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ABSTRACT

AIM: To obtain theinformation of ligand-receptor binding between the S protein of SARS_CoV and CD13, identify
the possible interacting domains or motifs related to binding sites, and provide clues for studying the functions of
SARS proteins and designing anti-SARS drugs and vaccines. METHODS: On the basis of comparative genomics,
the homology search, phylogenetic analyses, and multi-sequence alignment were used to predict CD13 related
interacting domains and binding sitesin the S protein of SARS_CoV. Molecular modeling and docking simulation
methods were employed to address the interaction feature between CD13 and S protein of SARS_CoV invalidating
the bioinformatics predictions. RESULTS: Possible binding sitesin the SARS_CoV S protein to CD13 have been
mapped out by using bioinformatics analysistools. The binding for one protein-protein interaction pair (D757-R761
motif of the SARS_CoV S protein to P585-A653 domain of CD13) has been simulated by molecular modeling and
docking simulation methods. CONCLUSION: CD13 may be a possible receptor of the SARS_CoV S protein,
which may be associated with the SARS infection. This study also provides a possible strategy for mapping the
possible binding receptors of the proteinsin a genome.
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INTRODUCTION

The genome of severe acute respiratory syndrome
associated with a special coronaviruses (SARS_CoV)
was sequenced just two weeks ago and is now avail-
ableinthe GenBank!*3. 1t can befound that SARS_CoV
genome has the same frame of sequence structure with
other coronaviruses, because almost all of the struc-
ture proteins existing in previously known
coronaviruses, such as spike glycoprotein (S), enve-
lope protein (E), membrane protein (M) and nucleo-
capsid protein (N), have beenidentified in SARS_CoV
in the same order’®. However, phylogenetic analyses
of the predicted viral proteinsindicated that SARS_CoV
did not closely resemble any of the three previously
known groups of coronaviruses*®.

Among the structure proteins of coronaviruses,
the S protein plays a very important role in virus entry,
virus-receptor interactions and their relationship to
tropism. Sprotein is asurface projection glycoprotein
and may be cleaved by virus-encoded or host-encoded
proteinases to produce two functional subunits, S1 and
S2, like other coronaviruses™. Tresnan et al reported
that two members of coronavirus serogroup |, human
respiratory coronavirus (HCoV-229E) and porcinetrans-
missible gastroenteritis virus (TGEV), use aminopepti-
dase N (APN) astheir cellular receptor'®. The S pro-
tein of SARS_CoV is a very large membrane
glycoprotein, predicted to be 1 255 amino acidsin length.
It contains two hydrophobic regions characterized as
type 1 glycoproteins: one at the N terminus of the entire
protein including a short type | signal sequence and the
other at the C terminus consisting of atransmembrane
domain and a cytoplasmic tail rich in highly conserved
cysteine residues.

It isalready known that in infection progresses, a
virus can encode different kinds of proteins, which are
similar to chemokines or inhibitors of chemokine
receptor, simulating the function of chemokine or its
receptor to disturb transferring of chemotactic signal,
and reducing the immunoreaction mediated by cyto-
toxic T-lymphocytes (CTL). A lot of researches re-
vealed that the S protein had several important func-
tionsincluding binding of the virusto susceptible cells,
mediation of membrane fusion (both viruscell and cell-
cell fusions), and induction of neutralizing antibody re-
sponses in the host species”™¥. All of these functions
of the Sprotein are associated with virusinfection. This
gives us a clue to propose a hypothesis that certain
domain(s) in spike protein of SARS_CoV might have

the same function as that of HCoV-229E spike glyco-
proteins—exhibiting its infection function by binding to
the human aminopeptidase N (hAPN) (or termed CD13).

Generally, like the S protein, membrane protein
receptors are a class of proteins that are pivotal for
numerousbiological functions. Knowledge of theligand-
receptor binding and activationiscritical inunderstanding
the biological functions of receptors and in designing
small molecules for therapeutic intervention.
Accordingly, to find evidences for our above hypoth-
esisthat whether the interactions between the S protein
of SARS_CoV and CD13 exist or not, protein-protein
interaction analyseswere carried out by bioinformatics
analysisand molecular modeling methods. Inthe present
paper, we report a putative binding domain and binding
sites of the SARS_CoV S protein to CD13.

MATERIALS AND METHODS

Protein-protein interaction mapping Two kinds
of sequenceaignmentswereinitially performed: thefirst
onewas carried out betweenthe Sprotein of SARS_CoV
(GenBank protein ID NP_828851.1, Genome ID
NC_004718, SARS coronavirus TOR2, submitted by
the British Columbia Centre for Disease Control and
National Microbiology Laboratory of Canada) and the
S protein of HCoV-229E; the second one was under-
taken between the S protein of SARS _CoV (GenBank
protein ID NP_828851.1, Genome ID NC_004718,
SARS coronavirus TOR2) and the S protein of porcine
epidemic diarrhea virus (PEDV). The first alignment
produced 29 % identities, 45 % positives and 13 %
gaps, respectively, and the second alignment revealed
29 % identities, 45 % positives and 12 % gaps,
respectively. These two alignments addressed the re-
gion with the highest similarity for three of the S pro-
teins located at the area around the S2 segment, but
there is no significant homology among them. Similar
results of the multi-alignment analysis were obtained
by using CLUSTAL_W. These resultsarein consistent
with the current phylogenetic analyses of Rota et all",
Marraet al'¥, Thomas et al', and Peiris et al®. Based
on the results of multi-alignment and phylogenetic
analyses, they suggested that SARS_CoV should be
sorted as a new group of coronaviruses. This means
that only through sequence alignments employing avail-
able bioinformatics analysis tools such as BLAST and
CLUSTAL_W cannot achieve enough useful informa-
tion for the ligand-receptor interactions between the S
protein of SARS _CoV and the CD13.
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Because of aforementioned reason, a new devel-
oped method of our laboratory was applied to map the
binding sites of the S protein of SARS_CoV to CD13.
In brief, the procedure of this method composed fol-
lowing steps: (1) Homology search was performed to
identify the homologous proteinsrelated to CD13. (2)
A phylogenetic tree was constructed to determine pro-
teins that are homol ogous and have short phylogenetic
distancesto CD13 (Fig 1), these proteins were selected
as queriesfor searching the protein-protein interaction
database DIP (http://www.DIP.org). (3) Proteinsin
the DIP database that possibly interact with CD13 and
their homologous proteins with short phylogenetic dis-
tances to CD13 were picked out to construct a database,
designated “ InterDatabase” . InterDatabase contains 11
proteins: PEP3_YEAST (GenBank ID P27801),
BZZ1 YEAST BZZ1 (GenBank ID P38822),
PRY3_YEAST PRY3 (GenBank ID P47033),
PRO6_YEAST (GenBank ID P19735), NUT2_YEAST
NUT2(GenBank ID Q06213), GASL_YEAST (GenBank
ID P22146), MUCB_ECOLI (GenBank ID P07375),
MUCA_SALTY (GenBank ID P07376), RECA_ECOLI
(GenBank ID P03017), SSB_ECOLI (GenBank ID

Phylogenetic tree

P02339), YTM1_YEAST (GenBank ID Q12024).
Practically, proteinsin InterDatabase can be taken as
the templates for searching ligands of CD13. (4) Tak-
ing all the putative proteins of SARS_CoV as queries,
InterDatabase was searched by using BlastP and PSI-
Blast, addressing the proteinsin SARS_CoV genome
that are mostly homologous to the proteins in the
InterDatabase. These proteinscan be taken astheligand
candidates of CD13. (5) Finally, a second database
was constructed containing the protein interaction pairs
between CD13 and releted proteins and proteinsin the
SARS CoV genome, names as CD13-SARS-PPI, for
further analysis and study.

Molecular modeling To confirm above protein-
protein interactions, the possible three-dimensional (3D)
structures of the monomer proteinsin CD13-SARS-
PPl database were constructed by molecular modeling
methods, and the protein-protein interactionswere simu-
lated by molecular docking and molecular dynamics
methods. In the present paper, we just report the simu-
lation result for one candidate of the interaction between
CD13and SARS _CoV proteins.

3D model generation of CD13 Sequence analy-
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Fig 1. A phylogenetic tree based on the proteins which are homologous and have short phylogenetic distances to CD13.
These proteins were selected as queries to search protein-protein interaction database DIP (http://www.DIP.org) to find CD13
related information of protein-protein interactions. Eleven proteins were selected to build up an InterDatabase.
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sis and conserved-residue identification were carried
out among CD13 and other aminopetidases, sequences
of CD13 and other aminopetidases were from (http://
www.expasy.ch/prosite). Protein-protein interaction
analysesindicate that sequence from Agp757 to Arg761
(termed D757-R761) in the SARS_CoV Sproteinisa
possible binding motif to CD13, and its corresponding
binding domain in CD13 is around the segment from
Pro585 to Ala653 (termed P585-A653). It isimpos-
sible to model the whole structures of the full length
CD13 containing 966 amino acids (Swiss-Prot 1D
P15144). Therefore, we selected sequence from Asp438
to Phe814 of CD13 (termed D438-P814), which cov-
ers P585-A653 domain, for structure modeling. The
crystal structure of leukotrinen A4 hydrolase/aminopep-
tidase!*? was selected as the template for homology
modeling. During the 3D structure construction, the
Homology module encoded in Insight 111** and the
ClustalW algorithm!*! were applied in sequence
alignment, and the Blosum scoring matrix*! was em-
ployed to obtain the best-fit alignment. The best align-
ment was selected according to not only the value of
the alignment score but also the reciprocal positions of
conserved residues. The transmembrane (TM) domains
were identified and transformed into a-helices and the
nonequivalent amino acids were mutated to produce
CD13 sequence.

The FASTA program™ was used to identify se-
quence homol ogous through the in-house database™”!
containing 700 loops and proteins with medium to high
sequence identity. CLUSTAL_W™! was then used to
determinethe fragmentsthat have higher homology with
the loopsand the N terminus of the CD13. The reason-
able fragment conformation was chosen from the top
10 candidates that have the lowest root mean square
(RMS) values and considerable geometrical
compatibility.

The 3D model of D438-P814 was optimized by
molecular mechanics method with Amber force field
and Kollman-all-atom charges®. Finally, the HBPLUS
algorithm™ was used to calcul ate the inter-helical hy-
drogen bonds, and the modeled structure was validated
with PROCHECK ™ and WHATIF?,

Interaction simulation of D757-R761 to D438-
P814 To address the interaction feature between the
key motif of SARS_CoV S protein (D757-R761) and
itspossible binding sitein CD13 (P585-A653), molecu-
lar docking simulation was performed. Because the
polypeptide of D757-R761 (Asp757-Arg758-Asn759-

Thr760-Arg761) isvery flexible, apowerful computa-
tional searching method is needed. Genetic algorithm-
based flexible docking program, FlexiDock!?, provides
ameans for the simulation of flexible ligand binding to
itsreceptor. FlexiDock incorporates the van der Waals,
electrostatic, torsional and constraint energy terms of
the Triposforce field. And it usesa genetic algorithm
to determine the optimum ligand geometry. The struc-
tures of D438-P814 of CD13 and D757-R761 of
SARS _CoV S protein were prepared using the Sybyl
6.81*! molecular modeling software. After FlexiDock,
we gained 20 possible binding conformations for D757-
R761, and the conformation with the lowest binding
energy to D438-P814 was selected for further anayses.

RESULTS AND DISCUSSION

Possible interaction pairs between SARS CoV
and CD13 Proteins with E-value<1 estimated by our
new developed method were selected as the candidates
for protein-protein interaction. Three protein candidates
in SARS_CoV genome that may interact with CD13
have been identified by this method, they are (1) the S
protein with five BLAST hits regions, BLAST score
from 29.0 to 23.1, 273 bits and the best E-value of 0.
015; (2) coronavirus nsp5 protein (GenBank ID
NP_828866.1), with one BLAST hitsregions, 52 hits,
BLAST score of 24.7 and the best E-value of 0.039;
and (3) putative uncharacterized protein (GenBank ID
NP_828857.1) with one BLAST hits regions, 55 hits,
BLAST score of 25.8 and the best E-value of 0.041.
Our bioinformatics analysis strongly suggested that
domains and motifs existed in the S protein of
SARS CoV that may interact with CD13, but other two
protein candidates might result from fal se positive pre-
diction because of their lower hits and higher E-values.

To confirm above result, we performed a multi-
alignment for the sequences among the S proteins of
SARS CoV, HCoV-229E, and PEDV as well as other
proteins in the InterDatabase. An extension homolo-
gous domain (aa. 503-1187) and a common homolo-
gousdomain (aa. 1132-1171) were identified from the
Sproteins of SARS_CoV. The common homologous
domain contains 49 residues (EELDKY FKNHTSPDV -
DLGDISGINASVVNIQKEIDRLNEV), located closeto
the C-terminus, 24 amino acids far away from the
predicted transmembrane domain of SARS_CoV Spro-
teinl?. Two binding sites for CD13 were detected at
the segment of aa. 503-1187 inthe SARS_CoV Sprotein,
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ie, TLVK (aa. 943-946) and FVF (aa. 1077-1079), which
respectively correspond to the two CD13 binding sites
of TLLL (aa. 62-65) and YAY (aa. 214-216) in
the Sprotein of MHV'®, Interestingly, the number of
amino acids (~131 aa.) between the two detected bind-
ing sites are approximately as same as that between the
two binding sites of the S protein of MHV (~151 aa.)
(Fig 2). Multi-alignment for S proteins of seven
coronaviruses resulted in four conserved motifs (Fig
3), three of them have IPTNFSIS (aa. 695-703),

seq 1. 932 -—-TLVK--——-FVF---- 1090, 970 ——-TXXL--- 993
*ky 4+ + * *
seq 2., 51 ---TLLL----YAY---- 226, 51 ---TLLL--- 75

Fig 2. Three putative binding sites for CD13 in SARS_CoV
S protein, TLVX (aa. 943-946), TXXL (aa. 980-983) and FVF
(aa. 1077-1079) (seq_1), which are in agreement with CD13
binding motifs of MHVR in the same order (seq_2).

LT [ Lpe

RSFIEDLLFNK (aa. 797-808), and DRLITGRLQSLQ
(aa. 976-987), located at the extension region 503-1187.
A possible binding site TXXL (aa. 980-983) correspond-
ingto TLLL of MHVR was a so captured (Fig 2).
Additionally, the whole extension homologous
domain of SARS_CoV Sproteinwas scanned by a physi-
cal chemistry property-based receptor-binding domain
searching method® ! in order to find some possible
extraCD13 binding sites. One possible CD13 binding
motif inthe Sprotein of SARS_CoV wasidentified, viz
DRNTR (D757-R761). The whole sequence of CD13
was also scanned by the same method, resulting the
possible binding domain of CD13 to D757-R761, ie,
PITSIRDGRQQQDYWLIDVRAQNDLFSTSGN-
BEWVLLNLNVTGYYRVNYDEENWRKIQTQLOQRDHA
(P585-A653). Experimental research reported that a
CD13 binding domain ranging from amino acids 417 to
547 existed in the S protein of HCoV-229E™Y, Sequence
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Fig 3. Multi-sequence alignment among spike proteins of seven coronavirus. Four important motifs that may act as the
binding sites to CD13 are IPTNFSIS (aa. 695-703), RSFIEDLLFNK (aa. 797-808), DRLITGRLQSLQ (aa. 976-987), and TXXL.
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alignment of the SARS_CoV S proteinto HCoV-229E
S protein indicated that the CD13 binding domain for
the HCoV-229E S protein corresponded to the domain
of aa. 500-810, which covered the possible CD13 bind-
ing motifs selected out by above method. This demon-
strates that our searching method is reliable and that the
CD13 binding motifs are reasonable.

All above possible protein-protein interaction in-
formations were deposited in the CD13-SARS-PPI
database.

Binding for D438-P814 of CD13 and D757-R761
of SARS_CoV S protein To confirm the sequence
analysis result for protein-protein interaction at the 3D
level, we are modeling the 3D structures of the mono-
mer proteins and their interactionsin the CD13-SARS-
PPl database. Asanexample, in the present paper, we
just report the simulation result of the binding between
D438-P814 of CD13 and D757-R761 of SARS _CoV S
protein.

The 3D structure model of D438-P814 is shown
in Fig 4A. PROCHECK™! and WHATIF?! analyses
indicate that the 3D structure is reasonable. |n agree-
ment with above protein-protein interaction prediction,
there is a cleft around the possible CD13 binding do-
main (P585-A653) (Fig 4A).

The binding model derived from the FlexiDock
simulation is shown in Fig 4B, which indicates that
D757-R761 may complementally fit into the binding cleft
on the surface of D438-P814. The binding affinity was
estimated about at the level of mmol/L. Thisillustrates
that SARS_CoV S protein may possibly bind to CD13.
In detail, the carbonyl and NH, groups of Arg758 on
the S protein form two hydrogen bonding respectively
with the backbone NH group of Trp583 and the carbo-
nyl group of Leu683 on the CD13, the hydrogen bond
lengths are 3.03 and 2.56 A respectively. Hydropho-
bic interaction plays an important role in the binding of
the SARS_CoV Sprotein and CD13. Tab 1 liststhe
major hydrophobic interaction pairs between the D757-
R761 motif of SARS_CoV Sprotein and the D438-P814
domain of CD13. In general Phe579, 11e584, Val 585,
Phe611, 11e686, and Glu688 of the D438-P814 domain
areinvolved inthe hydrophobic interaction to the D757-
R761 motif of SARS _CoV S protein. These strong
hydrogen bondsand hydrophobic interactionsdominantly
contribute to the binding of the D757-R761 motif of
SARS _CoV Sprotein to CD13. This primary molecu-
lar modeling and simulation demonstrated that the
bioinformatics analyses for protein-protein interactions

Tab 1. The hydrophobic contacts between D757-R761 of
SARS_CoV S protein and D438-P814 domain of CD13.

D757-R761 of D438-P814 of CD13

SARS CoV Sprotein Distance (&)

Residue Atom Residue Atom

Arg761 CB Phe611 Ccz 3.83
Arg761 CB Phe611 CEl 3.74
Arg761 C Phe611 cz 3.65
Arg761 C Phe611 CE2 3.70
Arg761 C Phe611 CEl 3.50
Arg761 C Phe611 CD2 3.65
Arg761 C Phe611 CD1 3.47
Arg761 C Phe611 CG 357
Arg761 CA Phe611 CEl 3.71
Thr760 CG2 Leu683 CD2 3.23
Arg761 CG2 Leu683 CD1 3.46
Arg761 CG2 Leu683 CG 3.55
Arg761 CB Leu683 CD2 3.26
Arg761 CB Leu683 CD1 3.57
Arg761 CB Leu683 CG 3.27
Arg761 CB Leu683 CB 351
Arg761 C lle584 CD1 3.85
Arg761 CG Va585 CG2 3.05
Asn759 CB 11584 CG1 3.66
Asn759 CB 11e584 CA 3.73
Asn759 CB Trp583 Cc 3.39
Asn759 C 116686 CD1 3.70
Arg758 cz Glu688 CG 2.86
Arg758 Cz Glu688 CB 3.55
Arg758 cz Glu688 CA 3.32
Arg758 cz Leu683 CB 3.89
Arg758 CD Glu688 CG 3.86
Arg758 CD 11e686 CG2 3.59
Arg758 CD 11e686 CB 3.58
Arg758 CD 11e686 C 3.67
Arg758 CG Phe579 CD1 3.57
Arg758 CB Phe579 CD1 3.60
Asp757 CG Trp583 CD1 3.59
Asp757 CG Trp583 CG 3.57
Asp757  CG Trp583 CB 337
Asp757 CA Phe579 Ccz 3.82

made sense, suggesting several cluesfor the functional
study on the SARS proteins.

CONCLUSIONS

Possible binding sitesin the SARS_CoV Sprotein
to CD13 have been mapped out by using bioinformatics
analysistools. The binding for one protein-protein in-
teraction pair (D757-R761 motif of the SARS CoV S
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Fig 4. (A) 3D model of D438-P814 of CD13. The structure is shown as ribbon representation. The binding domain of CD13
interacting with the S protein is highlighted in green color, and the starting and end residues (P585 and A653) are repre-
sented as ball-and-stick model. (B) The electrostatic surface representation of the interaction between D438-P814 of CD13
and D757-R761 of SARS_CoV S protein. The right part gives the stick representation of the binding conformation of D757-
R761.
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protein to P585-A653 domain of CD13) has been simu-
lated by molecular modeling and docking simulation
methods. The result confirmed the bioinformatics
predictions, indicating that CD13 is a possibl e receptor
of the SARS_CoV S protein, which may be associated
with the SARS infection. This study also provides a
possible strategy for mapping the possible binding sites
of the proteins in a genome to their receptors.
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