural data of the SARS-CoV-2 Macro domain, a selected set of
MOPS analogues were subjected to molecular docking in the ADP-ribose pocket. In
order to screen the selected molecules an immune-enzymatic assay was developed
based on the inhibition of recombinant Macro domain-ADP-ribose complex formation
of SARS-CoV and SARS-CoV-2. Among the tested analogues, MOPSO and CAPSO
display the best results in terms of ADP-ribose-binding inhibition. Characterization of
these molecules in the ADP-ribose pocket reveal the potential interaction with
residues involved in the coordination of ADP-ribose molecule. Therefore, the results
suggest the possible use of these molecules as a scaffold for the design of Macro

domain specific inhibitors.

Introduction

Macro domains are conserved domains present in nonstructural proteins of several
viral families, including Coronaviridae, Togaviridae and Hepeviridae. Macro
domains contain approximately 170 amino, adopting a defined structure of a central 3

sheet flanked by o helices (3,4). Macro domains can bind to mono-ADP-ribose

(MAR) and poly-ADP-ribose (PAR) in their free form or conjugated to a protein or
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RNA substrates. The domain carries hydrolase activities, including a phosphatase
activity, against ADP-ribose 1” phosphate, but also de-MARylation and de-
PARylation activities. ADP-ribosylation is a ubiquitous post-translational
modification (PTM) affecting protein activity, interactions, ubiquitination and
degradation. The reaction is driven by ADP-ribosyl transferases (ARDTs) and leads to
the addition of MAR or PAR ADP-ribose moieties to charged amino acid residues,
mostly aspartates or glutamates. Several groups of ARDTs have been described but
the best characterized are poly-ADP-ribosylpolymerases (PARPs), which use

nicotinamide adenine dinucleotide (NAD™) as a substrate (5). ADP-ribosylation is a

crucial regulatory modification implicated in the inflammation process and the
regulation of innate immunity. ADP-ribosylation contributes to the establishment of
an anti-viral response by inducing type I interferons (IFN) and inhibiting viral
translation and replication. The hydrolysis activities of Macro domains are believed to
counter the above described anti-viral effect of PARPs. This assumption is supported
by several mutagenesis studies on viral Macro domains, showing that their de-
MARylation and de-PARylation activities counter ADP-ribosylation in host cells
thereby promoting viral evasion. For example, mutagenesis of Macro domain key
residues shows a reduction of virus replication and virulence in the case of hepatitis E
virus (HEV), alphaviruses and several coronaviruses (2). Mouse hepatitis E virus
(MHV) with a catalytic mutation of the Macro domain failed to induce acute hepatitis

(6-8). Whereas the cellular de-MARylation and de-PARylation substrates of viral

Macro domains, in the course of infection, are still to be identified, the accumulated
data highlight the importance of ADP-ribosylation and hydrolysis in the host-viral

conflict.

Complete conservation of Macro domains across the Coronavirinae subfamily
suggests an important role of this domain in the lifecycle of coronaviruses. Based on
phylogenetic clustering Coronavirinae can be further subdivided into 4 genera: the
alpha, beta, gamma, and delta coronaviruses (CoVs). They can cause mild to severe

diseases in different mammalian species including agriculture animals and humans.
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CoVs are large, enveloped and positive sense single stranded RNA viruses. The
genome is ~30 kb long and encodes two large overlapping open reading frames
(ORFla and ORFlab). Their translation leads to the production of two large
polypeptides subsequently processed to 16 non-structural proteins nsp1 to 16, forming
the replication-transcription complex (RTC). The largest component of the RTC is the
multi-domain protein nsp3. It contains several functional modules among which is the
Macro domain. The last third of produces several sgRNA, of different lengths, and
encodes viral structural proteins: spike (S), envelope (E), membrane (M),

nucleoprotein (N); as well as accessory proteins (9).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of
coronavirus disease 2019 (COVID-2019) currently causing the ongoing global health
and economic crisis. The World Health Organization (WHQO) estimates over 200
million people were tested positive for SARS-CoV-2 infection and more than 5
million persons already died, as of March 2022 (10). The fast development of vaccine
candidates and their approval brings a lot of hope for the return to normality.
However, emergence of sequence variations in SARS-CoV-2 strains challenges the
vaccination efforts, and potentially creates a time lag in adapting vaccines to variant
neutralization resistance (11). Thus, different anti-viral strategies should be combined
and the development of antivirals against SARS-CoV 2 should not be neglected.
Numerous clinical trials testing potential antiviral drugs have been launched since the

beginning of the pandemic (12), in particular repurposed drugs. However, no effective
treatment seems to emerge (15). Thus, it becomes urgent to pinpoint specific

coronavirus druggable targets and develop new-generation of antivirals. Macro
domain targeting is still at a preliminary ‘docking studies’ stage, lacking experimental
data supporting their effective inhibition. Although, flavonoids derivatives, identified
by molecular docking, seem promising for the inhibition of the alphavirus Macro

domain (14,15). A recent report presented the crystal structure of the SARS-CoV-2

Macro domain in complex with different nucleosides and nucleotides (16). Among the
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clinically used antiviral nucleoside analogs, remdesivir was the only metabolite (GS-

441524) which occupied the adenosine site in the Macro domain (16).

Macro domain inhibitors could be of great therapeutic value against SARS-CoV
infections. In this study we evaluate the potential inhibitory effect of MOPS
analogues against SARS-CoV and SARS-CoV 2 Macro domains. The inhibition of
ADP-ribose binding is monitored by thermal shift assay (TSA), enzyme-linked
immunosorbent assay (ELISA) , and a dot-blot assay, the latter using anti-poly-ADP-
ribose reagent antibodies. Molecular docking of selected MOPS analogues into the
ADP-ribose binding site was used to study the molecular basis of the observed

inhibition.

Material and methods

MOPS analogues

3-(N-morpholino) propanesulfonic acid (MOPS) (Ref.EU0034 EUROMEDEX), 3-
Morpholino-2-hydroxypropanesulfonic acid (MOPSO) (Ref.M8389-25G Sigma-
Aldrich), 3-(Cyclohexylamino)-1-propanesulfonic acid (CAPS) (Ref.C2632-25G
Sigma-Aldrich), 3-(Cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO)
(Ref.C2278-25G Sigma-Aldrich), 2-(Cyclohexylamino) ethanesulfonic acid (EPPS)
(Ref.10213672 Thermo Fischer), 4-(Piperidin-4-yl) butanoic acid hydrochloride (4-
PBAK) (Ref.540838-5G Sigma-Aldrich), [(2-Hydroxy-1,1-
bis(hydroxymethyl)ethyl)amino]-1-propanesulfonic acid (TAPS)(Ref. T5130-25G
Sigma-Aldrich) and 2-(Cyclohexylamino) ethanesulfonic acid (CHEZ)(Ref.29311-
10G Sigma-Aldrich.

Immuno-enzymatic assay

Purified recombinant SARS-CoV and SARS-CoV-2 Macro domains were coated on a
96-well microtiter ELISA plates (MTPs, costar EIA/RIA Plates, Thermo Scientific
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Inc., USA) overnight at 4°C. The plates then were blocked 1h at 37°C with coating
buffer (0.05 M carbonate-bicarbonate buffer pH 9.6), supplemented with 2% of BSA.
Purified poly-ADP-ribose (100 nM PAR, Trevigen, cat # 4336-100-01) or
autoribosylated hPARP1 (PAR-hPARP1) (Sigma) diluted in PBS/Tween) were added
to the plate and incubated 2h at room temperature (RT) with shaking. Anti-poly-ADP-
ribose binding reagent (Millipore, cat# MABE1031) diluted 1:2000 in blocking buffer
was added for 1h at RT. The second antibody anti-rabbit IgG (Dako) diluted 1:2000
was added to each well, incubated 1h at 37°C. After each step, the plates were washed
three times with PBS-Tween (pH 7.4, 0.01 M phosphate buffer, 0.0027 M potassium
chloride, 0.137 M sodium chloride and 0.1% tween 20). The PAR-antibody complex
was revealed by the addition of o-phenylenediamine solution. The reaction was
stopped with 3 M sulfuric acid. Optical densities of formed complexes were measured
at 492 nm in the microplate reader (TECAN). BSA was employed as a negative

protein control for ADP-ribose binding.

Immuno-enzymatic assay of PAR-binding inhibition

The inhibition of ADP-ribose binding was assessed by adding increased
concentrations (50-1000 pM) of the corresponding MOPS analogue to the coated
Macro domains for 2h at RT. Remdesivir metabolite AT-9045 was used as a positive
control for ADP-ribose binding inhibition. Signal corresponding to the PAR-antibody
complex was measured as described before. All experiments were performed in
triplicate and the data was normalized to the value of PAR-binding without inhibitor.
Results are presented as means + standard deviation.

Inhibition PAR-binding assay

Inhibition of ADP-ribose binding to SARS-CoV and SARS-CoV-2 Macro domains by
selected compounds was performed using dot blot assay. The assay was carried out by
spotting recombinant SARS-CoV and SARS-CoV-2 Macro domain proteins, at
various dilutions (750, 500, 250,125, 62 and 32 pmoles), on a nitrocellulose
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membrane (Schleicher & Schuell) using Minifold IT dot blot apparatus (Schleicher &
Schuell). Bovine serum albumin (BSA) was used as negative control for binding
assessment. The membrane was blocked for 1 h at RT with dot blot buffer (10 mM
Tris pH 8, 150 mM NaCL and 0.05% of Tween 20), supplemented with 4% skimmed
milk. The blocked membranes were incubated with 50 to 1000 pM of each tested
compound selected by ELISA and TSA for 1h at RT under agitation. The membrane
was then subjected to three washes in dot blot buffer, then incubated with PAR-
hPARP1 for 1h at RT under agitation. The unbound material was removed by three
extensive washes with dot blot buffer. The membrane was next incubated for 2 h, at
RT, with the primary antibody, anti-poly ADP-ribose binding reagent (Sigma) diluted
1500 times in dot blot buffer with 1 % non-fat milk. The secondary antibody, anti-
rabbit IgG (Dako), diluted up to 1:2000 was incubated with the membrane for 1 h, at
RT. After three washes, immunoreactive signals were revealed using ECL reagent
(Cat. # 170-5061, Bio-Rad) and visualized using the Amersham™ ImageQuant™ 800

Imager (Cytiva). Images were analyzed and quantified using ImageJ software (17).

Each experiment was repeated three times. The intensities of the dots were normalized

to the total protein load incubated with auto-ADP-ribosylated hPARP-1 alone.

Thermal shift assay (TSA)

Protein thermal shift assays were performed to determine the stability of SARS-CoV
and SARS-CoV-2 Macro domains in presence of the evaluated compounds. Macro
domain proteins were diluted in TSA buffer (20mM HEPES pH 8 and 150mM NaCl)
to a final concentration of 2 pM. The test was performed in MicroAmp® Fast Optical
96-well reaction plates from Applied Biosystems. The compounds were added at
increased concentrations from 50 to 1000 pM. Protein thermal shift dye kit (Applied
biosystems, Thermo Fisher Scientific) was used diluted in water, according to
manufacturer’s instructions. After mixing all components in the wells, the plate was
sealed and put in the 7500 FastReal-Time PCR System (Applied Biosystems). The

reaction was started by a first incubation step at 25°C for 2 min. The temperature was
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then increased with a ramp rate of 0.5°C per min to 95°C. Normalized melting curves
were obtained with GraphPad Prism. The melting temperatures (Tm) were calculated

from the inflection point of the melting curves.

Virtual molecular docking of the MOPS analogues to the SARS-CoV Macro

domain

Molecular docking of MOPS analogues into the ADP-ribose pocket of the SARS-CoV
Macro domains was carried out using AutoDock Vina (18). A present MOPS ligand
and water molecules were removed from the structure of the SARS-CoV Macro
domain. The docking grid was focused on the center of the ADP-ribose pocket.
Structure data files for MOPS and its analogues were extracted from the PubChem
database. To rank the docking results, the binding energies (AG) and the precision
pose on the MOPS place were considered. Docking poses were visualized and

analyzed with Chimera.

Results and discussion

Structural studies on viral Macro domains have opened interesting research avenues
for the development of antiviral tools. The crystal structure of SARS-CoV-2 Macro
domain was solved in its free form (apo) and complexed to various ligands including
2-(N-morpholino) ethanesulfonic acid (MES), AMP and ADP-ribose. The reported
structures follow the classical architecture described for Macro domains, with a f3-

sheet made of 7 -strands sandwiched between two layers of a-helixes (19-21) and
these data were supported by NMR studies (17). These studies defined that the cleft

accommodating ADR-ribose provides four contact zones. The first forms a
hydrophobic patch of residues Ile23, Val49, Pro125, Vall55 and Phel56, which
interacts with adenine pointing it toward the polar Asp at position 22. The second,
composed of three conserved Gly (residues 46-48) houses the diphosphate bridge. The
third, implicating Phe 132 and Ile 131, stabilizes the proximal ribose. The forth,

151



Results
Macro domain key player in coronavirus infections

involving Leu 136, Ala 154 and Asp 157, supports the distal ribose via water-
hydrogen bonding. Crystallization studies of SARS-CoV Macro domain, done by our
group, revealed a MOPS molecule positioned in the ADP-ribose pocket (Figure 1A).
The 2-N-morpholine ring and the sulfonic acid of MOPS take the place of the distal
ribose and the distal phosphate, respectively. The morpholinic ring and the sulfonic
acid of MOPS form hydrogen bonds with residues such as Gly48, Ser129, Gly131 and
Phel33 (Figure. 5B, C, E, F) (Figure 1B), which are involved in the interaction with
the diphosphate of ADP-ribose (19-21,27,30,31). In addition, residues Asn41, Gly41
and Ile132, forming direct contact with the distal ribose, establish also hydrophobic
association with MOPS structure (Ortega et al in preparation). These structural
observations prompted us to hypothesize that MOPS could be used as a scaffold to
design Macro domain inhibitors. Therefore, MOPS analogues with various
substitutions in the morpholine ring and the connecting alkyl chain (Table 1) were
docked to the ADP-ribose pocket and compared to the original placement of MOPS.
The superposition of free and ligand bound structures reveal that the fold is flexible
and adapts to the bound ligands, namely MOPS, MOPSO, CAP, CAPSO, EPPS, 4-
PBAK, TAPS and CHEZ. Hence, these molecules were selected as potential
antagonist candidates for ADP-ribose binding. Most of these molecules are

structurally related and contain a morpholine ring and a sulfonic acid group.

Some studies highlighted the inhibitory effect of sulfonic acids buffers on enzyme
activity. It has been shown that MOPS reduces up to 40% the activity of bovine
adrenal tyrosine hydroxylase (22). Moreover, it is able to inhibit the activity of
polyester hydrolases from the cutinase family at high concentrations (23). 2-(N-
morpholino) ethanesulfonic acid (MES) can also have inhibitory proprieties. It can
notably inhibit metallo-b-lactamase from Bacteroides fragilis (24). The resolution of

the crystal structure of CRN-4 from DEDDh family of exonucleases in complex with
MES revealed a unique inhibition mechanism, inducing the shift out of the general
base from the active site upon MES binding (25). Recently, the crystal structure of

SARS-CoV-2 Macro domain in complex with MES revealed that it takes position in
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the ADP-ribose cleft. The interaction involves hydrogen bonding from Asn40 to the
morpholine oxygen and the residues interacting with the proximal phosphate
accommodate the sulfonic acid (19,26). In the same study, the 2
morpholinoethanesulfonyl moiety, the major fragment of MES, was incorporated into
the linker of poly (ADP-ribose) glycohydrolase (PARG) inhibitors to target both
adenosyl and ribose pockets of the SARS-CoV-2 Macro domain. This reconfiguration
of PARG inhibitor fragments allowed the sulfone functional group to strength the
residues backbone contacts with a and B-phosphates of ADP-ribose. Hence, the
flexible accommodation of MOPS analogues in the ADP-ribose binding pocket,

supports it use as a skeleton for Macro domain inhibitors design.

Figure 1: SARS-CoV Macro domain in complex with MOPS. (A) Molecular
surface model of the SARS-CoV Macro domain in complex with MOPS, (Ferron and
Morin unpublished results). (B) MOPS interaction with the backbone residues in the
of SARS-CoV Macro domains ADP-ribose binding pocket. Chemical structure of
MOPS and corresponding amino acids are exposed according to stick and balls
model. The covalent bonds of the ligand are shown in purple and that of the amino
acid residues in brown. The crescents with the bristles represent hydrophobic
interactions. The hydrophobic atoms are in black. Hydrogen bonds formed between

residues and ligand are represented as green dashed lines with the bond length as

153



Results
Macro domain key player in coronavirus infections

numeric numbers. Surrounding residues, in the hydrophobic pocket, in contact with
the molecule are displayed as red eyelash symbols. Diagrams were generated by

employing LigPlot+ (27).

ELISA can be exploited to screen PAR-Macro domain complex inhibitors at a

large scale.

Recently, an ELISA was developed to test the ADP-ribosylhydrolase activity of
SARS-CoV-2 Macro domain (28). Here, an ELISA, based on the immune detection of

PAR (in a free or protein bound form), was developed to screen rapidly inhibitors

affecting ADP-ribose binding to Macro domain.

The ELISA is performed by coating the Macro domain protein on an ELISA plate.
After the blocking, the coated Macro domain is saturated with fixed concentrations of
either free PAR or PAR-hPARP 1 (Figure 2A). Inhibition assessment is based on the
ability of MOPS analogues to occupy the ADP-ribose binding site in the Macro
domain. Hence, in the presence of an inhibitor molecule, the access to the ADP-ribose
binding pocket is denied. There is no PAR binding and no signal is recorded (Figure
2B). The assay validation was performed using Remdesivir as a positive control for
inhibition (Figure 2 C, D). Hence, the first step (Figure 2A) sets the maximum value
for PAR binding (Figure 2C), after subtraction of the non-specific binding achieved
with BSA. The optimal condition for plate coating being set at 10pg/ml of Macro
domain protein for free- PAR (Figure 2C) and PAR-hPARP 1 (data not shown). When
Remdesivir was added to the reaction, an 75% of reduction in PAR binding was
observed (Figure 2D). This result confirms previously reported data (26) and validate

our ELISA binding assay.
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Figure 2. ELISA for ADP-ribose inhibitors high scale pre-screen. (A), (B) Cartoon
representation of the ELISA assay. (A) Direct detection of PAR binding to Macro
domain using anti-PAR agent. (B) Inhibition of PAR binding to Macro domain in
presence of an inhibitor molecule (C) ELISA conditions optimisation, (D) Assay

validation in the presence of Remdesivir.

Once the key assay parameters of PAR binding were determined and the assay

validated, using a known Macro domain inhibitor, the selected MOPS analogs were
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tested. For that end, coated Macro domains of SARS-CoV and SARS-CoV-2 were
incubated with the various MOPS analog molecules, namely MOPS, MOPSO, CAP,
CAPSO, EPPS, 4-PBAK, TAPS, CHEZ, before PAR addition (Figure 2B). After PAR
addition, the assay was pursued as previously described. The results of data analysis
are presented as percentage of PAR binding (Figure 3). One can notice that CAPS,
EPPS, 4-PBAK, TAPS, CHES have no effect on PAR binding in the case of SARS-
CoV (Figure 3A) and SARS-CoV-2 (Figure 3B). However, MOPS, MOPSO and
CAPSO inhibit partially PAR binding at various concentration tested. In the case of
SARS-CoV Macro domain, inhibition of PAR binding starts at 100puM of the tested
molecule. At 250pM of MOPS, MOPSO lead to a reduction of PAR binding of 25%.
CAPSO shows a stronger inhibitory effect, since it impedes PAR binding starting
from 50 pM. Maximal inhibition, up to 30 %, is reached at 250pM (Figure 3A).
SARS-CoV-2 Macro domain shows a slightly different profile, since it is not sensitive
to MOPS even at high concentrations. MOPSO and CAPSO, however, are able to
hamper PAR binding. The highest inhibition, up to 25%, is achieved with CAPSO
starting from 250uM (Figure 3B).
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Figure 3. MOPS analogs screen of ADP-ribose binding inhibition towards Macro
domains of SARS-CoV and SARS-CoV-2. MOPS analogues were incubated at
increased contractions (50 to 1000pM) with coated Macro domains before PAR
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addition. Results are presented as percentage of PAR binding compared to negative

control (PAR) (without analog addition). (A) SARS-CoV. (B) SARS-CoV-2.

MOPS analogs inhibit PAR binding in the context of auto-ribosylated hPARP1

In order to validate and confirm the inhibitory effect of MOPSO and CAPSO on
SARS-CoV and SARS-CoV-2 Macro domains, a classical dot blot assay was
performed (Ortega et al in preparation). Accordingly, Macro domains were spotted
into a nitrocellulose membrane at serial dilutions and incubated with increased
concentrations of MOPSO or CAPSO before the addition of PAR-hPARP1. Following
PAR-hPARP1 addition, signals on the membrane were revealed using anti-PAR-
binding reagent (Figure 4). When SARS-CoV and SARS-CoV-2 Macro domain
proteins are spotted at less than 250 pmol, PAR-hPARP1 binding is totally inhibited,
even at low MOPSO and CAPSO concentrations. Starting from 250 pmol, a dose
dependent inhibition of PAR-hPARP1 is observed. In the case of MOPSO, the
inhibitory effect is more prominent with SARS-CoV-2 Macro compared to SARS-
CoV, with 63% and 30% inhibition, respectively, at 250pM of the inhibitor molecule
(Figure 4 A, B). CAPSO, however, seem to inhibit equally both Macro domains. At
500pM of CAPSO, the remaining signal ranges from 16% to 20% at 500pmol of
protein, for SARS-CoV and SARS-CoV-2, respectively (Figure 4 C, D). An evident
drop in signal intensity with increased concentration of CAPSO and MOPSO for both
Macro domains. This decrease is correlated to the signal decrease observe in the
ELISA assay for PAR binding. Thereby, these data validate ELISA results and

reinforce its use the pre-screen of potential Macro domains inhibitors.
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Figure 4. MOPSO and CAPSO inhibit PAR-hPARP1 binding to Macro domains
of SARS-CoV and SARS-CoV-2. Serial dilutions of Macro domain proteins were
spotted on the dot blot membrane and incubated with increased concentrations of
MOPSO or CAPSO before the addition of PAR-hPARP1. (A, B) MOPSO; (C, D)
CAPSO. Lower panels: Dot blot and graphic representation of PAR-hPARP1 binding
to SARS-CoV (A and C) and SARS-CoV-2 (B and D). Upper Panels: Binding signal
quantification, done using ImageJ software. Average and standard deviation were
computed using the GraphPad Prism program. Quantitative values were normalized to
the binding of PAR-hPARP1 for different dilution of SARS-CoV and SARS-CoV-2
Macro domains without any MOPS analog. The data are presented as the percent of

PAR-hPARP1 binding values obtained from three independent experiments.

MOPSO and CAPSO stabilize SARS-CoV and SARS-CoV-2 Macro domains

In order to evaluate a possible effect of MOPS analogs on Macro domain protein
integrity, TSA experiments were carried out (Figure 5). Hence, different dilutions of
SARS-CoV and SARS-CoV-2 Macro domain were mixed with MOPS analogues at
increased concentration (50 to 1000pM). In the absence of inhibitors, the recorded
melting temperatures are 47°C and 48°C, for SARS-CoV and SARS-CoV-2 Macro
domains, respectively. Among all the analogs tested, only MOPSO and CAPSO shift
the melting temperature (ATm=1°C) of both Macro domains. In SARS-CoV, the
stabilization by CAPSO occurs between 100pM and 500pM (Figure 5A), while in
SARS-CoV-2 the stabilization is observed at 250pM and 500pM (Figure 5B). In case
of MOPSO the shift of the melting temperature occurs between 250uM and 700pM
for SARS-CoV and SARS-CoV-2 (data not shown). Thermal stability of both Macro
domains increases with increasing analog concentrations until 500 pM of MOPSO
and 700 pM of CAPSO. After theses concentrations, melting temperature decreases
due to a destabilization effect of MOPSO and CAPSO, consistent with previously
reported data (29). TSA results confirm that MOPS analogs penetrate into the ADP-

ribose pocket without undermining protein integrity.
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Figure 5. Effect of CAPSO on the thermal stability of SARS-CoV and SARS-
CoV-2 Macro domains. Normalized melting profiles of SARS-CoV and SARS-CoV-
2 Macro domains in presence of increasing contractions of CAPSO are recorded by
TSA. (A) SARS-CoV (B) SARS-CoV-2.

Modeling of MAPSO and CAPSO molecules into the Macro domain ADP-ribose

binding site

The structure of MOPSO and CAPSO are similar to that of CAPS and MOPS, except
that they possess an additional hydroxyl (OH) group (Table 1). The results obtained
with these two compounds are different from the non-hydroxylated analogs. Thus, the
presence of the OH group seems to be important in the binding of these molecules to
the ADP-ribose binding pocket. In order to ascertain their position in ADP-ribose
binding pocket, molecular docking experiments were performed for SARS-CoV
Macro domain by positioning MOPSO and CAPSO in a similar arrangement as the
MOPS ligand described above (Figure 6). Several R and S enantiomers of MOPSO

and CAPSO were docked to determined their interacting amino acid residues. The
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structures of protein-ligand were selected according to binding energies (AG) and best
fitting compared to MOPS molecule.

Analyses of the amino acid interaction revealed that MOPSO and CAPSO present
most potentially directly contacts with the residues among the molecule in
comparison with MOPS (Figure 6). Both MOPSO and CAPSO molecules form
hydrogen bonds with residues fixing the ADP-ribose in the binding pocket (Figure
6A, B, C, D).

The sulfonic acid of S-MOPSO form hydrogen bonds with Ser129, Gly131, Phe133
and Ile132 (Figure 6A) that interact with the o/f-phosphate of ADP-ribose molecule
(19-21,28,30,31). The other part of the molecule, the morpholinic ring of S-MOPSO,
interact with the conserved glycine rich stretch (residues 47-48) (Figure 6A), that
accommodates the diphosphate moiety of ADP-ribose (Figure 6A). The hydroxil
group in R-MOPSO is involved in hydrophobic contacts with Ala39 and Ala51
(Figure 6B), that also establish hydrophobic contacts with ADP-ribose molecule

(Ortega et al in preparation).

In the case of CAPSO, in both the R and S conformation, the sulfonic acid also forms
hydrogen bonds with Ser129, Gly131, Phe133 (Figure 5C, D). The hydroxil group is
involved in hydrophobic contacts with Val50 (Figure 5C, D) that interact with the o-
phosphate of ADP-ribose molecule in the SARS-CoV and SARS-CoV-2 binding cleft
(21,30). In addition, hydroxil group interact with Ala39 and Ala51 as R-MOPSO

(Figure 6C, D). The hydroxyl group could also interacts with water molecules clusters
around the binding cleft, enriching the water-hydrogen bonding with the binding
pocket residues. Moreover, MOPSO and CAPSO stablish some hydrophobic contact
with non-ligand residues involved in hydrogen bonds formation with ADP-ribose,
both in SARS-CoV and SARS-CoV-2 Macro domains (Figure 6). Thereby, the better
direct contact with the residues in ADP-ribose binding pocket and the additional
interactions brought by the hydroxyl group could explain the experimental results

obtained with CAPSO and MOPSO molecules. These modeling results support all the
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more the use of MOPSO and CAPSO as a template for the development Macro

domain inhibitors.

S-MOPSO

4 R-MOPSO
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Figure 6. Molecular docking and amino acids interaction in SARS-CoV Macro
domain. Docking structures (left panels) and potentially amino acids interaction
(right panels) in the ADP-ribose binding cleft. (A) S-MOPSO. (B) R-MOPSO. (C) S-
CAPSO and (D) R-CAPSO. Docking was performed by positioning each analog at
the MOPS place using AutoDock Vina (18). Chemical structure of S/R-MOPSO or
S/R-CAPSO and corresponding amino acids are exposed according to stick and balls
model. Interaction of covalent bonds of ligands are shown in purple and of amino acid

residues in brown. The crescents with the bristles represent hydrophobic interactions.
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The hydrophobic atoms are colored in black. Hydrogen bonds formed between
residues and ligand are represented as green dashed lines with the bond length as
numeric numbers. Surrounding residues, in the hydrophobic pocket, in contact with
the molecule are displayed as red eyelash symbols. Diagrams were generated by

LigPlot+ (27).

Finally, in the present study, we developed an efficient low cost ELISA assay for the
pre-screen of Macro domain inhibitors. Based on the presence of a MOPS molecule in
the 3D structure of SARS-CoV Macro domain, we investigated the inhibitory
potential of MOPS analogs on SARS-CoV and SARS-CoV-2 Macro domains. We
found that MOPSO and CAPSO display an inhibitory effect toward SARS-CoV and
SARS-CoV-2 Macro domain, prompting the use of MOPS as a scaffold for inhibitor

design.
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Table 1. MOPS analogues
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5 General Conclusions and perspectives

This thesis aimed to identify and characterize (+) RNA viruses nsPs involved in viral
escape to develop antiviral tools. During the replication of these viruses, the
accumulation of intermediate dsRNAs trigger the antiviral response in the infected
cells. These dsRNA intermediates act as a signal to activate different receptors as
PKR, inhibiting protein translation, and OAS, activating RNase L. Despite all the
antiviral strategies, the virus has developed several tools to counteract the immune
response. nsPs play a key role in this interference by interacting specifically with host
factors. Despite the growing interest in the replication complex of emerging viruses in
recent years, many questions remain unanswered about the function of different nsP’s
domains. Biochemical and functional characterization of nsPs are the step forward in
understanding the multiple mechanisms and interactions involved in the viral
infection. The study of molecular basis of the interactions between RNA viruses and

host cells is a field that needs urgent attention.

Acknowledging this soon will make it possible to merge antiviral approaches, directly
by inhibiting viral enzymes, and indirectly, by modulating/adequately stimulating the
innate immunity in the infected cells. In this context, HEV was the chosen model to
study viral escape carried out through the activation of OAS pathway. In alphaviruses,
we studied the mechanism of cap structure addition, which is unique in these viruses
and poses to be an attractive therapeutic target. In addition, coronavirus was the
selected model to investigate the role of the Macro domain in viral evasion via ADP

ribosylation.

HEYV, belonging to the alphavirus-like super family, is now recognized as a global
health threat around the globe. HEV causes acute and chronic hepatitis in humans.

The HEV ORF1 encodes the viral nsps, essential for RNA replication and crucial for
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the down regulation of innate immune response, via the inhibition of IFN production.
Bioinformatic analysis allowed us to identify the presence of putative 2-5 PDE
conserved motif in the ORF1, which could be involved in the inhibition of
OAS/RNase L pathway. The IFN inducible OAS/RNase L system relies on the
synthesis of short 2-5 oligonucleotides (2-5A) by OAS that activate the latent cellular
RNase L. The latter degrades viral and cellular RNAs which then restricts viral
infection. Here, we report B-IFN inhibition in response to PDE HEV ORF1 domains
transfection in Huh7.5 cells. The ORF1 domains -XD, XD-HVD, HEL and RdRp
reduce B-IFN in comparison to the control. Intriguingly, a high reduction in B-IFN
was achieved by the presence of more than one domain. This reduction was
accentuated when XD or XD-HVD domains were present. In this work, we tried to
determine the implication of these motifs in the inactivation of the innate immune
response against HEV. Biochemical results showed that 2-5 A can be degradated only
when incubated in the presence of XD-HVD and HEL, leading to the generation of
the possible tri- and mono-phosphorylated 2-5 oligo-dimers. The formation of these
two compounds can be due to PDE activity, leading to the cleavage of the 2-5A
bound, associated to the NTPase activity of HEL. These results suggest that the
combination of these domains could play an important role in the virus escape,
because the 2-5 oligodimers are not able to activate RNase L. Mutagenesis studies
are underway to validate and complete the obtained results. This work will help

consolidating the role of HEV ORF1 proteins in viral escape.

As a long-term perspective of this study, it will be interesting to evaluate the
implication of these motifs in functions related to RNA metabolism. Taking in to
account that viral PDE activities are thought to derive from ancestral activities of the
family of proteins related to RNA ligases (LigT-like), found in bacteria and archaea,
and involved in the metabolism and maturation of RNAs. This suggests that the
Hx(T/S)x motif may present a binding site to RNA and / or nucleotides (ATP, 2-5A,
NADP + and ADP derivatives ribose). These interactions could also play an important

role in evading the innate immunity.
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Alphaviruses are one of the three families of the arthropod-borne viruses
(arboviruses) that currently cause human disease. The alphavirus nsP1 carries MTase
and GTase activities, involved in the addition of the cap structure of viral RNA.
Resistance mutations reported in nsP1 following virus challenging with Inosine-5'-
monophosphate dehydrogenase (IMPDH) inhibitors, such as ribavirin, highlighted the
role of non-catalytic residues in the cap structure addition process (182). Our study
explained that the resistance mechanism is based on a change in affinity to GTP, the
substrate of MTase reaction. Furthermore, reverse genetic experiments have revealed
residues indicative of a possible susceptibility to ribavirin. Our results represent an
important contribution to the understanding of possible resistance mechanisms,

crucial for the future rational design of nsP1 inhibitors.

In parallel, we elucidated the role of 5° RNA secondary structures of the VEEV
genome in the interaction with nsP1 and the cap structure addition (183). Secondary
structures at the 5’-end of the genomic RNA of alphaviruses play a critical role in the
regulation of the synthesis of genomic and sgRNAs. In addition, the presence of a
hairpin structure at the 5 "-end of the genome has been shown to play a crucial role in
the innate immunity escape mediated by restriction factor- IFIT1. The latter being
involved in the inhibition of viral RNA (VRNA) translation. Our findings showed that
nsP1 VEEV effectively caps RNA ranging from 1 to 130 nucleotides. RNA length of
more than 130 nts do not represent a good substrate for nsP1 activity. Moreover, we
showed that both structure and sequence of 5'-hairpin of the genome are crucial for
the binding to nsP1. This suggests that the attenuated phenotype of strain TC-83 could
be accentuated by a deficiency in the cap structure acquisition along with the other

factors.

Coronaviruses are one of the known largest group of viruses belonging to the order
Nidovirales that typically affect the respiratory tract of mammals, including humans.
Before the current ongoing COVID-19 pandemic, researchers studying CoVs
encompassed a small community. This changed when SARS-CoV-2 emerged and the

COVID-19 was declared a public health emergency by WHO. The rapid development
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of vaccines and their approval provided a glimmer of hope for the world to return to
normal. However, the emergence of SARS-CoV-2 variants might cause a resistance to
vaccines. An orthogonal and complementary approach to vaccine strategies lies in the
development of antiviral drugs against COVID-19. This requires the rapid

identification of antiviral targets and the development of specific therapeutic agents.

Data from the literature tend to designate the Macro domain of SARS-CoV-2 as a
good therapeutic target. However, to be effective, an antiviral agent it must be specific
and selective. The only way to bring these two prerequisites together is to broaden
fundamental knowledge about the drug target. But also to delimit the differences and
possible redundancies between the modules that are maintained within a virus family.
The aims of this part of the thesis was based on the biochemical and functional
characterization of SARS-CoV-2 Macro domain, but also to develop and screen
specific inhibitors that are interfering with the binding of ADP-ribose and/or

hydrolysis of its derivatives.

The structural data, published recently, described the Macro domain folding of SARS-
CoV-2 (184). Here we investigated the role of phenylalanine residue 156 (F156) in the
Macro domain of SARS-CoV-2 and its corresponding asparagine 157 (N157) in the
Macro domain of SARS-CoV. The mutational analysis of the mentioned residues -
F156 and N157 implied only slight variations in ADP-ribose binding. However, these
mutations had a drastic impact on the Macro domain de-MARylation activity in
SARS-CoV-2 and SARS-CoV. Besides, the effect of MOPS analogues in the ADP-
ribose binding pocket of SARS-CoV and SARS-CoV-2 Macro domain were
investigated. Two MOPS analogues, MOPSO and CAPSO were identified as
potential candidates for highly specific Macro domain inhibitor design. An ELISA
was developed to pre-screen the Macro domain inhibitors. This new technique allows

a rapid screen of a large numbers of samples and conditions at once.

The future perspectives regarding to Macro domains will be focused on the design, on

the basis of structural data, of small molecules with inhibitory potential. These
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molecules will be tested, on the recombinant SARS-CoV and SARS-CoV-2 Macro
domains, in terms of inhibition of binding and hydrolysis of ADP-ribose derivatives.
Active candidates are to be validated in the cellular system. Further, mutagenesis
studies will need to be performed to target specific divergent residues between SARS-
CoV and SARS-CoV-2 with the objective of highlighting differences between the two
viruses in terms of ligand binding and hydrolysis activities. Evaluating the effect of
these mutations on susceptibility to IFN and the activation of ISGs in infected cells

will increase the knowledge of the specificity of each virus.

Finally, the identification and understanding of viral activities involved in the
activation of cellular defence could allow the identification of targets that can be

exploited for the generation of specific antiviral agents.
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