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Nitric oxide is an imporrarr moìecule playing a key role in a bfoad ranlle ot biological process sucn as
neuro(ransmrssion, vàsodilàtarion and lmmunc responses, while rhc ùnti-mì.robiological propenies ofnitric
oxide-derived reactive nirrogen inrermediares (RNt) such as peroxynrrrirc rre known, the mechani5m of
these c[fer died. Severe Acutc Respirrrory Syndrome (

ro rhe fam fi|st idenrified durirÌg 2002 2003. Morra]il
DetwccD 6 ousìy shown rh.rr nitrir oxrdc inhibìts rhe
vrrro by an In rhis tudy, we have further inves(igàrcd
process of nìrfic oxide ùgainr sARS-cov. we found rhat peroxynitrirc, arì rnr€rmediare producr of nitric
oxide irì solution formed by thc reacrron of NO wirh superoxrde. has no c.fed on the replicarion cycle of
SARS-CoV. suggesring rhar rhe irìhibjtion rs cirher direcrty effecrcd by ..rO or a derivative oih€r rhan
peroxynitrite. Mosr inrercstingly. we found rhar NO rnhibirs rhe repticrt|() I of SARS-CoV by rwo distincr

,,ylation of nÀscendy expresred
. cognare receptor, angrotensìn
ritl RNA production in rhc early

,L both ofrhe rysteine proteases
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Severe acute respiratory syndrome coronavirus (SARS-CoVI
belongs to the l'amily CoronoÌvindoe and wds first tdenrified ds a
novel coronavirùs after the first known outbreak in the fall of2002 in
southem part ofChina (Resh,2006; Tan er at., 2006). SARS-CoV is a
posrtive-sense RNA virus with a genome of -30 kb in len$h rhar
forms a distinct group within the Corondviridoe family. Common ro all
known coronavinises are rhe four struclural protejns: spike (S),
membrane (M), envelope (E) ùìd nucleocapsid (N) protejn (Marrà et
À1.,2003; Rota et a1.,2003). The S protein protrudcs [rom the enveloDe
ofthe virus, which results In iB chÀrdcteristjc crown-hke appearancc.
TheS protein binds to specific fEceptoB on the cellsurface; in rhe case
of SARS-CoV, it is the angiotensin-converting enzyme 2 (ACE2). The S
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prorern has two regions, Sl and 52, wh(fe Sl is involved in receDtor
brnding dnd 52 in membrane tu\ion (t I I Jl. 2005, 2006).

In order to achieve its function.rljty, the S protein has to undergo
numerous post-rfanslational modific.rriols like glycosylation (Keng et
.ì1.,2005) ln addition, Periret ù1.1200i I fc(ently showed the importance
of S palmitoylation of the endodofuin of the spike protetn for the
mediation of cell fusion. Palmiroylaricn involves the addirion of
palmitate, which is a l6-carbon saturete(L farqf acid, and a wide range
of proleins have been shown ro cùfry rhrs specific modification (Resh,
2006).The addition otpalmitate caD rnfltrcnce the interaction between
prctern and membrane, profetn tràffickilg, and protein-protein inter-
adions (Resh, 2(D6; Sn)otrys .ìrìd i r(t.r. {)0.{.'lhorp et al..2006).In S-
palmrtoylation. the fatq, acids are liIlkcd lhrough rhioester linkiges to
rhiol groups on cysterne residues ((,ro.rre\ rnd ChambcrlÀin. 2OO7:
Resh. f006i Srnorrys rrìd l.indcr :10{).1).

Nitric oxide (NO) is involved in a broù( range ofprocesses and act es
èn important signaling molecule betwccn cells (Adler et al., 1997; Zhang
ct al.. 2001). NO is pfoduced tn manrnt,Llìan cells by three enzymes,
neuronaì (nNOS), endorhelial (eNOS) and inducible nrtric oxide
synlhase (iNOS) and these catalyzc the r)xidation of L-arginine to NO
.rnd r-cjtrulline (lì0u.hcr cr.Ìl ì39.)) In(tucible nirricoxde in the host
cells is commonly clevated during infectton by viruses and this can lead
loeither inhibition orstrmulation of viral eplicarion (Adleretal., 1997:
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In ou. previous study, we showed rhet NO rnhibits the replicalion
cycle ofSARYCoV (Akersrrom er at.,2005). We clearly showed rhar the
pÌogeny viruses were inhibited in a concentration-deDendent manner.
usrng the exogenous NO donor S-nitroso-N-acetyl-penicillamine
(SNAP). We also demonstrated that endogenously generared NO can
inhibit the replication cycle of SARS<oV Another host defence against
micrcbes is superoxide (Ot) which can be induced when cells are
stress€d, for exÀmple du.ing an infecîion (Akaike and Maeda, 2000). If
NOand q- are elevÀted at the same time, they will react rapidly to form
peroxynit.ite (ONOO ). whtch has also been shown to have an
Inhibitory effect on viruses (Akaike, 200t). Hantaviruses are one group
of viruses known to be adversely aftcted by peroxynitrire (Klingsr.um
et al., 2006). Hence, it is unclear if the effecr of NO on SARS_CoV
replication is caused by peroxylirfite or another derivative of nitric
oxide.In this srudy we shor^, that perorynttîite does not play a significanr
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Fit- 2. ÈlTect of SNAP on oirra rion and patmroyta ron ot S pror€in vero E6 .e s w€rc
rnfecled wirh rw,L.5rl an MOtot0I Ar I hpic€ s úl.re treared with4O0!MSNAPor
NAP (A) At 24 h posl infecrron lhc ccll\ w. e lyse,L and immùnopre(ipilarion w.s
pedormed wrth nfroryrosine affinrry sórlrnr Wesreíl btor wis rh€n perforfn€d uring
r.bbit anti S polyclonal a nr rbody (lt C) At 24 h posl rftrr on, cellt wcre tabeled wiù
aoo Ér of liHì palnÌrc a(id for 2 h. or 5rrNed wrrh nrerhionine-cysrein€ (Mer-Cyt-
liee nrdium ror]0 n befo.e being tabetted wrlh 2: tC, oflr5Sl-methionine-cysterne
for 2 h -Ihe 

cetls werc rhen lysed .ìnd rmunoprccr p a I ror was p€rformed wjrh rabbir S

t'olyclonal Jnr'body ro dcre(r rhe amounl ofrjdrohbr cd s prorcin.

role in the NO-mediated inhibition of the SARS-CoV replication cycle.
Mosr Interestingly, our data suggest rlì.rr rhe effect of NO or its
derivatives on the replicarion cycle of SARS CoV is twofold: Firstly, NO
or its derivatives causes a reduction in the pillmitoylation oftheS protein
which results in the inhibrrion o[ membr.]ne fusion mediated by rhe
intefacrion beNveen S protein and rhcACE2 fcceptor. Secondly, NOor its
derivatives have an inhrbitory effect on drc producrion of viral RNA
which can be observed as early as 3 h post Infection.

Results

Peroxynitrite hos no eJJecr on S/1RS Coy

SIN-1. which produces peroxynrtfite, \',,ds used in conjunctton with
a superoxide scavenger, MnTIJAP, to deLermine if peroxynitrite was
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involved in the Inhibition ofSAnS-CoV reDlication. SARS-CoV infecred
Vero EO cells were treated with differenr concentrations ofSIN-1. and
it was observed thar no significant Inhtbirion of viral replicatron
occuned. This suggesred that SIN-I administrarion had no effect on
the replication cJcle of SARS-CoV

Next, we treared the 5AR5-CoV infected Vero E6 cells with differenr
concenrations of MnTBAP together with SIN-I. MnTBAP removes the
superoxide, resulting in a reductbn in rhe amount ofperoxynitrire and
an increase in the amount of free NO. The results in F-ig. 18 clearly
demonstrate rhat with increasing amounr of MnTBAp ìn presence of
SlNl (400 !M), there is an inhibidon in the production of progeny virus
in a concentration{ependent manner Although a slight reduction on
the production o[ progeny virur was observed when the celìs were
treated with the highest concentraîion of l\4nTBAP used in rhis srudy
(800IM, Frg. 1C). the reduction of virus repltcation in cells treated wtth
both SIN-l and [4nTBAP is significanrly higher rhÀn rhose rreared wirh
MnîBAP alone. This shght reduction might be explained by rhe
possibility tharthe use ofthe superoxtde scavengerwould have rcsulted
in an increase in intracellular free NO, which could then, directly ol
through an intermediary compound, exert an inhibitory effecr.

Treotment $lith NO donor leods to the nitration oJ the S proten ol SAtS-
CoV ond o reducîion in iE polmitoylotion

In order to detemine whether nitric oxide or its derivarives were
reactingwith the SARS-CoVS protein,Vero E6cellswere infected with
recombinant vaccinia virus carrying the S gene ([W-L-S) and treated
with 400 !M of SNAP or NAP. FOllowing immunoprecipitatton with
nitroryrosine affinity sorbent (Cayman), which specifically binds
nitrated proteins. and detection of S by Western bloning, it wÀs
clearly demonsrrated thar S had been nitrared afrer sttmulation wth
SNAP but nor with NAP (Fig. 2A).

To determine whether rhe palmiroylation of S was affected by
nitric oxide, cells infected wirh rW-L-S were treated with either

SNAP, NAP, SIN- l or SIN- l and Mn IBAP arìd rhen labelled with [3Hl-
palmitic acid. After immunoprecipiration of the S protein with an
enli-S rabbit polyclonel antibody, rhe arìount of palmitoylared S
protein detected In the SNAP-rreared cells was found to be
noticeably reduced when compared to rhe mock-treated or NAP-
treated ones (Fig. 2B). Treatment with thc peroxynitrite donor SIN-l
did not cause a reduction In the palnìitoylation of S (Fig. 2C),
connrming other results lhèt showed a lack ofeffect by peroxynitrite
treatment on SARS-CoV titer. On the other hand, if [3sSì-methionine-
cysleine lèbelling was uscd, therc was no difference in the amounf
of lotal S protetn immunoprecipttated tot all treatments, indicating
rhat rhe SNAP and SIN-I rrearments did for affect the exDression of
S (È-igs.28, C).

Nitric oxide rcduces the cell-cell lusion octrtiry of the S prctein

An in vrrro assay wes used to exÀmine the efTect of nitric oxide on
the cell cell fusion a.tivity of the S protein (Lip er al.. 2006). Inthis
case, the S exprcssin8 cells were trcated with SNAP or NAP before
they were mixed with CHO ACE2 cells srJbly expressing the ACE2
receptor. The formalion of syncytia was observed 6 h later. Cells
trealed wirh SNAP showed no fusion (trg 3B). whereas cell-cell
fusion was clearly visible in rhe NAP (Fìg lC) or mock-treated cells
(Fig.3A). As expected. rhe mock-infected cells showed no fusion as

lhe 5 protein was not expressed (FiA -JD).

SARS-C'V S pseudotyped virus prodúcerl in the presence of nitric oxide is

less eJicient tn vircl entry

In order to investigate the effecr ofSNAP on the 5-mediated entry
of SARS CoV inro cells, we used rhe HIV pscudotyped virus system ro
produce pseudotypcd viruses wirh S on the surface. Pseudotyped
viruses were produced from untreared cells or cells treafed with SNAP
(200 !M or 400 tM) or NAP (200 tM or 400 !M). SNAP and NAp

Bright
field

Merge

Fra.3. sNAP inrerf€e with cell cellmembrrne fusion
rprn|z€dandmiRdwilhpfe-pìardcrr-AcE2(€||s6hafermil|ngthece|ì|ines.
wnh 4OO pM SNAP (C) Inlecred celh. rreàted wilh 400 !.M NAp lD) Mo.k intecred cc s
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treatmenrs did not affect rhe assembly of S on the pseudotyped
vrruses as Westem blot ènalysis showed thÀt similer amounts of S
were Incorporated into rhe pseudotyped viruses (Fig .1A). Simtlar to

our prevrous observatron (Keng ct al , 20(15), rwo forms of S were
detected end these correspond to the unglycrrsylated and glycosylated
forms of rhe Drotein.
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Theentryofthe pseudotyped virus into CHO-ACE2, which is stably
expressing the S recepror ACF2 on the surface of the cells, was
reflecîed by the luciferase activity in the CHO-ACE2 cells at 72 h after
infection. As shown in Fig. 48, the luciferase activity in the cells
intected with pseudotyped virus bearing S wÀs significantly higher
than those without S as the latter. con tai ned no viral envelope prolctn
and could not enrer the CHO,ACE2 cells. The reading from rhe cells
infected with pseudotyped virus bearing S was normalized to 1OOto
calculare percentage of infecrivity. Treatment wjth 2OO pM Ànd
400 ,rM of NAP caused appropriately 15% and 25% reduction in
infectivity. respectively. However. trearmentwith 200 !M and 400 uM
of SNAP resulted in a significantly higher reduction, appropriately
70X, in infectiviry.ln order to exclude any eflect on the bindrng ofthe
S protein to the ACE2 receptor, a p24 ELISA kir (perkin Etmer) was
used to determine the concentrafion of virus bound to cells infe(ed
with rhe HIV pseudotyped virus which had been produced rn cells
eirher treated with 400 !M SNAP or 400 pM NAp. As shown in Frg 4C,
SNAP and NAP treatment hÀd no signi6cant effect on rhe concentra-
tion of bound virus, indicaring that the primary effect of SNAP
treatment on lhe S protein occurs posr-binding. possibly during entry

SNAP treotment rcduces the production oJ positive-stronded vitol RNA

In order to determine if the effect of nitric oxide on SARS CoV was
limited to the post-rranslattonal modification of the S Drotein. we
examined the production ofviral RNA by realrime pCR analysis. RNA
isolated from SARS-CoV infected Vero E6 cells at differenr time Doinrs
pos!-infection in the presence of SNAp, NAp or nlock rredtme;f wa5
reverse transcribed and quanritated using primers speci6c for rhe N
gene ofSARS-CoV. An idenfical drìounr ofeach RNA samDle was also
reverse transclited and quantitalrd using primers specinc for CAPDH,
which served as a housekeepint control, The results showed thar
SNAP treatment ofVero E6 cells resulred in a redu(tion in rhe amounr
of total positive-strÀnded vtral RNA produced. This eFect was
observed as early as 3 h post infe(tion and viral RNA levels remained
low at 24 h post-infecrion (Fig. 5). ln order to derermine if rhis
observed effect could be exaggerated by pretreatingVero E6 cells with
nitric oxide, another expeflment was run in parallel which included
an additionelSNAP trearment step an hour before infecrion. The effect
observed was approximately the same as in cells treated Dost-

infecrion, suggesting tlìar the pretreatment ofVero E6 cells with nitric
oxide did nor significanrly increàse the eftects of nitric oxide on the
production ofviralRNA (l-ig 5)- The possibility thar the pretrearment
had an effect on SARS-CoV particles beforc infection was excluded by
tirrating SARS-CoV that had becn incubated in SNAP-containing
media, whrch showed that rhe ICID50 ol rhe virus was unchanged
(data nol shown). lt has been previously shown by others that nitric
oxrde or its derivatives can exert àn effect on the acfivity ofcysteine
proteases (C.lo ef .r1., 2001i S.rurr et àl , I t ()g). As SARS-CoV encodes
rwo differenl cysteine proteases, PLp,o and 3Cp'o. we tried to
determine if the cflcct seen on prodLtctior ot pos ttive/ stranded viral
RNA might involve a loss or reducrion of the function ofone or both of
thcse proteases, which serve to cleave the Jifferent feplicase proteins
from the ppl ab polyprotein expressed fofi Orfs I a and I b ofthe viral
genome (Thicl ct .ll . 2003). One sinìple wav ro srudy this effecr would
be to look at the cleavage of replìcase proreins by Wesrern btottin& A
previously described monoclonnl antibody (t<umùr et al, 2007)
targeting lhe nsp8 protcin was uscd ag.ìinsr SDs-pAcE-separated
Iysates from SARS-CoV infected Vero È6 cells which had b€en treated
wrth erther SNAP, NAP or untreated SÙrpflsjngly, there was no
significant difference In nsp8 levels at 24 h posFinfection (Fig_ 6)-
Interestingly though, two other pepride spccies, detected by the nsp8
antibody in infected cells, showed differences in their resDective
expression levels in SNAP-trcated lysatcs. These high molecular
weight species could possibly rcpresent cleavage intermed|ates ofthe
ORFIa replic.se polyprotein from which nsp8 is cleaved, ln order to
asceftarn thJt NO was acting iD these cells, rhe same lysafes were
probed for the SARS N protein using a monoclonal antjbody against N
(Zymed L-aboratories). lt was observed that N expression was
significantly reduced in lhe same ìysates lhis wÀs consistenr with
earlier work (Akcrsrronì cr .r1.. 20051 and showed rhat the SNAP
treatmcnl was working within rhe Vero Et cells.

DiscBtsion

NO can eithcr irìhrbit or stinulàrc viraìrel)ticarion dunngan infection
(Adìer.r Àl-. 1997; lìtng,2(X)4;/\kàr i(lÈl ,rl.I )95 ì AkersFom et al.,2005;
(;re.ìves and (h.Ìnlbrflaln,2tJ0Ti l(||gstiorr er Jl.,2006: Pope et al.,
I998: Saxena ct aì,20{J I;-lhorp er .rl .-1006) However, there a re only À

few reports demonsrraring the inhrbition nìechanism of NO. NO haj
been shown to aflect Epstein-Barr virus (EtsV) by downregulation ofthe
Zta pmtein, an immedtetc early transactivator. The downregulation of
Zta helps to mainratn laten(y ofthe vtrus. In the same ltudy. it was also
shown that apoprosis in B cell lines were I arginine dependent and rhat
NO can inhibit apoptosis in B cells (Ntrnnict rr al., 1994). In a previous
study we have shown rhat NO inhibits rhe reDlication cycle ofSARS-CoV
The adminislration ofrhe exogenous NO donor, SNAP, and endogenous
cytokine inducers of NO reduced rhe amoLlnl of progeny virus in a

concentralion dependent nìÀnnet In rissues lhat are stressed or
Inflamed, both NO and 02 àrc eìevnrcd Al(hough SNAP predominantly
Increases lhe NO level In the cell, peroxl,nitrite may also become
elevated after SNAP rreatment as NO can reÀcr with endogenous Ot to
form peroxynitrite. However. if SiN-l is Lrsed instead, both NO and Ot
Àre produced simultaneously and pcroxynitrire js raptdly formed. Our
results show rhat unlike SNAP, treùtment of SARS-CoV infected Vero E6
cells wirh SINI has no sigDificnnr effect on rhe production of progeny
vifus (ljig- 1A), suggesring tha( peroxynitritc does nor inhibitSARS-CoV
feplication. Moreover, if a superoxide scavenger (MnTBAP) is used to
femove the Ot and allow morc NO Io ùccirÍìulate inside the SlNl-
treated cells, a signifìcant inhtbition of rhe virus replication was
observed (Frg. lB). These results cleafly demonsrrate rhat peroxlmitrite
has no effecr on the replication of SARS-CoV and thaî it is NO, or a

dedvative ofNO, that Inhibirs the vims-
Palmitoyletion is an imporranr post-tra;tslationÀl modificarion of

prorerns. Pcrir er al (:007) hÀvc demonsrrJted that palmitoylatìon of
the SARS-CoV S prorein pldys ù role in S-mediated cell-cell fusion. By

5\'.f'€

Fr8.5. SNAP r€afmenÌ (aùses I reduclioo rn rhe producrion ofpos rve rrrnded vtral
RNA- Vero E6 celk were either r.€ated wirh 400IM SNAf, NAp or mftk lrc ed ind
intedrd with SAR5-CoV al an MOtof I A para €tsttof.eth we.e addiriona y lreared
an hour batorc infe(t|on. C€llswere harverted ÍÍom a sers otlrerrmenls al3 h and 24 h
posl intection.nd subJècred ro reveM rrànrcflprion .ìnd realtime rcR usint pnmers
and prob6 sp€flfic for rheN g€n€ ofSARS{ov and GAPDH Cr vatues oblained for N rn
€acn s.rmple wat normahzed againr C^mH conrrot values and ptorrerj ior each lihe
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effecl of NO on the bimding proccss might rhen manifest itselfat the
cysrejne restdues on !heSprotein which may havebeen palmitoylated,
in particular the clusters at lhe cafboxy terminal lhat have been
demonstrated to play a role in (ell cell fuston. But what needs to be
determined is whether these residues hnve simply been under-
palmrloylated Às a result ofan eflect on palnìitoyl-acyl transferases in
the host cell or whedtea, given that thcse are cysleine residues,
competitively nitrosylJted. S-nif.osylarion motifs have been previ-
ously described as an acid basc oti[ flnnking cysteine residues
(Ascenzr('t.ì1 ,2000. Slrnller er.ì1., l1)ll t), arìcla search oftheS_protein
amino ,lcid sequencc fof pfcviously des( ribed motifs yielded no
results. Furtherstudies will have to be done ro answerthesequestions.

While rhe palmitoylation of the S prorr,rn has been shown to be
affected by the ùdminisrralion ofSNAt) as ùr NO donor, rhis is an effect
that is seen in the l,ttcr sleps of infectjon. r tcr the expressìon of viral
pfofeins. However, nitric oxide and rrs derivrtives have been shown in
the case of several cro-organtsms to hìve an effecî on the early
steps of feplica[ion, both bacterial and viral infections. The work
done by several groups has demoDstrated tllat cysteine proteases are
partjcularly susceptible to nir c oxtde. ai has been described for
coxsackievimses (Stufn et al, 199.9) and rdenoviauses (Cao er al,
2003)- The use of realrime pCR dire(ed agarnst positive_stranded RNA
species encoded by SAITS-CoV showed rhdt SNAp treatment ofVero E6
cells caused a signrficant decrcùsc in vir.rl RNA production which

proteins have been pfedicted to bc (lcaved by 3CLD.0. Hence, in order
to examine a possible Uvity ofthese proteases. a
monoclonal Àntibody ispg prolein was used to
look at tl)e relative d loducfs being formed in
SARS CoV intected Vc rh either SNAP, NAp or in
mock-trcated cells If NOor its dcrivattvcs (,\erted a discreteeffect on
rhe activity of 3CLr'',, one might expc.t ro see a reduction in the

SNAP As these bands are specifìc to rnfecttotì and are detected by the
nsp8 antibody, they might reprcsenr clerrdge intermediates of the

In a 2004 study. Fan ed
-CoV 3CLr,',,i0 older r ng
e cleavage Jssay, the! ue
n rhe ppteb rcplicese ed

for lhe l.rck of a difference in nsplÌ levels whtle an accumulÀtion is

treatment and rherefore that the ob5erved differences in cleÀvage
product intensities was being observed r aells whtch were being
affected by SNAP rreatmenr

. NspS prorein (_24kDa)

a OID N prctein (-sskoa)

ses d differenc. in observeo I

fiom €rrh€r úmrfecrcd o. SA
ted wrh SNAP, NAt or mo(k
to we\rem Hol ,rnJty\is u

previously shown thar NO or ifs derrvatives have an effect on the
palmitoylation of the ret myelin protern (tsizzozerc et rl., 2 )1). ln
agreement with both of these findings, our results in rh work

does not affect the express e S protcin and it
is only the infectivity of th by rhe lucjferase
assay. that is allecred. It is mammaljan cells

two dtfferent fypes of post
of tyrosine residues (lschiro_

n of cysteine residues (SLìmler
nitric oxide or a dcrivative

tyrosine residues do not impair the'r role in rhe S-protein l.he true
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From lhe resulrs presented here, we suggest that the effect oÍnitric
oxide on the replication of SARS-CoV is at leasr tlvofold: an effect on
the production of viral RNA in the early steps of replication Ànd a
reduction in rhe palmiroylarion ofthe S protern leter in rhe replication
cycle. What remains to be elucidated ts wherher borh of these effects
arise strictly frcm a direct effect of nitric oxide or its dcrivarives on
virel pfoteins, or stnctly from in effefi on hosr fa(tors which are
subverted in lhe course of infection, or a combinatton of both

Materlals .nd m€thods

Peroxynitrite and superoxide dismutase treotment

Vero E6cellsgrown in 24-wellplates were infected with SARS-CoV
Frankfun strain I at an MOI of l. Ar t hDi, cells were washed rwrcc
with PBS, and medium wirh or withour J-morpholinosydnonimjne
hydrochloride (SlN-l: Sigma-Aldrich) was added.50, 100,200 or
400 !M ofSIN-1 were added 3 limes wrth 4-h intervals. After 24 h, rhe
virus was harvested and titration ofprogeny virùs was titrated out on
a 96-well plate contarning Veno EG cells as described previously
(Akerstrom et al., 2005). At 48 hpi, the amount ofvirus (TCIDso) was
calculated from the cytopathic efiect (CPE) induced in cell culture by
se al tenfold dilutions of the harvested vtrus.

Slmilarly, SARS-CoV infected Vero E6 cells were treated with a

superoxide scavenger. Mn(lll)terrakis(4-Benzoic acid)porphyrin
chloride (MnTBAPI Calbiochem), in the absence or presence of
.+00 llM SIN-1. 100, 400 or 800 !|M of MnTBAP wirh or wirhout
,+00 pM SIN-I were edded 3 timcs with 4-h intervals 'l he amount of
progeny virus was measured ùs described above. AII SARS-CoV
infection work (described here and elsewhere in the manuscflpr)
was carried out at rhe BSL4 factlity at the Swedish tnstitute [or
Infectrous Disease Control rn Solna. Sweden.

Rodiolabelled immunoprccipitotiotl

Vero E6 cells grown in 60 mm dishes were inlected with
recombinant vaccinia virus carrying the S gene (ÍW-L-S), at a MOI
of0.l. For mock-infected cells, a fecombinanr vacctnia vinis carrying
the N gene (rW-L-N) was used. Both [W-L-S and [W-L-N are kind
gifts from Baxter VÀcclne (Orth/Donau, Auslria) and have been
previously described (Lip ct al , 2006J. At I h post infecrron, rhe cells
were treated wilh 400 fM of SNAP (Sigma, Sr. Louis, Mo.), 400 FM N-
ecerylpenicillamine (NAP: Sigma),400 pM ofSlN-1 (Sigma, St. Louis,
Mo) or 400 pM oI SIN-1 and 400 !M of MnTBAP (Calbiochem).
Treatments were repeated 4 trmes with 2-h intervals. Ar 24 h posÌ-
infection, cells were labelled wirh 400 Éiof IJHì-palmitic acid (Perkin
Elmer, USA) for 2 h or starved with methionine-cysreine (Met-Cys)-
free medium for 30 min before berng labelled wirh 22 pci of [3s5ì-
methronine-cysteine for 2 h. The labelled cells were washed 3 limes
with cold PBS and lysed in I ml TES lysis buffer (20 mM.l ris-Hcl IpH
7.51, I 00 mM NaCI. 1 mM EDIA, I gTriton X- I 00 and 2 mM PMSF). Cell
debris was rcmoved from rhe lysares by centrifugation Àt 13,000 rp|lì
for l0 min. Immunoprecipitation was carfled out by adding fabbir
anti-SAl0 antibody (Keng et aì.,2005) ro the lysaies rnd rotaling ar
4 "C for t h, followed by ovemight incubation with protein A-
Sepharose beads (Roche Diagnostics). The beads were washed 3 times
wirh lysis buffer and boiled In 20 d of 2x bemmlis SDS loading
buffer. Samples were separated in a 7.5% SDS-PAGE gel. fixed for
30 min using frxing solution (10* aceric acid,45% merhanol), and
treated with Amplt[, Fluorographic Reagenr (Amersham Bioscienccs)
according fo protocol. Visualization was done by autoradtography.

Cell-cell membrone fusion ossoy

An in vitro cell fusion assay that can be used to study S-mediared
membrane fusion has been previously developed (Lip ct À1, 2006)

Briefly a 293T cell-linc stably expressìng cl I'was Infected with rW-L-
S in order ro express the S protein and then rreeted wirh SNAP or NAP
as descfrbed above. Anolher sr,rble cell Iirìe stably expressing ACE2,
CHO-ACE2, was plated in À 12-well plate in DMEM containing'l mg/
ml porcrne trypsin (lRH Biosciences Inc lnfected 293T-CFP cells
were mixed wirh the CHO-ACE2 cells in a l:l ratio Der well and
synaytium formation was observe(l 6 h latcr.

Pseudotyped virus e try ossoy

To produce HIV pseudotypcd vlrus beÀring the SARS-CoV S

protein, 9 !g of HIV-I lucifef,rsc reportcr vector pNL4.3.Luc.R-E-
(HlV luc) and 4.5 [g of SARS-CoV S protein expresston plasmid
(pXJ3'-S-HA) wcre co-rransfècted inro 29lT cells in a 100-mm dish
using Llpofectaminc2000 reagctìt (lnvitrogen) following manufac-
turer's instructions. i:or the ìtcgaovc conrfol, the cells were trans-
fected wilh pNL4-3.Luc.R-E-alone. ì-he corstruction o[ the plasmids
has been described previously (Corìrìr)r er rl, 1995: He et al.. 1995;
'lan er dl.,2004) The virus-containing medium was harvested after
72 h of incubation rnd cenlritugcd àt 2000 rpm for 5 min to remove
any cell debris. VirLls in the supeì natant was subsequently concen-
traled rhrough a 20% sucrose c(lshion for 3 ]r ar 30,000 rpm Ànd 4'C by
using an SW41 rotof. and subseqLrently rcsuspended in DMEM. In
order to normalize the amount of pseudorvped virus used. l0 pl of
each sample was used to measure p24 conrent using a p24 ELISA kit
(Perkin EImer), accorcling to the nìanulactur er's protocol. Absorbance
readings were madc al492 nrD In n plate reader (Tecan) and sample
concentrations wcre determined from r sGrndard Faph. Appropriate
volumes corresponding to 16 ng of l)seudoryped virùs were then used
ro infecr CHO-ACE2 cells (ChoLi ('r .ìl 100,). Al 72 hpi, supernatant
was femoved and úc cells were wrshc'd an(l harvested in trypsin and
washed again in I,BS Cell pellet wa\ lyse(ì using the Promega lysis
buffer and lLrcilcrase activity was dererminrd using a luciferÀse assay
kit, following manufacturer's rnsrructioÌrs (Promega). Luciferase
readings were rDeasúrcd usrng,r VcritLrs micìoplate luminometer
(Turner Ij'osystems)

Pseudotyped virus binding ossoy

lllV pseudotyped vrrùs bearing thL'SARS-5 protein was produced
as descflbed in the pseudotyped virus entf} assay (see above). Virus-
containrng medium wàs harvested alÌer 24 h of incubation and
centrifuged at 3000 rpm for 5 min to remove any cell debris. 10 !l of
fhe oìcdium were dilLrted 20 x !srng DMtM Ànd used to measure virus
concentration using a P24 ELISA kit (Perkrr Elmcr). according to the
manufa(tufcf s Drotocol. Virus conccnrraticn was detefmined from a

standard graph, and 80 ng ofvirus was used ior infection ofCHO-ACE2
cells. CHO-ACE2 cells werc pre-incubated rn DMEM with lg BSA at
4 "C for t h prior lo infection at 4 C for 2 h. After infection. the cells
were washed 4r using I x PBS wrth l? BSA and hÀrvested in DMEM,
freeze-th,rwed six tirîes and sonrcùrcd for I min with 20-s intervals.
Samples wefe centrifuged at l3,000 rprìl lo r(.move anycelldebris and
200 pl of sLlpernàtant wils used to detcl ml|re P24 contenl using rhe

P24 ELISA kit. The concentfation of bound vrrus was then detefmined
using the standard graph.

Western blo( ond detcction oJ nitt cd SARS-C?V S protein

Vero E6 cells srown in 60 firnì drshcs \ cre infected wirh rW-L-S
and ÍW-L-N and rreated with 400 úV SNAP or NAP as described
above. After 24 h, the cells wcre ìysed (50 

'nM 
Tris IpH 81, 150 mM

Nacl, 0.5% NP40, 0.5% deoxycholic acid, 0.005% SDS, 1 mM PMSF) and
the concentration of totàl protcin In rhe cell lysates was determined
using Coomassie Plus feagent (Pìcfce) App, opriate volumes yielding
500 pg of toral protein ftom each sanìple were added to 20 pl of
Nitroryrosine Affinitv Sorbent (c,Ìyn),rn Chemical) after washing the
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beads threc times in PBS. The samples were left for rotatton at4 "C cao,w,Banreckr.ML,Mccràth,wJ.8ào.c Dcmrns L B, Rade.lJ.. Lowensrein, cJ,
over nighr. NexrdÀy, rhe beads wefe washed 3 rimes wirh tyris buffer ii.,i.Y"^l;,Y i ,1flt,.xil[i1.rì11]:tj:l,l"ri.l;,oviL 

ù3 pfoteinas€ in virro and virar

resuspended in 20Éof Laemmli's SDS loading bufTer and boiled for c'.".C,i.sn"".s,r*yl,Frerd,ns.BC.rJntHpru.lL.xu,x.Lm.sc.Honr.
l0 min at 100 'C. Samples were xparated on a 7.59 SDS-PACE gel, w 2005. A novel cell-based brndrns.rssry syrdm re(onsrrrunng rnrer.cùon
transfefred toa nitmcellulose membrane, and blocked for t hinroom belwen sAR5 Cov S prote'n and ,rs.rllrlrr re,, Dror J Vircl Methods ]23.

temperature in 5% non fat dry milk in PBS with 0.19 Tween 20. con-, i.r. cn"n. BK, choe s. undau, NR Ìee5 vpr rs r€qured tor ethcienr
Membrane was incubated overniSht in 5% non-fal dry milk wirh replicationofh(|man Inìmunodeficicn.y !lus rype r in mononudcar phago(yres

rabbit anti-Sal0 antibody (drlured |:6000) ar 4 'C. The nexr dav. rhe - vrrolosv 206 s3s e44

membrane was incubared with HRp-conjusated second"ry anríuoà, * i#i;l;lj'Ìj; !ÈhlrHi;J",iil*H;l ;:$r1,i:i::Xi::X-jHÌ.1:
(goat anti-rabbit antibody dilured tt2000) for't h at room remper- ei4 94o

ature and washed in PBS-TweerL Dete(tion was Derformed with fang, t.C.2004 Antrmrcrobràl reactivc oxysef.,nd nL rogen sped€s: conc€p$ Ànd

supenisnar west pico chemirumimscenr subsrrate { pierce;. 
",";"11::::fltrJi: 

.|Ì,i 5iiT'i"';i,ít, l,il,, , 
"r" 

ìdenr prorein ,o,rins r cerl
Btol 176.249 254

Quontiicotion oJ virol RNA

Vero E6 cells were grown in 24-well plates and infected wtrh
SARS-CoV at an MOI of l. Cells werc treated with SNAP. NAp or mock
treated either I h before infection and I h, J h or 6 h post-infection or
only I h, 3 h.6 h tost-infection without pretreatment. At 24 h post-
infection, cells were harvesred in Trizol reagent (tnvirrogen) and toral
RNA was extracted using an RNeasy mini kit (eiagen) ViralRNA was
qùantitated using a Nanodrop specbophotometer and equalamounts
of total RNA were added to a reverse transcfiption reaction using
either of the following gene-spccific primers: SARSNRTREV-s,
TTATCCCTCACTTCMTCACCACM 3'; CAPDHRTREV-5, ACCCTTCTC-
CATGCTCGTGMGAC 3'. Equal amonts ofeach reverse transcflDtion
reaction were then added to a portion of Lightcycler Taqman Master
reaction mix (Roche) along with eiúer of rhe followilìg primer pairsì
SARSNCCORFP-s' TGCCTCTGCATTTTTTCGA 3', SARSNCCORRP.5,.
TMCTCACCCATGTTCCCC 3', CAPDHF-s' GMGATGCTGATCGGATTIC
3', CAPDHR-5' CAACCTCAAGGTCCCACT 3, and rhe followrng probes:
SARSNCCORPI-5' FAM (6-carboxy-flourescern)-, rcrcAcficcA]cc.
CAATGCGTG-]AMRA (6-carboxy-tetrylrhodamine quencher) 3, or
CAPDH P-5'FAM-,CAACCTICCCCTTCTCAC CC-TAM RA 3,. Cycle rhresh-
old values obtÀined for the SARS N gene were normalized agatnsl
those for GAPDH to obtain relative quotients (244c,) whjch were then
plotted for SNAP, NAP and mock treatments.
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