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Abstract

The exact residues within severe acute respiratory syndrome coronavirus (SARS-CoV) S1 protein and its receptor, human ACE2, involvet
in their interaction still remain largely undetermined. Identification of exact amino acid residues that are crucial for the interaction of S1 with
ACEZ2 could provide working hypotheses for experimental studies and might be helpful for the development of antiviral inhibitor. In this
paper, a molecular docking model of SARS-CoV S1 protein in complex with human ACE2 was constructed. The interacting residue pairs
within this complex model and their contact types were also identified. Our model, supported by significant biochemical evidence, suggeste
receptor-binding residues were concentrated in two segments of S1 protein. In contrast, the interfacial residues in ACE2, though close to eac
other in tertiary structure, were found to be widely scattered in the primary sequence. In particular, the S1 residue ARG453 and ACE2 residu
LYS341 might be the key residues in the complex formation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction potently than the full-length S1 domain, and an initial search
for S-protein residues critical to receptor-binding also pin-
As a structural glycoprotein on the virion surface, the spike pointed GLU452 and ASP454 within this fragment. However,
protein of coronavirus is responsible for binding to host cellu- the exact residues within S1 and ACE2 involved in their
lar receptors and the following fusion between the viral enve- interaction still remain largely undeterminddgqfmann and
lope and the cellular membrankl¢fmann and Pohlmann, Pohlmann, 2004 Since previous structural bioinformatics
2004). The identification of angiotensin-converting enzyme technology has showed its great power in the study of SARS-
2 (ACEZ2) as a functional receptor for severe acute respira- CoV (Cai et al., 2003; Yu et al., 2003; Liu et al., 2004a,b;
tory syndrome coronavirus (SARS-Co\l) et al., 2003 has Zhang and Yap, 2004; Zhang et al., 2DQ4e expect a molec-
provided insights into the host range, cell tropism and patho- ular docking model (PDB code: 1XJP) of S1/ACE2 complex
genesis of this newly identified etiological agent. Binding presented here will be helpful to uncover amino acid residues
analyses Babcock et al., 2004; Wong et al., 2Q0cal- potentially crucial for the association between S1 and ACE2.
ized a 193 amino-acid (residues 318-510) receptor-binding
domain (RBD) in the S1 domain of SARS-CoV spike gly-
coprotein. This fragment was shown to bind ACE2 more 5 Materials and methods

* Corresponding author. Tel.: +86 21 55664436; fax: +86 21 65642468. | he theoretical model of the SARS-CoV S1 domain (PDB
E-mail addressyangzhong@fudan.edu.cn (Y. Zhong). code: 1Q4Z) piga et al., 2003and the native crystal struc-
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ture of the human ACE2 extracellular domain (PDB code: Table1
1R42) (|-0W|er et al. 200)¢were downloaded from the pro- The interacting residue pairs in the S1/ACE2 complex model

tein data bank (PDB)Berman et al., 2000and used as  Slresidue ACE2 residue Contact type
inputs to the fully automatic ZDOCKZhen and Weng, 2003 vAL307 VAL298 Hydrophobic interaction
server fittp://zdock.bu.edy/for protein docking computa-  VAL308 VAL298
tion. Relying on a composite scoring function combining Xg';zoli Vﬁ';;g;
pairwise shape complementarity with desolvation and elec- PRO450 LYS341
trostatics Chen and Weng, 2003ZDOCK uses afast Fourier  argas3 LYS341
transform based algquthnChen an.d weng., 20@20 per- ARG449 GLU57 Electrostatic interaction (attractive)
form a global search in the translational and rotational space \gc 53 GLUS6
without the need for assumption about binding sites. As aspas4 LYS341
sho_wn in previous critical assessmer_n of prediction of inter- ASP312 ASP335 Electrostatic interaction (repulsive)
action (CAPRI) challenge, ZDOCK is among the best for ARGA53 ysaal v bond
. . . ydrogen bon
protein docking algorithmsGhen et al., 2003a)bBut due ASP312 THR334

to the difficulty of protein docking task, ZDOCK server,
like other approaches, always generates multiple predictions

ranked in descending order on the basis of scoring func- incorporation of crucial biological knowledge must play a
tion for one target, and consequently the identification and significant role in the following manual inspection to choose
the most likely complex modeQhen et al., 2003a)bIn this
case, a previous study derived from a homologous model of
ACE2 (Prabakaran et al., 20D#as indicated that the distal
ridge of this molecule was likely to participate in binding
because there was no room for the S1 protein to associate
with its receptor at the cellular membrane proximal face of
the ACE2 ectodomain. Moreover, a recent reseakbbofe

et al., 2004, suggesting that the S protein-binding site of
ACE?2 is topologically separated from its catalytic site that is
surrounded by the two distal ridges, further strengthened this
point of view. Furthermore, the previously identified RBD,
especially the two key residues within this fragment, must be
on the interface of selected complex model. In conclusion,
our criteria for model selection isto choose the highestranked
prediction in agreement with the biological information men-
tioned above. Based on the criteria, the fourth model, out of
1000 predictions generated, was proposed as the best model
(Fig. 1). Subsequently, interface forming residue graphical
contacts (IFRgc) Nlancini et al., 200% which is a web-
based tool integrated in the STING Millennium Suitéida

et al., 2004 (http://asparagin.cenargen.embrapa.br/SMS/
was used to identify and analyze amino acid contacts across
protein interfaces within the proposed complex model. The
resulting list of interacting residue pairs and their contact
types are shown ifable 1

3. Results and discussion

In our selected complex model, a positively charged cav-
ity at the distal end of S1 protein envelopes one highly
negatively charged ridge on the top of ACEZ2, i.e., it is con-
Fig. 1. Ribbon diagram of the SARS-CoV S1 (yellow)/ACE2 (blue) com-  sistent with earlier speculation stated above. And contacting
plex model (PDB code: 1XJP). The theoretical model of S1 domain (PDB residues are concentrated in two segments of S1 ternary
code: 1Q4_Z) and the native crystal structure of the human ACE2 e_xtracel- structure. One segment, including four residues (ARG449,
lular domain (PDB code: 1R42) were downloaded from the protein data PRO450. ARG453 d ASP454 ted in th . |
bank (PDB). This model was generated by the fully automatic ZDOCK | o ! a_n ) nested In ? previously
protein—protein docking server and manually selected on the basis of struc:—|d(':‘|_'1t|f|ed RBD, (.:Ontamed all of th? three attracFlve charged
tural biology knowledge. residues determined above. In particular, the residue ARG453
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interacted in several ways—electrostatic complementarity, In summary, the results presented here reveal amino
hydrogen bonding and hydrophobic interactions—with the acid residues potentially crucial for the interaction of
residues LYS341 and GLU56 of ACE2. This suggests that S1 with ACE2, and offer an opportunity for the appli-
it might be the key residue in the complex formation. More- cation of site-directed mutagenesis technology to test
over, the negative charge of ASP454 complemented the pos-our hypothesis and the development of effective antiviral
itive charge of ACE2 residue LYS341, in agreement with therapies. In fact, our hypothesis has been strengthened
the observation that the substitution of ASP454 with ala- by a recently published docking studyHyentelman et
nine completely inhibited ACE2 binding\(ong et al., 2001 al., 2004 in which a novel ACE2 inhibitor that potently
Similarly, another important residue (GLU452y¢ng et al., blocked the SARS-CoV spike protein-mediated cell fusion,
20049 was adjacent to the interface of this complex, hint- was successfully identified and experimentally confirmed.
ing at a possible effect on the receptor binding. All of this Moreover, the roles of two S1 segments, implied by our
evidence suggests that this segment is probably the primarymodel, can be strongly supported by some preliminary
determinant for formation of the complex and hence could results [Hsiao et al., unpublished data, abstract available at
be an attractive target for antiviral inhibitors. In contrast, the http://www.egms.de/en/meetings/sars2004/04sars058]shtml
other segment comprising of the remaining three residues,that identified two separate ACE2-binding domains on the
might only provide a secondary contribution to the complex S1 protein. The low affinity binding domain was mapped
formation because it is not nested in the RBD. Notably, the within the N-terminal 333 residues while the high affinity
existence of electrostatic repulsion at the residue ASP312,binding domain was located between the residue 334 and
even though it might be partially counteracted by the hydro- 666. Furthermore, rabbit antisera raised against peptide
gen bond at the same site, could serve as a likely explanationfragment, which corresponded to S1 residues 433-467
for the low receptor-binding affinity of the whole S1 protein (containing our predicted primary determinant), could
relative to that of the RBDWong et al., 200% completely block S protein binding to VERO EG6 cells that
Unlike the S1 protein, the interfacial residues in ACE2 use ACE2 as the receptor for SARS-CoV. Clearly, all of this
ectodomain, though close to each other in tertiary structure, evidence indicates that our complex model is very likely to
were found to be widely scattered in the primary sequence. shed light on the development of oligopeptide competitive
One instance was the hydrophobic patch formed by the inhibitors.
residues VAL298, THR334, LYS341 and VAL364. The other
example was that two neighboring acidic residues (GLU56
and GLU57) and a distant basic residue (LYS341) together ACknowledgement
formed attractive electrostatic interactions with three adja- ] )
cent residues (ARG449, ARG453 and ASP454) in the S1  This work was supported in part by grants from
tertiary structure. The residue LYS341, similarly to its coun- the National Key Projects for Basic Research (973)
terpart the S1 residue ARG453, made multiple contacts with (2002CB512801, 2003CB715904).
residues of the S1 protein, playing a central role in the asso-
ciations between ACE2 and S1. Also, recent reseakch (  Editors’ Note added in proof
et al., 2004 showed that murine ACE2 bound the S1 domain

of SARS-CoV with lower affinity than the human recep-  tpq Egitors and the Authors decided to publish this paper
tor and allowed less-efficient sp|ke_prote|n-med|ated cellular as soon as possible because of a very high potential medical
entry. Consequently, the comparison between human and, o iance of the findings. We are aware of the fact that
murine ACE2 sequences could provide valuable informa- y,q o\idence based on molecular docking alone may not be

tion on the mapping OT the S protein-binding region onto strong enough to fully justify the conclusions reached in this
ACE2. In fact, the pairwise alignment of human ACE2 commentary paper.

(GenBank accession number: AAT45083) and its murine

homolog (GenBank accession number: AAH26801) revealed

two point mutations occurring at the interfacial sites. One was References
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