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ABSTRACT

AIM: To constructed a three-dimensional (3D) model for the 3C like (3CL) proteinase of SARS coronavirus
(SARS_CoV), and to design inhibitors of the 3CL proteinase based on the 3D model. METHODS: Bioinformatics
analyses were performed to search the homologous proteins of the SARS_CoV 3CL proteinase from the GenBank
and PDB database. A 3D model of the proteinase was constructed by using homology modeling technique. Target-
ing to the 3D model and its X-ray crystal structure of the main proteinase (M) of transmissible gastroenteritis
virus (TGEV), virtual screening was performed employing molecular docking method to identify possible 3CL
proteinase inhibitors from small molecular databases. RESULTS: Sequence alignment indicated that the SARS CoV
3CL proteinase was extremely homologous to TGEV MP°, especially the substrate-binding pocket (active site).
Accordingly, a 3D model for the SARS CoV 3CL proteinase was constructed based on the crystal structure of
TGEV MP®. The 3D model adopts a similar fold of the TGEV MP?, its structure and binding pocket feature are
amost as same as that of TGEV MP°. Thetested virtual screening indicated that 73 available proteinase inhibitors
in the MDDR database might dock into both the binding pockets of the TGEV MP° and the SARS CoV 3CL
proteinase. CONCLUSIONS: Either the 3D model of the SARS CoV 3CL proteinase or the X-ray crystal struc-
ture of the TGEV MP° may be used as a starting point for design anti-SARS drugs. Screening the known proteinase
inhibitors may be an appreciated shortcut to discover anti-SARS drugs.
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INTRODUCTION

Recently, severe acute respiratory syndrome
(SARS) isbeing spread in many countries and places™?.
Therefore, discovering anti-SARS drugs is mostly
significant. Genomic sequencing and bioinformatics
analyses have addressed the important proteins that may
be associated with the SARS coronaviruse (SARS _CoV)
infection, including the polymerase, the spike (S)
glycoprotein, the envelope (E) protein, the membrane
(M) protein, the nucleocapsid (N) protein, and the 3C
like (3CL) proteinase!*3. Theoretically, all these pro-
teins can be used as targets to screen anti-SARS drugs.
However, the 3CL proteinase is a preferred target for
the task of discovering anti-SARS drugs in currently
emergent situation of SARS spreading by following
reasons:. (1) the 3CL proteinase possibly plays anim-
portant role in the SARS _CoV replication as deduced
from the function of the 3CL proteinases of other
coronaviruses?; (2) numerous inhibitors of other 3CL
proteinases are available and severa of them arein clinic
test, if some of them show anti-SARS activity, they
can be developed as anti-SARS drugs rapidly; (3) 3CL
proteinasesis easily to be expressed (we have expressed
this proteinasein E coli strain), and thus screening model
can be established quickly; (4) homology modeling can
be employed to construct the three-dimensional (3D)
structure of this proteinase because highly homologous
protein with X-ray crystal structure has been found (see
discussion below), thereby structure-based drug design
methods, such as virtual screening, can be applied to
search active compounds from the compound databases.

In the present paper, we report a 3D structure
model for the SARS CoV 3CL proteinase constructed
based on the X-ray crystal structure of the transmis-
sible gastroenteritis virus (TGEV) main proteinase
(MP®). We also provide a virtual screening strategy for
discovering anti-SARS drugs targeting to both the X-
ray crystal structure of the TGEV MP* and the modeled
structure of the SARS _CoV 3CL proteinase.

MATERIALS AND METHODS

3D structure construction The sequence of 3CL
proteinase of SARS was retrieved from the GenBank
(GenBank protein ID NP_828863) (http://www.nchi.
nim.nih.gov/). The Align123 module encoded in
Insightl1™¥ was used in the pairwise sequence alignment.
Alignl123 is a sequence alignment method devel oped
based on the CLUSTAL W™ program, combining with

the secondary structural prediction, which may pro-
duce more precise alignment. According to the sec-
ondary structure information of MP, the sequence align-
ment was adjusted manually to obtain a fine alignment
for 3D structure construction. The 3D model of the
SARS 3CL proteinase was generated by using the
MODELLER program!® encoded in Insightl I,
MODELLER uses a spatial restraint method to build up
protein 3D models. The structure of each template pro-
teins was used to derive spatial restraints expressed as
probability density functions for each of the restrained
features of the models. For the alignment of the
SARS CoV 3CL proteinase, MODELLER yielded three
models, each of which contains three optimizing loop
structures. The structure with the lowest violation score
and lowest energy score was chosen as the candidate.
Refine routine in the Homology module of Insight! |
was used to adjust the positions of the side chains.
Finally, the whole structural models were optimized
using Amber force field!” with the following parameters:
a distance-dependent dielectric constant of 4.0,
nonbonded cut-off 8 A Kollman-all-atom charges!”.
The structures were minimized by steepest descent first,
then by conjugate gradient method to the energy gradi-
ent root-mean-square (RMS) <0.05 kcal - (mol- A,
Several structural analysis softwares were adopted
to check the structure quality. The Prostat module of
Insight! 1™ was used to analyze the properties of bonds,
angles, and torsions. Profile-3D® program was used
to check the structure and sequence compatibility.
Binding site mapping The major residues possi-
bly compose the binding site of the SARS 3CL protein-
ase was identified by the sequence alignment with MP°
of TGEV and SitelD program encoded in Sybyl6.8 .
The surface structure of the binding pocket was con-
structed by using the MOLCAD module of Sybyl6.8"%.
Virtual screening Both the optimized 3D model
of SARS 3CL proteinase and the X-ray crystal struc-
ture of TGEV MP*° were used as the targets for virtual
screening on several databases, including MDL/ACD
(http://www.mdli.com/), MDL/MDDR (http://www.
mdli.com/), SPECS (http://www.specs.net/), the China
Natural Product Database (CNPD) (http://www.
neotrident.com/), compound sample database of the
National Center for Drug Screening (http://www.screen.
org.cn/). The virtual screening is being performed on
the 64-processor SGI Origin 3800 supercomputer at
the Drug Discovery and Design Center (http://www.
dddc.ac.cn/) and the 392-processor Sunway-1
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supercomputer at the Shanghai Supercomputer Center
(http://www.ssc.net.cn/). So far the entire virtual
screening has not been finished yet, here we just report
the strategy and test results for the virtual screening
against the SARS 3CL proteinnase 3D model and the
X-ray crystal structure of TGEV MP°,

No scoring function has been developed so far
that may reliably and consistently predict a ligand-pro-
tein binding mode! and binding affinity™. Therefore,
heuristic docking and consensus scoring strategies are
often used in virtual screening; ie, different docking and
scoring methods are applied to evaluate the screen-
ing results. In the present study, the program
DOCK 4.0 was employed for the primary screening.
Residues around the catalytic center (around His41 and
Cysl145 for SARS CoV 3CL proteinase and His41 and
Cysl44 for the TGEV MP©) at radius of 6 Awas iso-
lated for constructing the grids of docking screening,
and the pocket composed by these residues was larger
enough to include residues of the binding pocket. Dur-
ing the docking calculations, Kollman-all-atom
charges” were assigned to the protein, and Geisterger-
Hiickel charges®*™ were assigned to the small mol-
ecules in the small molecular databases due to lack of
proper Kollman charges. The conformational flexibil-
ity of the compounds from the database was consid-
ered in the docking searching.

The DOCK suite of programs is designed to find
possible orientations of aligand in a*“ receptor” sitel*Y,
The orientation of aligand is evaluated with a shape
scoring function and/or a function approximating the
ligand-receptor binding energy. The shape scoring func-
tionisan empirical function resembling thevan der Waals
attractive energy. The ligand-receptor binding energy
is taken to be approximately the sum of the van der
Waals and electrostatic interaction energies. After the
initial orientation and scoring evaluation, a grid-based
rigid body minimization is carried out for the ligand to
locate the nearest local energy minimum within the
receptor binding site. The position and conformation
of each docked molecule were optimized using single
anchor search and torsion minimization method of
DOCK4.0™3, Thirty configurations per ligand build-
ing a cycle and 50 maximum anchor orientations were
used in the anchor-first docking algorithm. All docked
configurations were energy minimized using 100 maxi-
mum iterations and 1 minimization cycle.

Next, the top-1000 molecules for each database
were selected for further analyses. These molecules

were re-scored by Cscorée!*® and the scoring function
of AutoDock3.01*”. Based on the second scoring result,
100 molecules were selected from each database ac-

cording to above comprehensive scorings.

RESULTS AND DISCUSSION

Bioinformation analysis Recentely, various ge-
nomic sequences of SARS _CoV from different patients
have been released in the GenBank, NCBI. Multi-align-
ment for the sequences of the 3CL proteinase of SARS
resulted that only Asp189 was found to be substituted
by Phe residue in one SARS strain (data are not shown).
This minor difference may be caused by the sequenc-
ing error. Thisindicatesthat the 3CL proteinaseis very
conservative during the SARS mutations and can be
used as apotential target for anti-SARS drug screening.

Sequence analysis and conserved residues identi-
fication were carried out among several virus genomes,
including human coronavirus, murine hepatitis virus,
porcine epidemic diarrheavirus, feline infectious peri-
tonitis virus, avian infectious bronchitis virus, porcine
teschovirus, and transmissible gastroenteritis virus
(TGEV). Totally 43 BLAST hits were obtained. Se-
guence search from the Protein Data Bank (PDB) (http:/
/www.rcsb.org/pdb/) for identifying the homologous
proteins of the 3CL proteinase of SARS was performed
by using the BLASTP program!*. Only one protein
was found with significant sequence homology to the
SARS 3CL proteinase, the sequence identity is 43 %,
positive 60 %, and gap 1 %. This protein isthe main
proteinase (MP°) of TGEV. Therefore, the crystal struc-
ture of the MP° of TGEV can be used as atemplate for
modeling the 3D structure of SARS 3CL proteinase.

3D Model According to the bioinformatics analy-
sis result, we constructed the three-dimensional (3D)
structure model for the SARS 3CL proteinase based on
the X-ray crystal structure of the M of TGEV (PDB
entry 1LV O) determinated by Anand et a/'¥. The 3D
model is shown in Fig 1, which superposes well with
the X-ray crystal structure of the TGEV M, the root-
mean-square distance (RM SD) for the C? atomsis about
0.34 A Because of sharing high homology, the SARS
3CL proteinase folds in a similar way of the M of
TGEV, containing three domains (Fig 1B). Domains|
and |1 adopts chymotrypsin family fold, rich in b-sheets;
domain Il is a new folding found by Anand et al®,
containing five a helix strands.

Active site and binding pocket for the inhibi-
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Fig 1. (A) Structure superposition of the modeled structure of SARS 3CL proteinase (yellow) with the X-ray crystal structure
of the M of TGEV (red). Only backbones are shown in this picture. (B) The solid ribbon representation of the structure
model of SARS 3CL proteinase. The substrate-binding site is located at the deep cleft between domains I and II, and the

active site is situated at the center of the cleft, the catalytic residues H41 and C145 are represented by ball-and-stick.

tors Sequence alignment (Fig 2) and structure super-
position (Figs 1 and 3) between the SARS 3CL protein-
aseandthe MP° of TGEV indicated that HisA1 and Cys145
were the two catalytic residues. Possibly, in the sub-
strate catalytic reaction by the SARS 3CL protinase,

Zelp: 1
1lve: 1
3eclp: 61

Cysl145 acts as the nuclephilic attacking agent and
His145 figures as a acid-base catalyst, identically to the
Cyc144 and His4l of the TGEV MP° Bl The distance
between the S atom of Cyc145 and the N® atom of
His41is 3.81 A about 0.3 A shorter than the cysteine—

SEFREMAFPSGEKVEGCMVOVTCGTTTLNGLWLDDTVYCPREVICTAEDMLNPNYEDLLIR 60
EGLREMAQPSGLVEPCIVEVSY GV LNGLWLGDEVICPREVIASDTTRV-INYENEMSS 59

KSNHSFLVQAGHVOLRVIGHSMON. LLELEVD TSNPRTPREYRFVRIQPGQTFSVLACYNG 120

llve: 60 VRLHNFSVSENNVELGVVSARYEGNLVLEVNQVNPNTPEHKFESIKAGESFNILACYEG 119

3clp: 121 SPSGVYQCAMRPNHTIKGSFLNGSCGSVGFNIDYDCVSFCYMHHMELPTGVHAGTDLEGE 180
llvo: 120 CPGSVYGVNMRSQGTIKGSFIAGTCGSVGYVLENGILYFVYMHHLELGNGSHVGSNFEGE 179

3clp: 181 FYGPFVDROTAQAAGTDTTITLNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYE 240

llveo: 180 MY¥GGYEDQPSMQLEGTNVMSSDNVVAFLYAALINGERWFVTNTSMSLESYNTWAKTNSFT 239

3clp: 241 PLTODHVDILGPLSAQTGIAVLDMCAALKELLONGMNGRTILGSTILEDEFTPFDVVRQC 300

llvo: 240 ELSS--TDAFSMLAAKTGQSVEKLLDSIVR-LNEGFGGRTILSYGSLCDEFTPTEVIROM 2936

3eclp: 301 SGVTFQ 306
llve: 297 YGVNLD 302

Fig 2. The sequence alignment of the SARS 3CL proteinase and the M of TGEV. Residues composed the substrate-binding

site are highlighted in red color.
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Fig 3. Superposition of the residues composed the substrate-binding pocket of the SARS 3CL proteinase (colored by atom

type) with that of the TGEF M"™ (green). The two catalytic residues (histidine and cysteine) for both proteinases were

represented by ball-and-stick.

histidine distance in TGEV MP°®¥, Similar to the X-ray
crystal structure of the TGEV M, the substrate bind-
ing site is located in the deep cleft between domains |
and 11, lined by hydrophobic residues, and the active
site is situated at the center of the cleft (Fig 1B). Resi-
dues around the two catalytic residues for each of pro-
teinases at radius of 6 A was isolated for constructing
the substrate-binding pocket. The residues lined the
binding pocket is very conservative (Fig 2). Struc-
turally, residues composed the binding pockets of the
two proteinases superpose well (Fig 3), the atomic
RMSD between the two pockets is only 0.18 A indi-
cating the spatial structure and shape of the substrate-
binding pocket of the SARS_CoV 3CL proteinase is simi-
lar to that of the TGEV MP°. Surface shapes for the
two proteinases were constructed by using the
MOLCAD program encoded in Sybyl6.8!°, which are
shown in Fig 4. Fig 4 is impressed that the concave of
the binding pocket of SARS 3CL proteinase resembles

that of the TGEV M, and the small molecule (Fig 4C),
originally an inhibitor of cathepsins B and L, fits well
into the two binding pockets in a similar way. This
demonstrates again the conservation of the substrate-
binding pockets of the two proteinases. Thus, prob-
ably some TGEV MP* inhibitors and other cysteine pro-
teinase inhibitors may inhibit the activity of the
SARS_CoV 3CL proteinase, functioning as anti-SARS
drugs.

Test virtual screening To test the virtual screen-
ing models and scoring strategy for discovering inhibi-
tors of the SARS_CoV 3CL proteinase, we constructed
a small database containing the inhibitors of different
proteinases isolated from the MDDR database (http://
www.mdli.com/). Totally, this small database contains
73 molecules. The docking and scoring results against
the X-ray crystal structure of TGEV MP"™® and the 3D
model of SARS_CoV 3CL proteinase are listed in Tab
1. All the 73 molecules except molecule 4 can fit into
both the binding pockets of TGEV M and the 3D model
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Tab 1. Scoring data for the test virtual screening targeting to the X-ray crystal structure of TGEV M and the 3D model of

SARS_CoV 3CL proteinase.

No TGEV MP° SARS_CoV 3CL proteinase
Dock CScore Auto- Dock CScore Auto-
Dock Dock
1 -22.82 2 -3.68 -23.67 3 -3.97
2 -25.15 2 -3.21 -25.14 3 -3.36
3 -24.50 2 -3.60 -23.80 3 -3.85
4 -28.79 2 -1.40 - - -
5 -23.95 2 -3.69 -23.29 3 -4.12
6 -23.97 2 -2.99 -24.90 3 -3.52
7 -23.20 2 -3.06 -24.16 3 -3.57
8 -22.52 1 -3.29 -22.29 3 -3.06
9 -25.03 3 -3.57 -26.41 3 -3.84
10 -22.10 2 -3.91 -21.97 3 -3.94
11 -25.39 2 -3.10 -25.19 3 -2.79
12 -42.28 3 -2.48 -42.62 5 -3.65
13 -33.02 3 -4.18 -36.33 5 -5.12
14 -30.07 2 -3.47 -24.39 2 -1.98
15 -25.01 2 -1.9 -23.95 2 -1.83
16 -25.28 3 -3.58 -26.84 3 -4.09
17 -15.57 2 -2.04 -20 4 -4.77
18 -25.89 3 -2.62 -27.39 4 -2.74
19 -23.72 2 -1.84 -24.85 3 -2.65
20 -38.26 1 1.76 -44.09 2 1.2
21 -30.94 4 -4.01 -26.95 2 -0.54
22 -35.44 5 -4.48 -28.16 2 -2.77
23 -26.42 4 -5.51 -29.1 4 -7.45
24 -38.39 5 -6.98 -37.29 5 -6.17
25 -34.13 4 -4.88 -22.58 2 -2.21
26 -33.31 3 -2.43 -25.38 3 -0.53
27 -28.79 3 -2.75 -37.73 5 -6.07
28 -19.15 3 -4.09 -20.19 4 -4.16
29 -24.63 3 -2.66 -38.24 4 -7.29
30 -40.87 5 -4.98 -35.96 3 -3.68
31 -36.09 3 -4.18 -26.32 2 -0.21
32 -24.56 1 -0.2 -28.39 2 -1.33
33 -30.64 4 -2.91 -31 3 -2.91
34 -33.14 1 -1.89 -31.26 3 -3.22
35 -37.32 2 -4.18 -35.82 3 -4.98
36 -40.55 2 0.59 -32.78 1 3.77
37 -26.32 3 -3.74 -31.7 4 -5.75

No TGEV MP° SARS_CoV 3CL proteinase
Dock CScore Auto- Dock CScore Auto-
Dock Dock
38 -33.72 4 -7.88 -29.98 3 -6.13
39 -33.95 4 -4.3 -28.05 3 -2.45
40 -34.36 5 -6.12 -35.14 4 -6.84
41 -27.93 4 -2.56 -30.18 4 -3.47
42 -29.36 4 -2.97 -38.14 5 -4.92
43 -29.98 4 -5.09 -29.58 3 -4.4
44 -27.81 2 -2.78 -35.13 5 -4.35
45 -41.81 4 -4.87 -26.29 4 -2.95
46 -28.37 5 -4.71 -30.3 4 -5.58
a7 -30.76 3 -2.95 -35.44 4 -5
48 -44.71 2 -3.6 -39.83 2 -2.18
49 -28.01 5 -4.09 -29.15 5 -5.42
50 -32.6 3 -1.31 -33.28 2 -2.54
51 -32.68 5 -4.62 -36.28 3 -4.91
52 -21.96 2 -2.49 -27.6 4 -5.09
53 -35.58 4 -4.87 -45.5 4 -5.73
54 -31.57 4 -5.99 -32.23 5 -5.8
55 -37.7 4 -5.24 -40.8 5 -6.8
56 -30.47 4 -5.86 -27.26 4 -4.47
57 -27.86 2 -2.5 -25.52 2 -2.43
58 -32.87 5 -6.22 -34.58 5 -7.66
59 -32.21 4 -3.89 -32.05 4 -4.66
60 -31.03 3 -2.81 -35.34 3 -4.9
61 -26.78 3 -3.2 -42.26 4 -6.35
62 -36.92 5 -5.42 -32.31 5 -3.54
63 -37.23 5 -6.06 -40.6 5 -5.41
64 -28.62 2 -0.59 -24.56 2 2.18
65 -28.57 4 -4.92 -29.38 5 -5.91
66 -25.07 3 -5.99 -25.13 3 -5.13
67 -30.83 4 -4.9 -28.95 4 -5.11
68 -31.9 4 -5.35 -27.72 3 -2.94
69 -27.04 3 -4.92 -23.21 3 -4.29
70 -26.99 3 -3.53 -34.13 4 -6.66
71 -36.08 4 -4.5 -31.77 5 -3.92
72 -28.27 2 -3.25 -26.12 4 -3.99
73 -30.35 4 -4.81 -30.86 5 -5.45

of SARS_CoV 3CL proteinase. Molecule 4 cannot dock
into the binding pocket of SARS_CoV 3CL proteinase,
however, the scoring of this molecule to the X-ray crys-
tal structure of TGEV MP° is also low. Most of the
molecules bind to the two proteinases in a similar way
as illustrated in Fig 4. The correlation between the scor-
ing results against the X-ray crystal structure of TGEV

MP™ and the 3D model of SARS 3CL proteinase is not
so good, but show a same tendency. As an example,
Fig 5 illustrates the correlation between the scoring re-
sults against the two targets resulted from DOCK
screening, the correlation coefficient (R=0.65) is at the
medium level. This demonstrates again the structural
conservation of these two proteinases. The virtual
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Fig 4. Surface features of the substrate-binding pockets of TGEV M"™ (A) and SARS 3CL proteinase (B). The surface color
was loaded by the electrostatic properties. One small molecule, its chemical structure is shown in (C), produced by the
virtual screening on the MDDR database, represented as CPK model, was docked into the binding pockets.
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Fig 5. Correlation between the DOCK scoring results
against the 3D model of SARS 3CL proteinase and the X-
ray crystal structure of TGEV M.

screening result implies that screening the inhibitors of
available proteinases against the SARS_CoV 3CL pro-
teinase may be an appropriate shortcut to discover anti-
SARS drugs.

CONCLUSIONS

Sequence alignment analysis addressed that, among
the 3C like proteinases with known X-ray crystal
structures, TGEV M is the most homologous of the
SARS_CoV 3CL proteinase. Therefore, a 3D model of
the SARS_CoV 3CL proteinase was constructed based
on the crystal structure of TGEV MP®. The modeled
structure of the SARS_CoV 3CL proteinase is analo-
gous to the crystal structure of TGEV MP°. For these
two proteinases, the substrate-binding pockets adopt a
similar shape. Virtual screening indicated that numer-
ous available proteinase inhibitors might bind to both
proteinases, suggesting that screening the known pro-
teinase inhibitors may be an appreciated way to dis-
cover anti-SARS drugs.
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