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ABSTRACT

Synthetic nucleoside analogues characterized byGaabomeric linkage form a family of
promising therapeutics against infectious and malng diseases. HereirG-nucleosides
comprising structural variations at the sugar amcleobase moieties were examined for their
ability to inhibit both murine and human norovifddlA-dependent RNA polymerase (RdRp).
We have found that the combination of 4-amino-pgiy1-f][1,2,4]triazine and its
7-halogenated congeners with eithem-aibose or 2'C-methylD-ribose unit resulted in
analogues with good antiviral activity against marnorovirus (MNV), albeit coupled with a
significant cytotoxicity. Among this series, 4-az®-dideazaadenosine notably retained a
strong antiviral effect in a human norovirus (HuNa¥plicon assay with an Eg= 0.015
KM. This study demonstrates thi@nucleosides can be used as viable starting sdaffor
further optimization towards the development of laaside-based inhibitors of norovirus
replication.
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1. Introduction

Noroviruses are positive-sense single-stranded RN#SRNA) viruses responsible for
large outbreaks of acute gastroenteritis aroundwiied.>? Typically, symptoms including
vomiting, diarrhea, abdominal cramps, and nausealasa about two or three days in healthy
adults. However, this infection can be prolonged severe (even life-threatening) in young
children, elderly and immunocompromised persons, o wlkkan develop chronic
grastroenteriti§* The current therapy for norovirus infections reli®n electrolyte
replenishment for dehydrated individuals along witleasures for outbreak control and
prevention that are restricted to the often inedfit use of antiseptics and hand-sanitizers.
Despite the clear need for medical intervention, approved vaccine or small molecule
antiviral treatment is currently available. Thispartly due to the fact that only recently
human norovirus (HuNoV) was successfully cultivaiteditro.>® Hence, there is an urgency
to develop therapeutic agents that can either tiréchibit norovirus RNA replication or
interfere with the function of structural and ndnistural proteins encoded by the norovirus
genome’® Selected examples of molecules recognized as tohsbiof the activity of



norovirus RNA-dependent RNA polymerase (RdRp) awergin Fig.1. From a structural
standpoint, they include both nucleosides and naneoside compounds?

Several small heterocycles exhibiting anti-norasirahibitory activity in the micromolar
range, such as the phenylthiazole (NIC02) anddt&a¢NIC10) derivatives shown in Fig.*1,
were identified as potential scaffolds for furthgnug development. On the other hand,
ribavirin was one of the first nucleosides foundeftectively inhibit norovirus replication
(ECso = 43 pM)? 2'-C-Methyl-cytidine (2CM-C) was initially developed as HCV
polymerase inhibitor, but later proven to inhibisamurine norovirus (MNV) polymerase
(ECso = 2 pM)®and HuNoV replication in the human B cell BJAB chile (EGo = 0.3
uM).¥* Both 2CM-C and its fluorinated analogue 2-flu@eC-methyl-cytidine
(2’-F-2’-CM-C) displayed comparable antiviral agtwwvagainst both MNV and HuNoV in cell
based assay8.Among non-nucleoside anti-norovirus agents, it irttv mentioning
polyanionic naphthalene analogues such as sutafiand NF023°

In recent years, much effort has been devoted g¢octtemical synthesis and biological
evaluation of C-nucleoside analogues as potential antiviral aggrifsin particular, the
coupling of 4-amino-pyrrolo[2,1-f][1,2,4]triazineol 4-aza-7,9-dideazaadenine) to various
sugar moieties has delivered modifi€ehucleosides with a broad-spectrum activity against
viruses belonging to thd&laviviridae (HCV), Orthomyxoviridag Paramyxoviridag and
Coronaviridaefamilies. In an early study, Z-methyl-4-aza-7,9-dideazaadenosine (Fidl)2,
was identified as a selective HCV polymerase inbibit cell cultures (E§ = 1.98uM).*
Base-modified derivatives df have also shown promising anti-HCV properties itmov
Specifically, the 7-carboamido analogReexhibited a remarkable 40-fold improvement in
potency relative to the parent compouhdwhile the 7-fluoro pyrrolotriazine analoguse
showed good anti-HCV activity (B¢ = 3.1 pM) without concomitant cytotoxicity
(CCso >100 pM)?° We too became interested in these analogues artiesjzed ribose
containingC-nucleosidedl-7 (Fig. 2) with either a hydrogen atom or halogenugrat the
7-position of the nucleobadé.
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Fig. 1. Nucleoside and non-nucleoside inhibitors of nanawireplication.

Given the broad-spectrum activity of pyrrolotriazicontainingC-nucleosides against RNA
viruses, we compared a series of sugar- and baddieab C-nucleosides as potential



norovirus inhibitors. Our planned structure-acyivielationship study comprehended three
types of sugar modifications, i.ep-ribose, 2'C-methylD-ribose, and L-ribose, in
combination with the presence of H, ClI, Br, ordras at the 7 position of the pyrrolotriazine
scaffold (Fig. 2). In additionN-nucleoside analogu® featuring 7-deaza-7-chloroadenine as
nucleobase was also included in our study. Thenegid ofL-ribose type of analogues such as
10 and 11 was motivated by the generally lower toxicity afcteoside antivirals bearing a
L-sugar moiety compared to thercounterparts, as demonstrated by the clinical afse
lamivudine (-3TC), clevudine, and telbivudine-¢IT).2?
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Fig. 2. Known C-nucleosided-7 and additional structural analogu&sl() investigated in this study.

2. Results and discussion

2.1. Chemistry

Suitable synthetic procedures for the preparatibncampounds4-7 were previously
described* Compound8 was synthesized according to a literature metiepdnted by Seela
et al®® As shown in Scheme 1, nucleobdSewas first silylated under standard conditions
[bis(trimethylsilyl)acetamide (BSA) in anhydrous ®IW] at room temperature, and then
reacted with 10-acetyl-2,3,5-triO-benzoylg-D-ribofuranose 12 to afford glycosylated
intermediatel3 with a 1'f-configuration. Compound4 was then converted into 7-chloro
tubercidin derivative8 upon treatment with methanolic ammonia in a setlbd (120 °C, 24
h).
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Scheme 1.Synthesis of 7-chloro tubercidin analogBieReagents and conditian&) BSA, TMSOTf, MeCN,
50 °C, 1 h, 70%; (b) 7 M NHn MeOH, 120 °C, 24 h, 84%.



4-Amino-pyrrolo[2,1-f][1,2,4]triazine containin@-nucleoside analogugé was previously
obtained using a linear synthetic route by buildimg bicyclic heterocyclic nucleobase at the
1-position of a 2-methyl modified sugar moiéty. However, the 3,5-bis-dichlorobenzyl
protected 2=-Me-riboside used as starting material is not gam#ailable. Moreover, in the
initial stage of the nucleobase construction annarec mixture of pyrrolo nucleoside
intermediates was obtained, which needed to bédudeparated. Therefore, it was deemed
preferable to follow a convergent synthetic appho@cobtain this compound or its analogues
such as compound 9. As shown in Scheme 2,
3,5-di-O-benzyl-2-keto-1a-O-methyl-D-ribofuranosel5 was synthesized in a 43% overall
yield over four steps starting fromribose and by employing a similar procedure a$ tha
reported by Liet al?®> Subsequent stereospecific addition of a 2’-meginglip at the8-face of
the ribofuranose moiety was accomplished by regdtthwith methylmagnesium bromide in
THF to give diO-benzyl-2C-4-methoxyl-1e-O-methylD-ribofuranosel6 in 70% yield. At
this stage of the synthesis, tig-[and [R]-configuration of 1-C and 2-C, respectively, were
confirmed by 2D NMR analysis based on the NOE adgons between H-1 and H-3,
2-C-Me as well as OMe with H-4 (see Supporting Infotiorg).
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Scheme 2. Synthesis of 2€-methyl-4-aza-7-chloro-7,9-dideazaadenosi@enucleoside 9. Reagents and
conditions (a) CHMgBr, THF, 3 h, 92%; (b) NaH, BnBr, TBAI, THF, 7C€; on, 73%; (c) (i) AcOH, 1 N HCl in
H,0, 80 °C, 4 h; (ii) DMSO, A®©, rt, on, 76% over two steps; (d) Lithium diisopytamide (LDA), THF,
-78 °C, 3 h, 32%; (e) BfOEL, ESiH, DCM, 0 °C, 40 min, 71%; (f) 7 M NHn MeOH, 100 °C, 24 h, 59%; (Q)
Pd(OH)/C, H,, EtOH:cyclohexene = 4:1, rt, 24 h, 80%; fkrhlorosuccinimide (NCS), DMF, 0 °C to rt, 2 days,
32%.

Subsequently, compount underwent a benzylation reaction to afford fullsotected
sugar analogug?. This step was found to proceed sluggishly at reemperature, however, a
satisfactory 73% vyield could be obtained when thaction was performed at elevated
temperature (70 °C). Hydrolysis of compoubd by treatment with 1 N HCI, followed by
oxidation of the resulting 1-OH group in the presenf DMSO/AgO? afforded lactond8
in 76% vyield over two steps. For tl@nucleoside construction, we employed a similar
synthetic strategy as that previously used for $fathesis of4.>* The lithium salt of
thiomethyl substituted heterocyd® was coupled with protected ribonolactdi® affording



nucleoside lactoR0 as a mixture of anomers. Anomeric reduction of iaestal 20 using
triethylsilane and boron trifluoride etherate affed stereoselectivel@-nucleoside2l as a
p-anomer. Next, amine replacement of the thiometrgup furnished a benzyl protected
C-nucleoside intermediate, which underw@atiebenzylation upon hydrogenolysis catalyzed
by palladium hydroxide on carbon (Pd(QHK)) affordingC-nucleosidel. Chlorine was then
readily introduced at the 7-position of the nuclkesd by treatment witN-chlorosuccinimide
to provide9 in 32% vyield.

The same general strategy was used to synthesizeucleosided.0 and11, as illustrated
in Scheme 3. In this case, the synthetic routdestadromL-ribose, which was first reacted
with methanol under Fischer glycosylation condiida give23in 91% vyield. A subsequent
perbenzylation reaction yielded methyl-2,3,5@benzylf/a-L-riboside 24, which was then
subjected to acid hydrolysis and oxidation in thespnce of DMSO/A©® to afford lactone
24in 50% vyield over two steps. Compoufll was then reactedith its aglycone coupling
partner under the conditions described above twigeed®6 as a mixture of anomers in 60%
yield. Upon reduction, onlg-anomer27 was isolated in 70% yield. Subsequent protecting
group manipulation led tdlO, which smoothly underwent further chlorination the
nucleobase to affordil.
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Scheme 3.Synthesis ofL-sugar modified 7-chloro pyrrolotriazine nucleosided and 11. Reagents and
conditions: (a) conc. }$0,, MeOH, rt, 5 h, 91%; (b) NaH, BnBr, THF, 0 °C tp on, 75%; (c) (i) AcOH, 1 N
HCIl in H,O, 80 °C, 4 h; (ii) DMSO, A, rt, on, 60% over two steps; (89, Lithium diisopropylamide (LDA),
THF, -78 °C, 3 h, 60%; (e) BFOEL, E&SiH, DCM, 0 °C, 40 min, 70%; (f) 7 M NHn MeOH, 100 °C, 24 h,
80%; (g) Pd(OHYC, H,, CH;COOH, rt, 48 h, 80%; (hiN-Chlorosuccinimide (NCS), DMF, 0 °C to rt, 2 days,
25%.

In addition, encouraged by previous literature epiast’?® a selected prodrug of
compounds, which emerged as the most active congener agaiht but did not retain its
activity against HuNoV (see below), was also preda(Scheme 4). Benzyl esters are
commonly used as prodrug moieties to improve thermy of nucleoside prodrugs due to the
fact that they are good substrates for the estémaséred in phosphoramidate conversfoni®
In this study, bisphosphoramid28 was specifically proposed in order to avoid the
introduction of a chiral phosphorus atom in theepaicompound.
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Scheme 4.Synthesis of bisphosphoramide prodr2@ Reagents and conditianga) L-alanine benzyl ester
hydrochloride, POG] NaHCQ, PO(OMe}, 0 °C to rt, 11%.

2.2. Antiviral activity

At first, compoundsl, 4-11, and28 were screened for their ability to inhibit thevitro
replication of genogroup V (GV) MNV, which is a sogate for the HuNoV. To this aim, a
cytopathic effect (CPE)-based assay was performélei murine macrophage cell line RAW
264.7 with a readout at 72 h post-infection. Allhqmunds were evaluated by performing
dose response experiments at 8 different concemigain order to determine their EC
values. The related cytotoxicity (G4 was also determined in parallel in uninfectedsc&ll
results obtained from these tests are summarizédtte 1.

Compound4 along with its halogenated derivativés6 and 2'/-Me-C-nucleosidel
exhibited good to potent inhibitory activity agaimsrovirus, yet also displayed substantial
cytotoxicity. In particular, 28-Me C-nucleosidéel inhibited MNV replication with an E&g of
~11 pM and Cg of ~24 puM. Compound 4 bearing an unmodified
pyrrolo[2,1-f][triazin-4-amino]adenine base and Tftshlorinated analogug emerged as the
most potent compounds with a similarg6f 0.007 uM. The cytotoxic effect increased upon
replacement of the 7-Ht with a Cl atom %), as demonstrated by the corresponding decrease
in CGCsp from 0.14 to 0.01 along with a diminishing SI. Bro and iodo analoguésand7
were slightly less active and cytotoxic with ansg6f 0.024 and 0.035 uM and Gg»f 0.45
and 0.78 uM, respectively.

In a previous study, cellular toxicity against sfiecimmortalized cell lines was also
observed for compounds7.2* On the other hand, tHé-nucleoside congené& and the base
chlorinated derivative of 25-Me C-nucleosidel (compoundd) were found to be devoid of
any significant antiviral activity, while exhibitina CGg of 2.53 and 4.78 uM, respectively. It
should be noted that the 7-chloro modifiegs2Me C-nucleosided was more toxic thaf.

No antiviral activity or cytotoxicity was observed the highest concentration tested for
compoundslO and11 featuring aL-sugar moiety. Surprisingly, the introduction opr@drug
moiety at the 5’-position of compounsl led to the complete loss of both antiviral and
cytotoxic effects, as shown in Table 1 for compo@®&(entry 10). This is unusual as
generally phosphoramidate prodrugs are more pthantthe parent drugs; however, a similar
case was recently reportéand could most likely be justified by the facttthiae prodrug
cannot be readily cleaved to release the parem¢oside inside the cell.

Table 1
In vitro inhibitory activity of compounds, 4-11, and28 against murine norovirus (MNV).

Entry Compound ECso (UM)® CCso (UM)" Sl




1 1 11.1 23.7 2
2 4 0.007 0.14 20
3 5 0.007 >0.01 >1
4 6 0.024 0.45 19
5 7 0.035 0.78 22
6 8 >2° 2.53 -
7 9 >4° 4.78 -
8 10 >100F >100 -
9 11 >100 >100 -
10 28 >10F >10 -

®ECy is the effective concentration to inhibit the feation of the virus by 50%°CCs, is the cytotoxic
concentration that reduces the number of viablés ¢l 50%.°EC5p> indicates that no antiviral activity was
observed at the highest concentration tested.

Furthermore, compounds7, which emerged as threost active of this series in the MNV
assay, were also evaluated against HuNoV usingrahugastric tumor-1 (HGT-1) cell line
that stably expresses the genome of genogroup 11XGH#uNoV. This HuNoV Gl.1
replicon-bearing cell line is the standardly useddei for studying the antiviral effect of
small molecule&’ In this system, the intracellular GI.1 virus repl RNA was quantified by
quantitative reverse transcription-PCR [qRT-PCRhg-actin mRNA as reference getie.
Since the gene encoding for the major capsid pragereplaced by a neomycin resistance
gene, no new virus particles are produced, howthenon-structural proteins are expressed
and the replication of the genomic RNA can be aready’ >

As shown in Table 2, it can be seen that compauneduced the levels of HUNoV virus
RNA with an EG of 0.015 puM. However, at concentrations highentttze EGo, a toxic
effect was observed on the host cells. Compdsdlid not show activity to reduce level of
HuNoV virus RNA but displayed cytotoxicity with aJg, ranges from 3.1 uM to 6.3 uM.

The differences in E4 values between the antiviral assays used in tady<ould be due
to the fact that the corresponding viruses belamgwo different norovirus genogroups.
Despite the great similarities between the RdRpSIadnd GV noroviruses, at the amino acid
level they are ~70% alike. Another factor coulddtiibuted to the technical details of the
assays that use very different readouts.

Table 2
In vitro inhibitory activity of compound4-7 against human norovirus (HuNoV).
Entry Compound ECso (UM)°® CCso(uM)"
1 4 0.015 0.031
2 5 >10 4.7
3 6 >10 3.1
4 7 >10 6.3

®ECs is defined as the compound concentration thatltezbin a 50% reduction of the relative HuNoV
replicon RNA levels (when compared to a housekagpane S-actin). In addition, a potential toxic effect diet
compounds in host cells was scored microscopiealthie same time point (72 hours BJCs is defined as the
compound concentration that reduced the numbeeltsf with a normal morphology by 50%.



3. Conclusions

In summarya series oC-nucleoside derivatives obtained by combining diegr modified
sugar and nucleobase moieties were evaluated firahactivity against both murine and
human norovirus. Synthetically, all compounds warepared using a direct coupling method
based on the nucleophilic addition of a heterocytlase to suitably protected modified
furanolactone intermediates. A prodrug (compo@dBdwas also prepared in the expectation
that the delivery of the monophosphate of the gameodified nucleoside to the cell could
lead to enhanced biological activity. Among thesenpounds, 4-aza-7,9-dideazaadenosine,
its 7-halogenated analogue as well as a p-Rle-C-nucleoside bearing
4-aza-7,9-dideazaadenine displayed good inhibigayvity in the MVN assay with Ef
values ranging from 0.007 to 11 uM. Despite thavagtbeing coupled with significant
cytotoxicity, it was interesting to note that 4-az8-dideazaadenosine retained its antiviral
activity also in a HuNoV GI.1 replicon system. Owito its dual activity against both murine
and human norovirus, compouddould function as reference structure to furthabetate
the structure-activity relationship Gknucleosides as selective anti-norovirus agents.

4. Experimental section

4.1. General information

All reagents and solvents were purchased from cawialesources and used as obtained.
Moisture sensitive reactions were carried out usiwgn-dried glassware under a nitrogen or
argon atmospheréH NMR, °C NMR, and*'P NMR spectra were recorded on a Bruker
Avance 300 or 600 MHz spectrometer using tetranigitagie as internal standard or
referenced to the residual solvent signal. Theowathg abbreviations were used to indicate
multiplicities: s (singlet), d (doublet), t (trig)e g (quartet), m (multiplet), br (broad), and dd
(doublet of doublets). Coupling constants are esqeéd in hertz (Hz). High-resolution mass
spectra (HRMS) were obtained on a quadrupole odhalgacceleration time-of-flight mass
spectrometer (Synapt G2 HDMS, Waters, Milford, MA&amples were infused at 3 puL/min
and spectra were obtained in positive ionizatiordenwith a resolution of 15000 (fwhm)
using leucine enkephalin as lock mass. Pre-codtedirum sheets (254 nm) were used for
thin layer chromatography (TLC), and spots weraiafized with UV light. All intermediate
products were purified by silica gel column chroogaaphy on silica gel (40-60 p, 60 A).
Final compounds were purified by preparative RP-BRC18 Phenomenex Gemini column,
110 A, 10 pm, 21.2 mm x 250 mm) using a linear igradf CHCN or MeOH and KD.

A detailed account of the synthesis and charaet#oiz of compoundg-7 was previously
reported?’

4.1.1. 7-Deaza-7-chloroadenosir®.(A solution of compound4**(1.0 g, 1.58 mmol) in 7 N



methanolic NH (60 mL) was stirred for 24 h at 120 °C. After rerabof all the volatiles in
vacuo, the crude residue was purified by silicacpdimn chromatography (GBl,/MeOH =
10:1, v/v) to afford title compoun@l as a white solid (400 mg, 84% yieldd NMR (300
MHz, CD;0OD) 6 8.08 (s, 1H, b), 7.56 (s, 1H, i), 6.06 (d,J;'»= 6.0 Hz, 1H, H), 4.32 (dd,
J2'3': 4.9 HZ,Jz'l': 6.0 Hz, 1H, H), 4.06 (dd,‘J3',4’: 34 HZ,Jg',z': 4.9 Hz, 1H, H), 3.88
(ddd,Jy 3= 3.4 Hz,dp 5= 3.8,ds 5 = 3.7 Hz, 1H, 1), 3.63-3.47 (% dd, Jyem= 11.8 Hz,J5 »

= 3.8 Hz,Js4 = 3.7 Hz, 2H, B Hs); ®*C{*H} NMR (75 MHz, CD;OD) & 156.8 (C-2),
152.7 (C-4), 149, 3 (C-5), 119.2 (C-6), 102.7 (¢100.0 (C-8), 86.9 (C-1"), 85.2 (C-4’), 73.9
(C-27), 70.5 (C-3), 61.5 (C-5'); HRMS (ESI-TOF) m/calcd for GiH13CIiN4Os ([M+Na]"),
301.0704, found 301.0703.

4.1.2. Methyl 3,5-di-O-benzyl-2-&methyla-D-ribofuranoside {6). To a solution of methyl
3,5-di-O-benzyl-2-ketou-D-ribofuranosidel 52 (8.0 g, 23.4 mmol) in dry THF (50.0 mL) at 0
°C was added methylmagnesium bromide (3.0 M in THFES mL, 58.4 mmol) under an
argon atmosphere. After stirring at room tempegatior 4 h, the reaction mixture was
guenched with saturated aq. MH. It was then extracted with dichloromethane, dnel
organic layer was washed with brine. After remosall the volatiles in vacuo, the residue
was purified by silica gel column chromatographyeptane/EtOAc, 2:1, v/v) to give
compoundL6 as an oil (7.8 g, 92% vield)H NMR (600 MHz, CDC}) & 7.33-7.25 (m, 10H,
Ar-H), 4.76 (d,J = 12.0 Hz, 1H, O@E,Ph), 4.50-4.41 (m, 4H, HHOCH,Ph), 4.12 (dddJ, 3 =
4.2 Hz,d45a= 4.2 Hz,da5p = 3.2, 1H, H), 3.51-3.43 (2 dd, Jgem = 11.3 Hz,Jsp4 = 3.2 Hz,
Jsaa= 4.2 Hz, 2H, H, Hsp), 3.41 (s, 3H, OH3), 3.39 (s, 1H, OH), 3.33 (d3 4= 4.1 Hz, 1H,
Hs); “*C{*H} NMR (150 MHz, CDC}) § 138.2, 128.7, 128.2, 128.1, 127.9, 107.8, 82.6,81
76.9, 73.7, 73.3, 70.2, 55.5, 24.9; HRMS (ESI-T@#): calcd for GiH¢0s ([M+Na]’),
381.1678, found 381.1670.

4.1.3. Methyl 2,3,5-di-O-benzyl-2£methyla-D-ribofuranoside {7). Sodium hydride (60%,
17 g, 87.0 mmol) was added to a solutiorl6f(7.8 g, 21.8 mmol) in dry THF (100 mL) at
room temperature. After hydrogen generation cedsexzyl bromide (7.8 mL, 65.3 mmol)
and tetrabutylammonium iodide (241 mg, 0.653 mma@)e added. After stirring overnight at
70 °C, the reaction mixture was slowly poured iotdd saturated ag. ammonium chloride
(100 mL) at 0 °C. The mixture was then extractethviatOAc (3 x 200 mL), and the
combined organic layers were washed with brineeddrover NgSO,, filtered, and
concentrated under reduced pressure. The resultude residue was purified by silica gel
column chromatography (gradient heptane/EtOAc, 293:1, v/v) to affordl7 as an oil (7.2
g, 73%)."H NMR (300 MHz, CDC}) § 7.43 (d,J = 7.0 Hz, 2H, AH), 7.35-7.21 (m, 13H,
Ar-H), 4.79 (d,J = 12.0 Hz, 1H, OE,Ph), 4.69 (s, 1H, b, 4.63-4.42 (m, 4H, KHand
OCH2Ph), 4.27 (dddJs5a= 4.5 Hz,J45p = 3.6 Hz,J43= 4.2 Hz, 1H, H), 3.58-3.50 (2x dd,
Jgem = 13.2 HZ,Jsp 4 = 3.6 Hz,Js504 = 4.5 Hz, 2H, HaHsp), 3.45 (s, 3H, O83), 1.33 (s, 3H,
CHs); *C{*H} NMR (75 MHz, CDCE) & 139.7, 138.8, 138.3, 128.7, 128.6, 128.5, 128.0,
127.9, 127.6, 127.5, 107.7, 82.5, 82.1, 82.0, 73BN, 70.2, 66.8, 55.6, 22.9; HRMS
(ESI-TOF) m/z: calcd for §Hs,0s ((M+Na]*), 471.2147, found 471.2135.

4.1.4. 2,3,5-Tri-O-benzyl-2-B-methylp-ribono-1,4-lactone 18). To a solution oflL7 (7.2 g,
16.1 mmol) in AcOH (50 mL) was added 1 N ag. HA.BLmL), and the mixture was stirred
for 4 h at 80 °C. After removal of all the volasléen vacuo, the residue was redissolved in
EtOAc. The organic layer was washed with saturated NaHCQ and brine, dried over



NaSQy, filtered, and evaporated under reduced pres3imeresulting residue was dissolved
in DMSO (25 mL), and then A® (15 mL) was slowly added at room temperature. The
mixture was stirred at room temperature overnitjhtas then extracted with EtOAc (3 x 200
mL), and the combined organic layers were washed liine, dried over N&O,, filtered,
and concentrated under reduced pressure. The madieie was purified by silica gel column
chromatography (heptane/EtOAc, 5:1, v/v) to affbédas an oil (5.3 g, 76%JH NMR (300
MHz, CDCk) 6 7.40-7.22 (m, 15H, AH), 4.81-4.45 (m, 4H, k Hy and OCH,Ph), 4.02 (d,

= 7.4 Hz, 1H, OE,Ph), 3.76-3.53 (2 x ddigem = 11.6 HzJsp 4= 2.3 Hz,J554= 3.7 Hz, 2H,
Hsa Hsp); *C{*H} NMR (75 MHz, CDC}) & 173.7, 138.3, 137.9, 137.7, 128.9, 128.8, 128.7,
128.5, 128.2, 128.0, 80.7, 80.4, 77.7, 73.8, ®&3(8, 20.3; HRMS (ESI-TOF) m/z: calcd for
C,7H2805 ((M+Na]*), 455.1834, found 455.1825.

4.1.5. 2,3,5-0O-Tribenzyl-1'-hydroxy-2’-C-methgkmethylthio-4-aza-7,9-dideazadenosine
(20). To a solution of 4-(methylthio)pyrrolo[2,1-f][1,dtdiazine 19 (1.2 g, 7.26 mmol) in
THF (20 mL) was added lithium diisopropylamide (2iMTHF, 5.4 mL, 10.9 mmol) at -78
°C under an argon atmosphere. The resulting mixtaestirred for 30 min at -7&. Then, a
solution of compound8 (3.2 g, 7.40 mmol) in THF (10 mL) was added at 2Z8and the
resulting reaction mixture was stirred for 3 h'& 2C. The reaction was quenched by adding
saturated aq. NI and then extracted with ethyl acetate. The acglayer was washed with
brine, dried over N&Q,, and concentrated in vacuo. The crude residuegpwaied by silica
gel silica gel column chromatography (heptane/ EtGA5:1, v/v) to give the title compound
as an oil (1.2 g, 32% yield). HRMS (ESI-TOF) m/alad for GsHzsN30sS: ([M+H]Y),
598.2376, found 598.2339.

4.1.6. 2',3',5-0-Tribenzyl-2’-C-methyl-6-methyltit-aza-7,9-dideazadenosin@l). To a
solution of compound20 (1.3 g, 2.17 mmol) in dichloromethane (50 mL) wasded
triethylsilane (1.01 g, 8.70 mmol) and trifluorobae (552.0 mg, 4.35 mmol) afG under an
argon atmosphere. The resulting solution was dtifoe 40 min at ®*C and then quenched
with saturated ag. N&@0O;. The mixture was extracted with ethyl acetate. dlganic layer
was washed with water, brine, dried over,8@, and concentrated in vacuo. The crude
residue was purified by silica gel column chromaaply (heptane/EtOAc = 10:1, v/v) to
give the title compound as an oil (900 mg, 718)NMR (300 MHz, CDCJ) & 8.17 (s, 1H,
Hy), 7.47-7.20 (m, 15H, AH), 7.04 (d,J = 4.5 Hz, 1H, H), 6.70 (d,J = 4.5 Hz, H), 5.92 (s,
1H, Hy), 4.85 (q,J = 11.5 Hz, 2H, @H,Ph), 4.71-4.39 (m, 5H, # Hy and OGH,Ph), 4.08
(d,J = 8.3 Hz, 1H, OEl,Ph), 3.94-3.68 (2 x ddgem= 11.2 Hz,J5 4 = 2.2 Hz,J5» 4 = 3.4 Hz,
2H, Hs Hs»), 2.62 (s, 3H, SB3), 1.00 (s, 3H, E5); **C{*H} NMR (75 MHz, CDCk) & 164.6,
145.3, 140.0, 138.5, 128.7, 128.6, 128.5, 128.8,112128.0, 127.5, 127.4, 121.9, 112.6,
102.5, 85.3, 82.3, 79.6, 78.1, 73.8, 69.4, 66.17,171.7; HRMS (ESI-TOF) m/z: calcd for
Cs4H35N304S5; ([M+H] +), 582.2427, found 582.2441.

4.1.7. 2’-C-Methyl-4-aza-7,9-dideazaadenosibe A solution of compoun@1 (900 mg, 2.11
mmol) in 7 N methanolic ammonia (60 mL) was stirfed24 h at 100C. After removal of
all the volatiles under reduced pressure, the neimgicrude residue was purified by silica gel
column chromatography (heptane/EtOAc = 5:1, v/vafford the debenzylated product as an
oil (500 mg, 59% yield)'H NMR (300 MHz, CDC{) & 7.84 (s, 1H, b), 7.45-7.22 (m, 15H,
Ar-H), 6.87 (dJ=4.5 Hz, H), 6.52 (dJ = 4.5 Hz, H), 6.14 (br, 2H, W), 5.90 (s, 1H, H),
4.85 (q,J = 12.0 Hz, 2H, OE,Ph), 4.70-4.37 (m, 5H, H Hz, and OGH,Ph), 4.07 (dJ =8.5



Hz, 1H, GCH,Ph), 3.92-3.69 (2 x ddlgem = 10.8 Hz,J5 4 = 2.2 Hz,J5» 4 = 3.4 Hz, 2H, B,
Hs), 1.04 (s, 3H, €); *C{*H} NMR (75 MHz, CDCE) & 155.6, 146.9, 140.0, 138.5, 131.1,
128.7, 128.6, 128.5, 128.3, 128.1, 127.9, 127.8,5,227.4, 114.3, 110.9, 100.9, 85.2, 82.7,
79.5, 78.3, 73.7, 69.6, 66.0, 17.9; HRMS (ESI-T@#}: calcd for GsHzN4O4 ([M+H]™),
551.2658, found 551.2661. Such intermediate (50Q 0§08 mmol) was dissolved in
cyclohexene/ethanol = 4/1 (10 mL), followed by #uidition of Pd(OH) (10%) (500 mg).
The reaction mixture was stirred under a hydrogeroaphere at 8%C for 12 h, cooled, and
then filtered through a pad of Celite. After evagimm under reduced pressure, the remaining
crude residue was purified by silica gel columnoohatography (CkCl,/MeOH = 10:1, v/v)
affording compound. as a white solid (200 mg, 80% yield NMR (300 MHz, CROD) 5
7.79 (s, 1H, H), 6.88 (dJ= 4.5 Hz, H), 6.77 (dJ= 4.5 Hz, H), 5.57 (s, 1H, H), 4.02-3.78
(m, 3H, Hy, Hs Hs), 3.64 (s, 1H, H), 0.94 (s, 3H, E3); **C{*H} NMR (75 MHz, CD;OD)

6 155.3 (C-2), 146.0 (C-5), 129.9 (C-6), 113.8 (C49)9.65 (C-7), 101.27 (C-8), 81.9 (C-1"),
78.8 (C-4"), 74.4 (C-2'), 69.6 (C-3), 61.2 (C-519.6 (2€-CHg); HRMS (ESI-TOF) m/z:
calcd for GoH16N4O4 ([M+H] +), 281.1250, found 281.1243.

4.1.8. 2’-C-Methyl-7-chloro-4-aza-7,9-dideazaadenes(9). A solution of compound. (85
mg, 0.303 mmol) in anhydrous DMF (5 mL) was coadled °C. N-Chlorosuccinimide (32
mg, 0.242 mmol) was added and the reaction mixtuas stirred for 2 days at room
temperature. After evaporation under reduced presshe crude residue was purified by
silica gel column chromatography (g@E,/MeOH = 10:1, v/v) furnishing the title compound
as a white solid (30 mg, 32% yieldH NMR (300 MHz, CROD) & 7.74 (s, 1H, ), 6.83 (s,
1H, Hg), 5.53 (s, 1H, H), 4.00-3.75 (m, 3H, &, Hs Hs), 3.64 (s, 1H, K), 0.96 (s, 3H,
CHs); *C{*H} NMR (75 MHz, CD;0D) § 154.9 (C-2), 146.9 (C-5), 130.0 (C-6), 109.5 (C-9)
104.6 (C-8), 81.9 (C-7), 80.6 (C-1"), 78.8 (C-474%.0 (C-2'), 69.8 (C-3’), 60.8 (C-5), 19.4
(2-C-CHs); HRMS (ESI-TOF) m/z: calcd for &H15CliN4Os ([M+H]™), 315.0860, found
315.0869.

4.1.9. Methyla/p-L-ribofuranoside 22). A solution of L-ribose (5.0 g, 33.3 mmol) in
anhydrous methanol (100 mL) at 0 °C was treatetl wincentrated sulfuric acid (0.6 mL).
The reaction mixture was stirred at room tempeeatior 4.5 h. The solution was then
neutralized with solid N&Os; to pH > 7. The solid was filtered and washed wiigthanol (3

x 10 mL). After evaporation of the filtrate, methyp-L-ribofuranoside22 was obtained as an
oil (5.0 g, 91% vield)’H NMR analysis showed a ratio @f22/-22 ~1/4. Data for.: **C{*H}
NMR (75 MHz, CQOD) é 102.9 (C-1), 85.3 (C-4), 71.1 (C-2), 69.4 (C-3),6(C-5), 53.9
(OCHs); HRMS: calcd for @H1:,0s ([M+Na]*), 187.0582, found 187.0576. Data fb22: *H
NMR (300 MHz, CROD) 6 4.78 (s, 1H, h), 4.06 (d,J,3= 4.5 Hz, 1H, H), 3.98 (ddJs5p=
3.4 Hz,d452= 6.1 Hz, 1H, H), 3.92 (d,Js2 = 4.5 Hz, H), 3.74-3.54 (2 x ddJgem = 11.8 Hz,
Jsas = 6.1 Hz,Jsp4 = 3.6 Hz, 2H, Ha Hsp), 3.36 (s, 3H, 083); *C{*H} NMR (75 MHz,
CDs0D) 6 108.1, 83.0, 74.4, 71.0, 63.3, 53.8.

4.1.10. Methyl 2,3,5-tri-O-benzylp-L-ribofuranoside (23).Sodium hydride (60%, 13.0 g,
152.3 mmol) was added to a solution of methgtL-ribofuranoside22 (5.0 g, 30.5 mmol) in
dry DMF (100 mL) at room temperature under an argdmosphere. After hydrogen
generation ceased, benzyl bromide (19.0 mL, 12In®knwas added, and the mixture was
stirred at 0 °C to rt for 24 h. It was then slowlyured into cold saturated aq. MH (100 mL)
at 0 °C, and further diluted and extracted with £¢Q3 x 200 mL). The combined organic



layers were washed with brine, dried over8@, filtered, and concentrated under reduced
pressure. The crude residue was purified by sijeh column chromatography (gradient
heptane/EtOAc, 20:1 to 5:1, v/v) to affare?3/8-23 (10.0 g, 75% vyield). Data fg *H NMR
(300 MHz, CDC}) & 8.18-7.99 (m, 15H, AH), 5.74 (s, 1H, k), 5.47-5.17 (m, 7H, b 3 x
OCH,Ph), 4.86 (m, 1H, b, 4.66 (m, 1H, k), 4.44-4.32 (m, 2H, K Hsp), 4.09 (s, 3H,
OCHs); *C{*H} NMR (75 MHz, CDC}) & 138.8, 138.4, 138.3, 128.8, 128.4, 128.3, 128.2,
128.0, 127.9, 106.8, 80.9, 80.2, 78.9, 73.5, 7287, 71.8, 55.4; HRMS (ESI-TOF) m/z:
calcd for G7H300s ([M+Na]*), 457.1991, found 457.1978.

4.1.11. 2,3,5-Tri-O-benzyHibono-1,4-lactone Z4). To a solution o223 (10.0 g, 23.0 mmol)

in AcOH (100 mL) was added 1 N aq. HCI (25 mL), dahd mixture was stirred for 4 h at
80 °C. After removal of all the volatiles under uedd pressure, the residue was dissolved in
EtOAc and washed with ag. saturated NaH@®@d brine. The organic layer was then dried
over NaSQ,, filtered, and evaporated under reduced presdthre. resulting residue was
dissolved in DMSO (55 mL), then A© (33 mL) was slowly added at room temperature. The
mixture was stirred at room temperature overnighigporated under reduced pressure, and
the residue was diluted and extracted with EtOAg @00 mL). The combined organic layers
were washed with brine, dried over #S&y, filtered, and concentrated in vacuo. The crude
residue was purified by silica gel column chromeaaphy (heptane/EtOAc, 5:1, v/v) to afford
24 as an oil (6.0 g, 60%JH NMR (300 MHz, CDG}) § 7.36-7.21 (m, 13H, AH), 7.15-7.08
(m, 2H, ArH), 4.87 (d,J = 12.0 Hz, 1H, OE.Ph), 4.67 (tJ = 12.3 Hz, 1H, O@,Ph),
4.66-4.29 (M, 6H, b OCH,Ph), 4.07 (dJs 2= 5.2 Hz, 1H, H), 3.53 (m, 2H, kk Hsp); *C{*H}
NMR (75 MHz, CDC}) 6 174.2, 137.7, 137.6, 137.4, 128.9, 128.9, 1288,5, 128.4, 128.3,
127.9, 82.2, 75.8, 74.3, 73.9, 73.1, 72.70, 69 RMS (ESI-TOF) m/z: calcd for £gH2605
(IM+Na]"), 441.1678, found 441.1669.

4.1.12. 2,3',5-O-Tribenzyl-1'-hydroxy-6-methylthéd-aza-7,9-dideaza-adenosine 25). To

a solution of 4-(methylthio)pyrrolo[2,1-f][1,2,4j&zine 19 (800 mg, 4.78 mmol) in dry THF
(20 mL) was added lithium diisopropylamide (2 MTiF, 3.6 mL, 7.17 mmol) at -78C
under an argon atmosphere, and the resulting neixtuas stirred for 30 min at this
temperature. Then, a solution of compo@4d(3.0 g, 7.17 mmol) in dry THF (10 mL) was
added and the resulting reaction mixture was stifog further 3 h at -78C. The reaction
was quenched with saturated aq. /8Hand then extracted with ethyl acetate. The amgan
layer was washed with brine, dried over,8@, and concentrated in vacuo. The crude
residue was purified by silica gel column chromaapyy (heptane/EtOAc = 5:1, v/v) to give
the title compound as a yellow oil (1.6 g, 60% ¢)el[HRMS (ESI-TOF) m/z: calcd for
C33H35N305S; ([M+H] +), 584.2219, found 584.2186.

4.1.13. 2’,3',5-O-Tribenzyl-6-methylthio-4-aza-7d#leazat-adenosine 46). To a solution

of compound25 (1.60 g, 2.74 mmol) in dichloromethane (50 mL) veakled triethylsilane
(2.27 g, 11.0 mmol) and trifluoroborane (778.1 rBg}8 mmol) at 0°C under an argon
atmosphere. The resulting solution was stirreddfdomin at 0°C and then quenched with a
saturated ag. N&O; solution. The mixture was extracted with ethyltate and the organic
layer was washed with water and brine, dried ovesSR), filtered, and concentrated in
vacuo. The crude residue was purified by silicaagdimn chromatography (heptane/EtOAc
= 10:1, v/v) to give the title compound as an dil2(g, 80% yield)'H NMR (300 MHz,
CDCly) 6 8.17 (s, 1H, B), 7.32-7.20 (m, 15H, AH), 6.80 (dJ = 4.6 Hz, 1H, H), 6.66 (dJ =



4.6 Hz, 1H, H), 5.71 (d,J1» = 4.2 Hz, 1H, W), 4.72-4.37 (m, 7H, 3 x Q&:Ph, H), 4.25
(m, 1H, H), 4.12 (m,Hs), 3.81-3.60 (2 x dd)s» 2 = 3.3 Hz,J5» 4 = 3.9 HZ,Jgem= 10.8 Hz,
2H, Hs Hs'), 2.59 (s, 3H, SH3): *C{*H} NMR (75 MHz, CDCE) & 164.8, 145.4, 138.6,
138.2, 129.6, 128.7, 128.6, 128.4, 128.2, 128.7,9,2122.6, 112.6, 102.2, 81.0, 79.4, 77.6,
76.3, 73.7, 72.4, 72.0, 70.0, 11.7; HRMS (ESI-T@#): calcd for GaHsaNz04S, ((M+H]™),
568.2270, found 568.2258.

4.1.14. 2’,3',5’-O-Tribenzyl-4-aza-7,9-dideazaadenosine 7). A solution of compoun®6
(2.2 g, 2.11 mmol) in 7 N methanolic ammonia (60)mias stirred for 24 h at 100@. After
removal of all the volatiles in vacuo, the crudsidae was purified by silica gel column
chromatography (heptane/EtOAc = 5:1, v/v) to afftird title compound as a yellow oil (1.0
g, 80% yield).'H NMR (300 MHz, CDCJ) 6 7.86 (s, 1H, H), 7.41-7.19 (m, 15H, AH), 6.60
(d,J = 4.6 Hz, 1H, H), 6.49 (d,J = 4.6 Hz, 1H, H), 6.16 (br, 2H, M), 5.68 (d,Jy > = 4.2
Hz, 1H, H), 4.74-4.35 (m, 7H, 3 x O&,Ph, H), 4.25 (m, 1H, H), 4.12 (m, 1H, H),
3.81-3.60 (m, 2H, K Hs); **C{*H} NMR (75 MHz, CDCk) & 155.7, 147.2, 138.5, 138.2,
129.8, 128.6, 128.5, 128.4, 128.3, 128.2, 128.9,42278; HRMS (ESI-TOF) m/z: calcd for
C3oH3oN404 ([M‘l‘H] +), 537.2502, found 537.2512.

4.1.15. 4-Aza-7,9-dideazaadenosine10). To a solution of compoun27 (1.0 g, 1.86 mmol)
in AcOH (10 mL) was added Pd(OH(10%) (1.0 g) and the reaction mixture was stirred
under a hydrogen atmosphere at room temperatueBfor It was then filtered through a pad
of Celite, and the filtrate was concentrated uncegtuced pressure. The resulting crude
residue was purified by silica gel column chromaaplpy (CHCIl,/MeOH = 8:1, v/v) to
afford the title compound as a white solid (400 8@ yield).*H NMR (300 MHz, CROD)

8 7.78 (s, 1H, k), 6.88 (d,J = 4.6 Hz, 1H, H), 6.76 (d,J = 4.6 Hz, 1H, H), 5.25 (d,J;» =
6.3 Hz, 1H, H), 4.53 (ddJo ;' = 6.3 Hz,J» 3 = 5.4, 1H, H), 4.20 (ddJs 4= 3.9 Hz,J3 > -
5.4 HZ 1H, Hg), 4.06 (ddd,J45 =32 HZ,J4',5' =39 HZ,J4',3' =39 Hz, 1H, H), 3.85-3.67
(2 x dd,Js» 4 = 3.2 Hz,J5 4 = 3.9 HZ,Jgem= 12.1 Hz, 2H, g Hs*); “*C{*H} NMR (75 MHz,
CDs0D-d,) 6 155.6 (C-2), 146.2 (C-5), 128.3 (C-6), 114.9 (C-®0.4 (C-7), 100.9 (C-8),
84.7 (C-1), 76.9 (C-4’), 73.2 (C-2"), 71.6 (C-3%2.1 (C-5); HRMS (ESI-TOF) m/z: calcd
for C11H14N4Osg ([M+H] +), 267.1093, found 267.1091.

4.1.16. 7-Chloro-4-aza-7,9-dideazeadenosine X1). A solution of compoundlO (92 mg,
0.345 mmol) in anhydrous DMF (6 mL) was cooled tdQ) N-Chlorosuccinimide (51 mg,
0.345 mmol) was added and the reaction mixturestia®d for 2 days at room temperature.
The reaction mixture was concentrated and the credelue was purified by silica gel
column chromatography (GBl,/MeOH = 10:1, v/v) furnishing the title compoundaawhite
solid (30 mg, 29% yield)H NMR (300 MHz, DMSO-g) & 7.85 (s, 1H), 6.83 (s, 1H), 5.12 (d,
Ji > = 6.0 Hz, 1H, W), 4.16 (ddJ> 1 = 6.1 Hz,J» 3= 5.6 Hz, 1H, H), 3.94 (ddJs » = 5.6
Hz, J3',4': 4.6 Hz, |'i), 3.78 (ddd,J43 =4.6 HZ,J4',5" =3.8 HZ,J4',5': 4.1 Hz, H), 3.60-3.41
(2xdd, Js 4 = 4.1 Hz,Js:4 = 3.8 Hz,Jgem= 11.3 Hz, K Hs:); °*C{*H} NMR (75 MHz,
DMSO-&;) 6 155.0 (C-2), 148.1 (C-5), 129.5 (C-6), 110.5 (C-B)9.8 (C-8), 103.1 (C-7),
84.6 (C-1'), 75.0 (C-4"), 74.2 (C-2), 71.1 (C-3%1.8 (C-5'); HRMS (ESI-TOF) m/z: calcd
for C17H13CI1N4O4 ([M+H] +), 301.0704, found 301.0703.

4.1.17. 7-Chloro-5'-bis(l-alanine benzyl ester)pblogte-4-aza-7,9-dideazaadenosi@g)( To

a suspension of compousd50.0 mg, 0.16 mmol) and solid sodium bicarborf&@mg) in
trimethyl phosphate (1.5 mL) at 0 °C was added BRQ@Q7 mg, 0.78 mmol). The mixture



was stirred at 0 °C for 3 h, and a solution_adlanine benzyl ester hydrochloride (900 mg,
4.16 mmol) was then added. The reaction mixture stased at 0 °C for 0.5 h, then
triethylamine (0.1 mL) was added and stirred atwaemperature for 0.5 h. The reaction
mixture was diluted with ethyl acetate (10 mL), ivad with water (10 mL), brine, dried over
NaSQy, filtered, and concentrated under reduced pres3ire residue was purified first by
silica gel column chromatography (@E,/MeOH = 10:1, v/v) and then reverse phase HPLC
(5-60% MeCN in water) to afford compou@8 as a white foam (12 mg, 11%MH NMR (300
MHz, CD;0D) § 7.78 (s, 1H, k), 7.38-7.28 (m, 10H, AH), 6.77 (s, 1H, i), 5.32 (d,Jy > =
5.4 Hz, 1H, H), 5.16-5.05 (m, 4H, 2 x QdyPh), 4.34 (ddJ» 1= 5.4 Hz, 1HJ» 3= 4.8 Hz,
Hx), 4.20-3.84 (m, 6H, 2 x @(CH3)NH), Hs, Hs Hs Hs), 1.29 (d,J = 7.2 Hz, 3H, Ely),
1.25 (d,J = 7.2 Hz, 3H, ®); **c{*H} NMR (300 MHz, CyOD) & 177.3, 177.2 () = 4.8
Hz, CO), 156.6, 148.8, 137.2 (d,= 5.5 Hz), 130.0, 129.5, 129.2, 112.2, 111.1, 108306,
83.5 (d,J = 7.4 Hz), 77.8, 75.3, 72.3, 67.8, 67.9 & 3.7 Hz), 66.5, 66.4 (dl = 5.7 Hz),
51.0, 20.7 (dJ = 5.9 Hz), 20.5 (dJ = 6.3 Hz);*’P NMR (121 MHz, CROD) § = 13.70;
HRMS (ESI-TOF) m/z: calcd for ££H36CliNeOgP: ([M+H]™), 703.2048, found 703.2062.

4.2. Biological assays

4.2.1. Cells, viruses, compounds

Murine norovirus (strain MNV-1.CW1) was propagatedRAW 264.7 cells grown in DMEM
supplemented with 10 or 2% FBS, 2 mMylutamine, 20 mM HEPES, 0.075 g/L sodium
bicarbonate, 1 mM sodium pyruvate, 100 U penicittib, 200ug/mL streptomycin (Thermo
Fisher, Gent, Belgium) at 37 °C in a humidified agphere of 5% C©

For in vitro assays, a stock solution of each compound wasamépeither in dimethyl
sulfoxide (DMSO, VWR Chemicals, Haasrode, BelgiunMilliQ water.

4.2.2. Antiviral assay for murine norovirus (MNV)

The antiviral activity of the synthesized compouness initially determined using an MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxygyl)-2-(4-sulfophenyl)-2H-tetrazolium
]-based cytopathic effect (CPE) reduction assayWwR264.7 cells (1 x 1{xcells/well) were
seeded in a 96-well plate and infected with MNV (M®0.001) in the presence (or absence)
of a dilution series of compounds (0.023-50 or @g0nL). Cells were incubated for 3 days,
i.e., until complete CPE was observed in infecteatraated cells. Then, a
MTS-phenazinemethosulfate (MTS/PMS) stock soluf{@mg/mL MTS (Promega, Leiden,
The Netherlands) and 46 g/mL PMS (Sigma—Aldrich;ri@on, Belgium) in PBS at pH 6—6.5)]
was diluted 1/20 in MEM (Thermo Fisher, Gent, Beig) and 75.L were added to each well.
After 2 h, the optical density (OD) was read at 488 The %CPE reduction was calculated
as [(ODreated )unv - ODyc J/[ODcc - ODyc] * 100, where OB represents the OD of the
uninfected untreated cells, while @Pand (ODRQeated )Junv represent the OD of infected
untreated cells and virus-infected cells treatetth \ai compound concentration, respectively.
The 50% effective concentration (EfC was defined as the compound concentration that
protected 50% of the cells from virus-induced CPE.

4.2.3. Antiviral assay for human norovirus (HuNoV)
Thein vitro antiviral activity of the compounds was evaluabeded on the determination of



intracellular GI.1 virus replicon RNA by quantitedi reverse transcription-PCR [gRT-PCR])
usingp-actin mRNA as reference (housekeeping) gene. HGaH% (5,000/well) were seeded
into the wells of 96-well plates in complete DMEMthout G418. After 24 h of incubation,
serial dilutions of compounds were added. Cellsewarther incubated for 72 h, after which
cell culture supernatant was removed and monolayers washed with phosphate-buffered
saline (PBS). Cell monolayers were collected forARbNad quantification by gRT-PCR. To
determine the relative levels of Gl.1 virus reptid®NA, p-actin was used as a normalizer and
ratios were calculated by the Pfaffl mettf8dThe Gl.1 virus replicoptactin ratio was
calculated as follows: Ratio Egq 4" ©* (€~ TOE, ooy, aCT A0 (CC-TC) where B, and
Es.aciinrepresent the amplification efficiencigs = 10%5°P§ of the GI.1 virus replicon and
f-actin qRT-PCRsiespectively,ACr, Gl.1 virus (CC - TC) is the £(thresholdcycle) of
untreated control cells (CC) minus the & cells treated wita compound concentration (TC)
obtained with GI.1 virus replicon primers and proledACr, p-actin (CC - TC) is the €of
untreated control cells (CC) minus the & cells treated with a compound concentration)(TC
obtained withg-actin primers and probEfficiency values (g;.1and B.acin) Were determined
for each qRT-PCR. The 50% effective concentratiéfs§) was defined athe compound
concentrations that resulted in 50% reductimfrtbe relative Gl.1 virus replicon RNA levels.

4.2.4. Cytotoxicity assay

The cytotoxicity of the compounds was evaluated thg MTS-method, by exposing
uninfected cells to the same concentrations of @amgs for 3 days. The % cell viability was
calculated as (ORawedODcc) x 100, where OB is the OD of uninfected untreated cells and
OD treated are uninfected cells treated with compouThe CGy, was defined as the
compound concentration that reduces the numberiatfiev cells by 50%. The selectivity
index (SI) was calculated as ¢4E Cso.
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* C-Nucleosides comprising structural variations atshgar and nucleobase were prepared.
* Their ability to inhibit both murine and humanraeirus was examined.

» Compoundgl and5 resulted in good antiviral activity against murimaovirus.

» Compound} retained its antiviral effect in a human repli@ssay (EG = 0.015 puM).

» Phosphonodiamidate prodr@8 was devoid of antiviral activity.
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