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Abstract

When unexpected diseases such as the severe acute respiratory syndrome (SARS) and avian influenza become a serious threat to pu
health, an immediate response is imperative. This should take into consideration existing licensed antiviral drugs against other viral disease
already known to be safe for use in humans. In this report, evidence is presented that HIV-1 protease inhibitors (PIs) currently used in
anti-HIV-1 therapies might exert some effects on SARS and perhaps, on avian influenza. Evidence for the potential benefits of Pls against th
SARS coronavirus (SARS-CoV) is provided by empirical clinical studies, in vivo viral inhibition assays and computational simulations of
the docking of these compounds to the active site of the main SARS-CoV protease. As suggested by in silico docking of these molecules t
a theoretical model of a subunit of type A influenza virus RNA-dependent RNA polymerase, there also exists a remote possibility that these
Pls may have an effect on avian influenza viruses. Although this evidence is still far from being definitive, the results so far obtained sugges
that Pls should be seriously taken into consideration for further testing as potential therapeutic agents for SARS and avian influenza.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction antiviral drugs inducing the degradation of viral RNAs. Rib-
avirin, often used in combination with interferor&ioher et
The epidemic of the newly described severe acute respi-al., 2004, exerts its antiviral activity directly through lethal
ratory syndrome (SARS) in 2003 confronted the world with mutagenesis of the viral genetic materiar¢tty et al., 2001
a life-threatening disease for which no definitive treatment and has been reported in some, but not all studies to inhibit
protocol existed. When such unexpected diseases become 8ARS-CoV replicationChen et al., 2004; Chu et al., 2004;
serious threat to public health, immediate action has to be Stroher et al., 2004 Chloroquine was a first choice anti-
taken, and there is no time for specific drug design and safetymalarial before the malaria parasR&smodium falciparum
testing. Therefore, antiviral drugs already licensed for other developed widespread resistance. Later on, this drug found
viral diseases and known to be safe to humans have to be takean application in rheumatic diseases and was shown to exert
into consideration as part of the immediate response. In thissome anti-HIV-1 effects, likely to be due to inhibition of gly-
regard, the example of SARS is revealing: apart from pallia- cosylation of the viral envelope glycoproteins (a review on
tive treatments such as corticosteroids, the most promisingthe anti-HIV-1 effects of chloroquine was published on the
anti-SARS coronavirus (SARS-CoV) molecules to date are February 2001 issue of this journaBdvarino et al., 2001,
“recycled” drugs known to be effective against other viral dis- 2004a,h. Chloroquine’s capacity to interfere with viral parti-
eases. These include interferons, ribavirin, chloroquine andcle maturation opens potential applications in other diseases
HIV-1 protease inhibitors (PIs). The first are broad spectrum caused by enveloped viruses. Following our suggestion that
chloroquine might be effective against SARS-C&@ayarino

* Tel.: +39 06 30155374; mobile: +39 347 1359586 fax: +39 06 3054519, €t al., 2003, Keyaerts et al. (2004howed that the drug is
E-mail address: asavarino@medscape.com. an effective inhibitor of SARS-CoV replication in vitro. Pls
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are effective treatments for HIV-1/AIDS, and their effects on hospitalised together with 95 individuals with SARS on the
other viral diseases will be the central topic of this paper. | same hospital floor, contracted SARGhgn et al., 2003;
will first review what is known on the effects of these drugs Chen and Cao, 2004However, only 11 of these subjects
on SARS. Then, | will discuss the grounds for considering were under antiretroviral regimens, and only 2 were receiv-
these drugs in the context of avian influenza. ing a protease inhibitor (indinavir), the remaining being un-
der different combinations of reverse transcriptase inhibitors
(Chen et al., 2003 Attributing this observation to casualty is
2. Potential anti-SARS effects of HIV-1 protease difficult: according to the report of Chen and Cao, the individ-
inhibitors: clinical and laboratory findings uals with HIV-1/AIDS indeed had close contacts with those
with SARS, and 6 of 28 medical workers who served on the
The anti-HIV-1 activity of Pls is based on inhibition of the same floor contracted SARS. It is possible that these effects
HIV-1 aspartic protease, responsible for the cleavage of theare due to viral interference and/or to non-specific antiviral
Gag/Pol polypeptide containing the main viral enzymes and factors induced by HIV-1; however, the report of Chen and
the structural viral core proteins. Inhibition of the HIV-1 pro- Cao also raised the hypothesis that anti-SARS effects might
tease leads to the production of immature viral particles and be an unexpected property of antiretroviral drugs in general
inhibition of viral replication. Although PlIs were designedto and not only a property of Pls.

be effective inhibitors of HIV-1 replication, they showed in- The clinical effects of antiretroviral drugs on SARS were
hibitory effects against awide spectrum of pathogens. Indeed,initially attributed to non-specific anti-inflammatory effects,
inhibitory effects of Pls were shown ofiandida albicans but later on, in vitro studies showed that members of the PI
(Cassone et al., 199@nd, more recently, oR falciparum class could indeed exert direct antiviral effects against SARS-

(Savarino et al., 2003aThese activities seem to be due to CoV. Yamamoto et al. (20043howed that the protease in-
inhibition of some non-retroviral aspartic proteases, such ashibitor nelfinavir (10uM), but not ritonavir, significantly and
the C. albicans secretory aspartic proteases (Saps) nd efficiently inhibited viral antigen expression (measured by
falciparum plasmepsins, as the three-dimensional (3D) ar- immunofluorescence), the production of virions (measured
chitecture of these microbial proteases resembles that of theby real-time RT-PCR) and the cytopathic effect (measured by
HIV-1 protease Tacconelli et al., 2004; Savarino et al., in the methyl tetrazolium assay) in Vero E6 cells infected with
press. SARS-CoV at a multiplicity of infection of 0.01. Moreover,
That the anti-HIV-1 drug Kaletra (a combination of the time-of-addition experiments showed that nelfinavir inhib-
Pls ritonavir and lopinavir) was found to be of some bene- ited SARS-CoV replication at a post-entry st&fahamoto
fit for individuals with SARS was rather surprisingifeng etal., 2004. Chu et al. (20043howed that lopinavir (6.4M)
et al., 2004, as the SARS-CoV genome encodes for no as- inhibited the cytopathic effect of SARS-CoV (measured by
partic proteases. Despite the lack of double-blind placebo- plaque-reduction assay) in foetal rhesus kidney-4 (fRHK-4)
controlled clinical trials, the clinical experience of physicians cells. Of note, the effects of lopinavir were synergistic to those
involved in the care of people with SARS during the great of ribavirin (Chu et al., 2004 Therefore, Chu and coworkers
epidemic of 2003 strongly suggests that lopinavir/ritonavir attribute to this antiviral synergism the clinical benefits ob-
should be taken into consideration in the clinical manage- served in individuals with SARS and treated with ribavirin
ment of this diseaseCheng et al., 2004 A retrospective plus KaletraChen et al. (20043creened the effects of differ-
matched cohort study @than et al. (2003pund thatthe ad-  entantiviral compounds against 10 clinical isolates of SARS-
dition of lopinavir/ritonavir to standard initial treatment pro- CoV. These compounds included the nucleosidic reverse
tocols was associated with a reduction in the overall death transcriptase inhibitors (NRTIs) zidovudine and stavudine,
rate (2.3%) and intubation rate (0%), when compared with the non-nucleosidic reverse transcriptase inhibitor (NNRTI)
a matched cohort who received standard treatment (15.6%nevirapine, and the PIs ritonavir and lopinavir. Again, only
and 11.0%, respectively,<0.05), and with a lower neces- lopinavir resulted to exert detectable effects against SARS-
sity of methylprednisolone at high doses. In another study, CoV. The EGgof lopinavir ranged from 1.6 to 6 4M at 48 h
Chu et al. (2004gvaluated the effects of Kaletra in associa- post-infection and from 6.4 to 128V at 72 h post-infection
tion with ribavirin. The adverse clinical outcome (acute res- in the fRHK-4 cell line Chen et al., 2004 However, they
piratory distress syndrome or death) was significantly lower warn that the antiviral effects are variable and cell line de-
in the treatment group than in the historical controls treated pendent. For example, the E§bf lopinavir against the pro-
with ribavirin alone (2.4% versus 28.8®< 0.001) atday 21  totype SARS-CoV strain 39849 ranged from 3.2 togM
after the onset of symptoms. Both studies conclude that a ran-in fRHK-4 cells and from 6.4 to 12.,8M in Vero cells Chen
domised trial would be needed to validate these results, buttheet al., 2004. Therefore, itis likely that the antiviral effects of
possibility of using lopinavir/ritonavir as a SARS treatmentis some anti-SARS compounds reported in the literature have
an option if SARS were to return. Other considerations on the been exaggerated or underestimated depending on the assay
potential anti-SARS benefits of anti-HIV-1 substances were and cell line used by the different groups. In this regard, the
made in an interesting paper Bhen and Cao (2004 hese example of ribavirinis interesting: some reportthatitis anin-
authors observed that none of 19 people with HIV-1/AIDS, hibitor SARS-CoV replication, others report that it exerts its
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antiviral effects only at concentrations too high to be reached pendent groups using 3€Ps of SARS-CoV and trans-

in vivo (Chen et al., 2004; Chu et al., 2004; Stroher et al., missible gastroenteritis virus (TGEV)dnwitheesuk and

2009. Samudrala, 2003a; Zhang and Yap, 20@¥mong the vari-
ous compounds that they testethang and Yap (2004j-
dicated ritonavir as the compound with the highest binding

3. The SARS coronavirus main protease: grounds for affinity (Kj =5.6x 10-2°M). These authors attribute to the
the potential anti-SARS effects of HIV-1 protease other Kaletra component, lopinavir, & of 8.7x 1072°M
inhibitors (Zzhang and Yap, 20Q4Instead,Jenwitheesuk and Samudrala

(2003b)attribute to ritonavir &; of ~10~’ M. My calcula-
As a member of the Coronaviridae family, SARS-CoV en- tions attribute to ritonavir &; of ~10~°>M. The reason for
codes for three different proteases, one of which, the 3C-like these discrepancies are due to the different methods adopted.

protease (3CR©), or main coronavirus proteasgegn et al., The above-mentioned authors use different molecular dy-
2004; Sun et al., 2003; Yang et al., 2003 likely to be a namics (MD) techniques to calculate the binding affinities.
target for Pls Jenwitheesuk and Samudrala, 200Rakve- Instead, | estimated the theoretical binding affinity of Pls to
liminary data ofyamamoto et al. (2004ihdicate that 3CE™ 3CLP™ based on a correlation between docking fitness and

can be inhibited, though only partially, by lopinavir, which experimental data embedded in the GOLD program. This
is a derivative of ritonavir. This is apparently surprising, be- dataset compares the GOLD fitness scores obtained for a
cause 3CP™ is a cysteine protease rather than an aspartic panel of potentiak-chymotrypsin inhibitors to their experi-
protease. In the active site of SARS-CoV 3, Cysi4sand mentally determined;’s. It may be argued that the SARS-

a Hig; form a “catalytic dyad” Anand et al., 2008 Cys- CoV 3CLP js a protein with chymotrypsin folding but not
teine proteases usually display a catalytic triad consisting of a-chymotrypsin itself. In any event, th§ that | estimated
serine, histidine and aspartate; however, the 3D structure ofis more realistic than those previously reported, given that
SARS-CoV 3CIF™ shows no aspartate residue in the vicin- Pls, at 1QuM, have been determined to inhibit the 3C-like
ity of Cysi4s and Hig1. SARS-CoV 3CIP™° is a homod- protease only partiallyfamamoto et al., 2004

imer with each monomer comprising three domaiwsand Although experiments providing a causal link between
et al., 2003. The first two domains show a chymotrypsin- 3CLP™ inhibition and impairment of SARS-CoV replication
like folding (root mean square deviation from bovine are still lacking, 3CP™ is indicated by most groups as the

chymotrypsin: 2.8\; P <0.05;Fig. 1), which is responsible  main target for Pls in SARS-CoV, as virological, biochemi-
forthe catalytic reaction, and the third domainiselical and cal and bioinformatic data seem to agree in this regard. The
plays a critical role in enzyme dimerisatidBHi et al., 2004 fact that, experimentally, lopinavir and ritonavir only par-
The chymotrypsin-like folding of 3C° is intriguing be- tially inhibit 3CLP™ does not exclude a possible causal link
cause the overall sequence identity between the two proteinsbetween 3CP™ and SARS-CoV inhibition. Indeed, the ex-
is quite low (~11%). As chymotrypsin and other proteins tent of 3CLP™® inhibition necessary for exerting antiviral ef-
with similar 3D folding are serine proteases, it raised the hy- fects is still not known. However, it cannot be excluded that
pothesis that 3CE° was originally a chymotrypsin-like ser-  inhibition of any other of the post-entry steps of the viral life
ine protease that later evolved in a cysteine prote@ikarf et cycle may contribute to the anti-SARS-CoV effects of Pls.
al., 2004. That a chymotrypsin-fold protease may be atarget  The possibility that PIs may dock to the active site of
for Pls is supported by in vitro experiments of independent 3CLP'®is intriguing as it extends the potential effects of these
groups, showing that PIs also inhibit chymotrypsin-like com- drugs beyond those organisms possessing aspartic proteases
ponents of the mammalian proteasomg¢inini et al., 2002; resembling the HIV-1 protease.
Schmidtke et al., 1999

The limited experimental evidence available for an in-
hibitory effect of Pls on 3CR° is supported by computa- 4. Expanding the applications of HIV-1 protease
tional simulations revealing that the catalytic site of 3L  inhibitors: theoretical effects on influenza A viruses
allows the docking of several Pls. The in silico simulation
that | have adopted, i.e., the genetic algorithm GOLD, uses  Another target for Pls might be a putative protease com-
ligand/protein docking techniques which have been used toponent of the RNA-directed RNA polymerase (RdRp) of the
successfully predict the susceptibility Bffalciparum to Pls type A influenza virus. Orthomyxoviridae had long been be-
(Savarino et al., 2004a, 2005, manuscript in preparatids lieved not to encode for any proteases, until the observations
shown inFig. 2, clinically used anti-HIV-1 PIs only par- of Hara et al. (2001a,lguggested that a chymotrypsin-like
tially fill the binding cavity of 3CIP™, but the GOLD fit- protease might be hidden in the carboxy-terminal region of
ness scores obtained (ritonavir =62.77; saquinavir=48.07;the PA subunit of RdRpHara et al., 2001a)b Their con-
indinavir = 48.93) indicate stable ligand/protein interactions. clusion is based on the observed capacity of PA to cleave
Only ritonavir, however, was found to display significant hy- chymotrypsin-specific substrates and on its amidolytic activ-
drogen bonding with 3CR° (data not shown). These ob- ity, which is a peculiar feature of chymotrypsintégra et al.,
servations are in line with previous calculations of inde- 20013. Hara et al. (2001a3howed by mutational analysis
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Fig. 1. Structural similarity between the SARS coronavirus (SARS-CoV) main proteas®{3&nd bovinex-chymotrypsin. (A) Three-dimensional structural
superimposition between the HIV-1 protease (accession number in the Protein Data Bank: 1Ud4hgntbtrypsin (accession number: 10XG). The residues
significantly aligned and corresponding to the catalytic site of both molecules are shown in red. The other regions of the catalytic domé&ifiaie S@iwn

in violet. Unaligned regions at-chymotrypsin are shown in blue. (B) Sequence alignment corresponding to the structural alignment in (A). The colours of
the residues in (B) strictly correspond to those of (A). This alignment was obtained using the VAST algorithm and visualised using the Cn3d 4.1 program
(www.ncbi.nlm.nih.goy.

that PA could be a serine protease with agggin the active residues of the catalytic triad as lHig and Aspg47 because

site. Abolition of this putative chymotrypsin-like protease ac- of their level of conservation in the PAs of type A influenza
tivity of PA by substitution of the catalytic Sgiyresidue with viruses. However, a survey of public sequence databases has
Ala significantly decreased the yield of viral progeiigyoda shown that Aspy7is not conserved in all PAs of influenza A

et al., 2003. Hara et al. (2001aldentified the other active  viruses. Theoretically, this observation does not contradict the
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Fig. 2. Docking of the HIV-1 protease inhibitor (PI) saquinavir to the active site of the severe acute respiratory syndrome coronavirus (SAR8CoV) ma
protease. The molecular surface corresponding to the catalytig Biiel Cysss residues is shown in blue and red, respectively. Molecular docking was
computed using the genetic algorithm GOLD (Cambridge Crystallographic Data Centre, Cambridge, UK) and visualised using the program SWI8Spdbviewe
(available atvww.expasy.ory (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

theory of Hara et al. because chymotrypsin-like proteases canal., 2001 According to my calculations, the second most

be functionally active proteases without the aspartate residue similar protein to the carboxy-terminal region of PA was,

One example for this is the above-described catalytic dyad among the proteins analysed, SARS-CoV 8CLAs shown

of 3CLP™, Alternatively, other Lewis bases in the vicinity of in Fig. 3, PA shares 43% sequence similarity and 19.1% iden-

Hiss10 might replace the Asp residue as a third component of tity with 3CLP™. This level of similarity is one of the highest

the triad. of those found with the other chymotrypsin-like proteases
In line with the observations of Hara et al., the carboxy- analysed (data not shown).

terminal region of PA, believed to be responsible for The sequence similarity between PA and 3Clraises

its chymotrypsin-like activity, in my analysis showed a the hypothesis that PI molecules might bind PA similarly to

significant though moderate similarity with-chymotryp- 3CLP™, Although substitution of the putative catalytic §ey

sin (~21% identity), according to CLUSTALW cal- residue of the protease activity of PA was differently re-

culations bttp://npsa-pbil.ibcp.fr/cgi-bin/npsautomat.pl? ported to affect viral replicatiorHodor et al., 2002; Toyoda

page=npsalustalw.htm}, and Hig1o and Seg>4 might cor- et al., 2003, the log reduction of viral replication in mice

respond to His; and Sefgs of chymotrypsin Hara et intranasally infected with a virus expressing agagr Ala


http://www.expasy.org/
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html
http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html

A. Savarino / Journal of Clinical Virology 34 (2005) 170-178 175

PA -SMRENYF-TAEVSHCRATEYINEGVYINTALLNASCVANDDFQLIPMISKCRSEEGRRE
3CLp=e SGFREMAFPIGEVEGC—————— MOV TCGTTTLNG—-LULDDTVYCPRHEVIC-TAEDMLN
:1{: T;_:ﬂ'_ * * +* _1;: 1;*_ H :wvr * 1f: 1‘_ =
PA o THNLYGFIIKGRIHLEND TDVWNFVSMEFSLTDPRLEPHEWVEKYCVLEIGDMLLRETAVGOWV
3cre PNYEDLLIRKSMNHS———————— FLVQAGNVQL-RVIGHIMON-CLLRLE---VDTSNFPKT
o® g D * *i W A o B2 WEELE = e H
PA SRPMFLYVRTNGTSKIEMKWGHMEMRRCLLOSLOQIESMIEAESSVEEKDNTEEFFENESE
3CLpre PEYKFVRIQP-GOTFSVLA-——————— CYNGS-——-——PSGVYQCA-MRPNHTIKGSFLN-——
*e . *os H * * * = H == = * * F
PA TUPIGHIPEGVEEGS IGEVCRTLLAKSVFNSLYASPQLEGFSAESRELLL IVQALEDNLE
3CLPre ———=GYCr=———- GSVG——————————— FNIDYDCVSFC-—YMHHMELPTGVHAGTD-LE
t__ ?r?f:?f *w w - - i :ﬁ' *:* * OFF
PA o PGTFDLGGLYEAIEECLINGPWVLLNASWFNSFLAHALE
3cre BRF TG o v R S R e e
o *

* identical
strongly similar
weakly similar

Fig. 3. Sequence alignment between the COOH-terminal region of the PA subunit of the RNA-dependent RNA polymerase of a H5N1 avian in-
fluenza virus (NCBI accession number: AAV48550), and the first two domains of the severe acute respiratory syndrome coronavirus (SARS-CoV)
main protease (3CI% NCBI accession number: P59641). The alignment was generated using the CLUSTALW softttprénpsa-pbil.ibcp.fr/cgi-
bin/npsaautomat.pl?page=npsdustalw.htm). The boxes evidence the perfect alignment between the catalytig &fisl Cysss of SARS-CoV 3CIP©

and the putatively catalytic Higo and Cygas of influenza A PA.

PA mutant lacking protease activity (3310 PFU in mu- does not seem to be directly involved in the endonucleolytic
tant virus-infected mice versus 4010* PFU in controls) reaction Fodor et al., 200R
observed byToyoda et al. (20033uggests that this protein In any event, if the reduction of viral replication observed

merits attention as a target for pharmacological interventions. in vivo by Toyoda and coworkers should become achievable
Similar mutants constructed Bypdor etal. inaprevious study  in humans treated with PA inhibitors, it might contribute to at-
(2002)had displayed no reduced replicative capacity in cell tenuate the life-threatening manifestations of avian influenza.
cultures. These different results are likely to be attributed to Alternatively, PA inhibitors might be used in combination
the fact that Toyoda et al. conducted their tests in a mousestrategies in order to impair the viral life cycle at multiple
model whereas Fodor and coworkers monitored viral replica- steps.

tion in a cell line model. A cell line may deviate from in vivo The 3D structure of RARp has not been crystallograph-
conditions in any of a number of molecular characteristics ically solved yet, and such studies will be necessary to
The different results between in vitro and in vivo models are develop specific inhibitors. As the availability of an X-
reminiscent of the results on SARS-CoV 3Linhibition ray structure of PA is likely to take a long time, | have
described in the previous sections of this paper and reflect themodelled the chymotrypsin-like component of the PA of a
need of further research. Moreover, Fodor et al. report in the H5SN1 chicken influenza virus isolate (NCBI accession num-
same paper that the Hig > Ala substitution in PA produces  ber: AAV48550) based on the X-ray solved structure of
replication-defective viruses. Of note, iigis a putative cat-  bovinea-chymotrypsin (Protein Data Bank accession num-
alytic residue of the possible chymotrypsin activity. These ber: 10XG). Although itis usually difficult to predict protein
authors attribute their observation to an impaired capacity of folding based on the 3D structure of homologues with less
the mutated RdRp to transcribe the viral RNA (VRNA) into than 50% of sequence identity, the approach of homology
MRNA because of a defect in the endonucleolytic activity modelling is validated in this case by experimental obser-
required to exert this function. Indeed, all three RdRp sub- vations showing that chymotrypsin-like proteases show an
units (PB1, PB2 and PA) are required for efficient synthesis extremely conserved 3D folding, even when homology in
of RNA transcripts. PB1 interacts both with PB2 and PA, and the primary structure is quite low. The 3D architecture of
a low resolution structural model of the influenza ribonu- SARS-CoV 3CIP™ described inFig. 1 constitutes such an
cleoprotein particle generated by electron microscopy sug- example. Despite its chymotrypsin structure, 8Clshares
gests a rather compact structure for the polymerase complexonly 10.5% sequence identity withkchymotrypsin Fig. 1),
(Martin-Benito et al., 200)L The observations of Toyodaand which is lower than that shared betweerchymotrypsin
Fodor are not necessarily mutually exclusive. Indeedsidis  and PA.
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This extremely conserved 3D folding is probably Computational simulations of the docking of three well-
forced by evolution in order to maintain the activities of known Pls (ritonavir, saquinavir and indinavir) to PA indi-
chymotrypsin-like enzymes. Itis moreover worth to be noted cate ritonavir as the compound with the highest GOLD fit-
that PA sequences may vary a lot even among influenza Aness score (i.e., 64.67), slightly higher that obtained with
viruses. However, according to my estimations, their level of SARS-CoV 3CIP™, and estimated to correspond t&gaof
sequence similarity with-chymotrypsin resulted to be sim-  ~10> M, well within the steady-state concentrations reach-
ilar, independently of the viral variants analysed (data not able in vivo at a dosage used in the treatment for HIV-
shown). Since above-mentioned research of Fodor et al. andl/AIDS. Similar results have been obtained by evaluating
Tayada and coworkers both suggest that the carboxy-terminathe docking of ritonavir to a PA structure calculated by
region of PA plays a role in viral replication, it is expected the software ROSETTA, which predicts the 3D structure
to maintain some conserved 3D architecture. Therefore, it is ab initio based on protein sequen&gtly://www.bioinfo.rpi.
possible to hypothesise that there are positions that allow mu-edu/~bystrc/hmmestr/server.phg-ig. 4shows the theoretical
tations and positions which do not, or at least, are compatible docking of ritonavir inside the binding cavity of PA. Accord-
with some kinds of mutations only. As the types of mutations ing to this model, significant hydrogen bonding might occur
allowed often depend on mutations occurring in other posi- with both the putatively catalytic Hiso and Seg4. There-
tions, this is a very complex matter, not resolvable by simple fore, if the above reviewed observations of both Toyoda et
sequence alignments. A specific algorithm will be necessary al. and Fodor et al. are correct, it is possible to speculate that
to clarify this point, and this could be an interesting aim for Pls mightinhibit either the proteolytic or the endonucleolytic
future research. function of PA.

Fig. 4. Theoretical docking of an HIV-1 protease inhibitor (ritonavir) to the active site of the chymotrypsin-like protease domains of the PAfstitgunit
RNA-dependent RNA polymerase of an H5N1 avian influenza virus. The three-dimensional structure of the COOH-terminal portion of PA was obtained by
homology molecular modelling using the software tool SWISS MODEL (availablenat.expasy.orly The model was then adjusted manually so as to match

the distances between the catalytic amino acids determined by X-ray in hegimgmotrypsin (Protein Data Bank accession number: 10XG). The molecular
surface corresponding to Hig, Asps47 and Seg»4 is shown in blue, yellow and violet, respectively. Molecular docking and its visualisation were obtained as
described in the caption féig. 2 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)


http://www.bioinfo.rpi.edu/~bystrc/hmmstr/server.php
http://www.bioinfo.rpi.edu/~bystrc/hmmstr/server.php
http://www.expasy.org/
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5. Concluding remarks one available group of antivirals presently available, viz. the
neuraminidase inhibitors.

The results so far obtained suggest that Pls should be taken  Meanwhile, the importance of studying PA should not be
into consideration for further study in the context of SARS underestimated. Further research is needed to confirm the ob-
and, maybe, influenza, including avian influenza viruses. The servations of Hara and coworkers on the chymotrypsin-like
evidence for an inhibitory effect of Pls against the etiologic activity of PA, determine its 3D architecture by crystallo-
agents of these diseases is still very preliminary in the casegraphic analysis, and define its role in the Orthomyxoviridae
of SARS and only theoretical in the case of type A in- life cycle. These researches might disclose new targets for
fluenza viruses. Anyway, a demonstration of effects of Pls on future pharmacological interventions against influenza.
chymotrypsin-like viral proteases might open new avenues
to antiviral research. As for the potential effects of Pls on
SARS, more extensive studies on the inhibitory effects of Pls
on 3CLP, as well as studies on the causal link between in-
hibition of 3CLP" and amIVIral effects, should be necessary. Anand K, Ziebuhr J, Wadhwani P, Mesters JR, Hilgenfeld R. Coronavirus
Furthermore, from the literature analysed, the need of stan-" in proteinase (301%) structure: basis for design of anti-SARS
dardisation of the in vitro testing of anti-SARS compounds  drugs. Science 2003;300:1763-7.
is apparent, in order to better compare the results obtained byCassone A, De Bernardis F, Torosantucci A, Tacconelli E, Tumbarello M,
independent groups. Moreover, more studies evaluating the Caugg R. In yitro and in viyo gn_ticandidal activiFy of human immun-
effects of Pls in combination with other anti-SARS drugs are 0def|C|enc_y virus protease |nh|b|t0rs. J Infect Dis 1999;180:448-53.

L. ; Chan KS, Lai ST, Chu CM, Tsui E, Tam CY, Wong MM, et al. Treat-
needed. We recently demonstrated a synergistic anti-HIV-1 ment of severe acute respiratory syndrome with lopinavir/ritonavir: a
effect of Pls in combination with chloroquin84varino etal., multicentre retrospective matched cohort study. Hong Kong Med J
2004h. This synergism is associated to combined inhibitory =~ 2003;9:399-406.
effects of chloroquine and Pls on the drug-extruding pumps Chen XP, Cao ‘Y. Consideration of highly active antiretrgviral therapy in
P-glycoprotein and multidrug resistance associated protein th(_e preventhn and .treétment of severe acute respiratory syndrome.

; L : Clin Infect Dis 2004;38:1030-2.

1 (MRP1), likely to result in increased drug concentrations cpen xp, Li GH, Tang XP, Xiong Y, Chen XJ, Cao Y. Lack of severe
(Savarino et al., 2004b As chloroquine is emerging as acute respiratory syndrome in 19 AIDS patients hospitalised together.
a new promising anti-SARS compound in vitrielyaerts J Acquir Immun Defic Syndr 2003;34:242-3.
et o, 2003, Plichloroquine combinaions should b tested P9 San ¢ e 120 B0 L 0 F2 L D0
In SARS_COV_mfeCted .Ce” CUItur.eS’ !n order t.O increase the antivirgl con{pounds. J Clin Virol 2004;31:69-75.
potential pharmacological combinations available. Alterna- cpeng vc, Tang BS, Wu AK, Chu CM, Yuen KY. Medical treatment of
tively, Pls might be regarded as a lead for the design of new  viral pneumonia including SARS in immunocompetent adult. J Infect
anticoronavirus compounds. 2004;49:262-73.

As for other possible antiviral applications of Pls, the pos- Chu CM, Cheng VC, Hung IF, Wong MM, Chan KH, Chan KSs,
sible chymotrypsin-like nature of the carboxy-terminal re- St & HKUUCH SARS Group. Role of lopinavir/itonavir in the

. . . f treatment of SARS: initial virological and clinical findings. Thorax
gion of the PA subunit of type A influenza virus RdRp, & 5004:50:252-6.
property shared with enzymes known to be susceptible tocrotty S, Cameron CE, Andino R. RNA virus error catastrophe: di-
Pls, as well as the theoretical possibility that Pls might suc-  rect molecular test by using ribavirin. Proc Natl Acad Sci USA
cessfully dock to its putative active site, should constitute _ 2001;98:6895-900. , ,
a basis for immediate testing of these antiretroviral drugs 72" K Wei P, Feng Q, Chen S, Huang C, Ma L, et al. Biosynthesis,

. . . = . . purification, and substrate specificity of severe acute respiratory syn-

against the influenza viruses in vitro. Although in other times drome coronavirus 3C-like proteinase. J Biol Chem 2004;279:1637—
this research should be considered to be at an embryonic 42,
stage, the recent human cases of avian influenza in VietnamFodor E, Crow M, Mingay LJ, Deng T, Sharps J, Fecther P, et al. A
and Cambodia should prompt the scientific community to single amino acid'm.ut..ation in the PA sybunit of the influenza virus
consider this as well as any other possible pharmacological ?':'/ﬁoﬁ"’z%om;;f_gs;gggtgoindon“C'eO'yt'C cleavage of capped RNAS.
strategy to combat this disease. The World Health Organiza- 4., Kk, Shiota M, Kido H, Ohtsu Y, Kashiwagi T, Iwahashi J, et al.
tion (WHO) has recently issued an alert on the emergence Influenza virus RNA polymerase PA subunit is a novel serine protease
of a possible pandemic of the H5N1 subtype influenza A with Ser624 at the active site. Genes Cells 2001a;6:87-97.
virus (www.who.ind). This virus is currently causing large Hara K, Shiota M, Kido H, Othsu Y, Toyoda T. Protease activity

. L . e . of influenza virus RNA polymerase PA subunit. Int Congr Ser
epidemics in poultry and has acquired the ability to transmit 2001b;1219:479—85.

to humans. It may in future acquire the ab'l'ty to spread by Jenwitheesuk E, Samudrala R. Identifying inhibitors of the SARS coro-
direct inter-human transmission. As the mortality of infected navirus proteinase. Bioorg Med Chem Lett 2003a;13:3989-92.
people is very high (76% since January 2004), many mil- Jenwitheesuk E, Samudrala R. Improved prediction of HIV-1 protease-
lions of deaths may be expected in case of a global outbreak. inhibitor; binding energies by molecular dynamics simulations. BMC
For these reasons, if Pls should prove to be effective against, Struct Biol 2003b;3:2-10. o

. . . . . . . eyaerts E, Vijgen L, Maes P, Neyts J, Van Ranst M. In vitro inhibi-
HS5N1 viruses in vitro, it may be immediately available for tion of severe acute respiratory syndrome coronavirus by chloroquine.

in vivo testing in affected individuals as an alternative to the  Biochem Biophys Res Commun 2004:323:264-8.
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