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Abstract The modeling of the severe acute respira-
tory syndrome coronavirus helicase ATPase catalytic
domain was performed using the protein structure
prediction Meta Server and the 3D Jury method for
model selection, which resulted in the identification of
1JPR, TUAA and 1W36 PDB structures as suitable
templates for creating a full atom 3D model. This
model was further utilized to design small molecules
that are expected to block an ATPase catalytic pocket
thus inhibit the enzymatic activity. Binding sites for
various functional groups were identified in a series of
molecular dynamics calculation. Their positions in the
catalytic pocket were used as constraints in the Cam-
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bridge structural database search for molecules having
the pharmacophores that interacted most strongly with
the enzyme in a desired position. The subsequent MD
simulations followed by calculations of binding ener-
gies of the designed molecules were compared to ATP
identifying the most successful candidates, for likely
inhibitors—molecules possessing two phosphonic acid
moieties at distal ends of the molecule.
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Introduction

Over the last 20 years many new viruses were identi-
fied, and many mutations resulting in increased viru-
lence of the known viruses were discovered. HIV,
HCV, influenza, and SARS are examples of diversity
of the biohazard on the Earth. Such threads constitute
a challenge to develop fast and productive methods to
predict new target proteins, their functions, and active
sites, as well as create the need for improved drug
design procedures. The information gathered by
molecular biologists is often stored in publicly avail-
able protein databases, like Swiss-Prot—with non-
redundant protein sequences with accurate functional
annotations [l]—or PDB-—with macromolecular
structural data [2]. Therefore such databases can serve
as mines of information and speed up the process of
drug design. In this study we utilized the information
gathered in these databases to address the recent threat
caused by severe acute respiratory syndrome (SARS).
SARS is a life-threatening form of pneumonia
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characterized by high fever, nonproductive cough,
chills, myalgia, lymphopenia, and progressing infil-
trates on chest radiography [3]. Between 2002 and
2003, an epidemic emerged that, facilitated by inter-
national air travel, spread within a few weeks from its
origin in Guangdong Province, China, to many other
countries. WHO reported over 8,000 SARS cases and
nearly 800 deaths resulting from the infection with the
SARS-associated coronavirus (SARS CoV) [4]. Stud-
ies on SARS CoV resulted in identification of protein
targets for potential drugs, which included SARS CoV
protease, polymerase and helicase [5]. In this study we
focused on SARS CoV Hel (helicase)—the enzyme
which couples energy from nucleotide triphosphate
(NTP) hydrolysis with the unwinding of duplex viral
nucleic acid obtained after replication.

We used SARS CoV Hel polypeptide sequence
from SARS CoV replicase polyprotein lab (UniProt
accession number P59641) as an input for protein
structure prediction Meta Server [6]. The Meta Server
collects output from diverse structure prediction
methods and generates a consensus model using the
3D-Jury approach. This approach has proven efficient
and effective in successful fold prediction for many
proteins [7-9]. In brief, the 3D-Jury utilizes groups of
models generated by a set of servers predicting protein
structure. All models are compared with each other
and a similarity score is assigned to each pair, which
equals to the number of C, atom pairs that are within
3.5 A after optimal superposition. 3D-Jury selects the
model that has the highest average similarity to other
models in the collected set. The average similarity
expressed as the average number of superimposed C,
atoms is also a reliable measure of the accuracy of the
model. If this values is above 50 the selected model has
approximately a 90% chance to belong to the same
fold class as the native structure of the target protein
[9]. The 3D-Jury system is used to select a correct
initial template for full atom modeling conducted
usually with Modeller [10] as was also done in this case.
The main goal for Modeller is the correct loop closure
and side chain placement. Advanced minimization
options feasible in Modeller are usually disabled to
prevent a distortion of the correctly aligned core and
functional residues.

The application of computer-based models using
analytical potential energy functions within the
framework of classical mechanics has proven effective
and powerful in studying large-scale molecules like
proteins or nucleic acids [11]. The binding of small
molecule ligands to giant protein targets is central to
numerous biological functions. Thus, docking ligands
to the binding site of a receptor is often performed
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using points of complementarities between host and
guest molecules. The accurate prediction of the binding
modes between the ligand and protein is of utmost
importance in modern structure-based drug design.
Moreover, drug design requires advanced force field
based on non-covalent interactions between molecules,
covalent bonding, charges, and atomic volume. Only
then such a force field is powerful enough for analysis
and prediction of molecular interactions. Despite var-
ious limitations and crude approximations molecular
mechanics (MM) and molecular dynamics (MD)
methods have been used to study a wide variety of
phenomena, including structure and dynamics of sim-
ple and complex structures, thermodynamics of ligands
binding to proteins, conformational transitions in
nucleic acids, and many others [11-21]. Recent devel-
opments in hybrid quantum mechanics (QM) and MM
method created new opportunities in more accurate
assessment of interaction energies [22-25]. In particu-
lar ONIOM method nicely resolved problems with QM
and MM boundary and was successfully utilized in
studies on mechanism of enzymatic reactions or cal-
culations of interaction energies between proteins and
their ligands [26-31].

Methods

Fully atomic 3D structure of SARS CoV Hel
ATPase domain

The 3D-Jury approach was used for the initial fold
assignment. 3D-Jury, takes as input groups of models
generated by a set of fold assignment servers (ORFeus
[32], SamT02 [33], FFASO3 [34], mGenTHREADER
[35], INBGU [36], FUGUE-2 [37], 3D-PSSM [38]),
neglecting the confidence scores assigned by the serv-
ers to the models. All models are compared with each
other and a similarity score is assigned to each pair,
which equals to the number of C-alpha atom pairs that
are within 3.5 A after optimal superposition. The final
3D-Jury score of a model equals to the average simi-
larity scores of considered model pairs. It can be
expected that highly reliable models produced by fold
recognition methods have less ambiguities in the
alignments to their template structures, which would
result in higher similarity between models and conse-
quently in higher 3D-Jury scores. The final score of the
model can be also calculated on a per residue basis
enabling the detection of well and less well modeled
regions. The application of the 3D-Jury approach on
the sequence of the SARS CoV Hel ATPase catalitic
domain resulted in the selection of models based on
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three template structure: 1PJR [39], ITUAA [40], and
1W36 [41]. In order to obtain the full atom three
dimensional model the side chains and missing loops
were rebuild with Modeller program [10, 42, 43]. The
final model was energy minimized using Amber force
field [44-47].

Protein ligand interactions

In order to study interactions between SARS CoV Hel
ATPase domain and small molecules we carried out a
series of MD simulations followed by energy minimi-
zations with Amber force field [44-47] as implemented
in Tinker software [48-51]. Figure 1 presents a sche-
matic representation of computational procedure
steps. Required parameters for ATP were taken from
the work of Meagher et al. [52]. To derive the neces-
sary force-field parameters for the functional groups,
and the designed molecules that were unavailable in
the standard force field database, we followed the
procedure suggested by Fox and Kollman [44] to
be consistent with the other Amber force field
parameters.

The ATP binding site in the SARS CoV Hel can
be identified, based on the homology with proteins
used as templates, because one of these helicases,
namely PcrA one, has been observed in the crystal
structure in complex with ATP (3PJR). Therefore, we
could verify if simulations with TINKER package and
Amber force field parameters are capable to identify
ATP binding site correctly. In this test we derived
ATP conformations observed in complexes with
macromolecules with the help of PDB-Ligand data-
base, where 435 models of ATP molecule interacting
with proteins were collected, based on 205 entries in
PDB. These ATP structures clustered at 1 A RMS
deviation led to identification of 37 unique ATP
conformations. Then, we randomly rotated ATP
molecule in a given conformation and placed it in a
random position on the surface of the SARS CoV
helicase. One hundred repetitions for each confor-
mation generated starting points (3,700) for the initial
energy pre-minimization, where protein coordinates
were kept frozen, while flexible ATP molecules were
docked to the enzyme. After initial MM minimization
with Amber force field, the resulting ATP molecules
were clustered at 1 A RMS deviation identifying
unique positions of ATP in complex with SARS CoV
Hel. From this set one hundred structures of the
lowest energy were selected for further simulations.
These structures served as starting points for MD
simulations with temperature varying from 1,000 to

0 K (simulated annealing) over 0.1 ps, followed by
MD simulations over 0.2 ps at 273 K. In all these MD
simulations only the positions of C, carbon atoms of
polypeptide chain were frozen, while the positions of
other atoms of the protein, and all atoms of ATP, or
putative inhibitors were optimized. Having had the
MD results, the subsequent energy minimization was
performed. The comparison of ATP binding energies
led to identification of the most favorable mode of
interaction between the protein and ATP.

Three runs of such a procedure were performed and
in every case the same lowest energy structure of the
complex of ATP with the protein was identified. As
expected the conformation of ATP when interacting
with protein was different from the conformation being
the global minimum of ATP in vacuo [53]. The position
of ATP molecule with the most favorable protein
ligand binding energy was very similar to the one
occupied by ATP in the crystal structure of one of the
template proteins—PcrA helicase in complex with
ATP (PDB code 3PJR) [54] (see supporting informa-
tion Figure S1).

In the next step we identified attractors for various
simple molecules on the surface of the enzyme using
MD simulations. The employed computational proce-
dure is analogous to multiple copy simultaneous search
(MCSS) methods [55-57]. The simple molecules uti-
lized in our search were: PO3~ (see Fig. 3), CH;COO,
CH;CONHCH; (peptide  moiety), CH;0H,
CH;3C(=0)CH;, Cg¢Hg, NHZ, CHy, C(NH,)3 (proton-
ated guanidine), and imidazole. For each functional
group we created a sphere of 10 A radius filled with
one thousand copies of randomly oriented molecules,
placed in random positions in the sphere. The sphere
was centered over the NTPase catalytic pocket of
SARS CoV Hel (the average of Cartesian coordinates
of ATP atoms in the lowest energy complex with the
enzyme identified previously). Then simulated
annealing procedure and MD simulations, as the one
used for ATP, were carried out, followed by energy
minimization optimizing the positions of the functional
groups (see Fig. 2).

The individual copies of the molecules were not
interacting with each other, so many copies collapsed
into the same positions. We selected the attractors for
the functional groups that were within 10 A distance
from the mass center of ATP bound to the enzyme.
The attractors’ positions were used to impose geo-
metrical constraints in the Cambridge structural data-
base (CSD) [58-60] search for molecules having
desired functional groups in a given distance from each
other. Because the two phosphate groups possessed the
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Fig. 1 Summary of
computational procedure
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highest binding energies, at least twice as favorable as
any other small molecule, we focused our search on
molecules possessing P atom in their structure [61].
The obtained hits were investigated and modified
manually to fit into SARS CoV Hel ATP binding site
so that 17 molecules were selected for further studies.
These molecules were placed in the active side of the
protein, so that two desired functional groups were in
the positions identified by the attractors for the cor-
responding small molecules. In the next step MD
simulations with temperature varying from 1,000 to
0 K (simulated annealing) over 0.1 ps were carried out,
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followed by MD simulations over 0.2 ps at 273 K, and
energy minimization. In these simulations only the
coordinates of C, carbon atoms of the protein were
frozen.

In order to assess binding energies in aqueous
solution, the complexes of the protein and the designed
molecules that maximized interaction energies were
‘immersed’ into a box of 8,000 water molecules and
annealed in a fashion described above. Figure 3 pre-
sents thermodynamic cycle employed to calculate
protein-ligand binding energy in aqueous solution
according to the equation:
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Fig. 2 Example of localizing attractors for small molecules.
Initial position of one thousand of randomly oriented PO3" ions
centered over ATPase catalytic pocket of the enzyme (fop).
After calculations, many copies of PO3~ ions collapsed into the
same positions on the surface of the enzyme (bottom), localizing
attractors for PO3 ™ ions. (Figure prepared with VMD 1.8.3 [83])

/‘\B E PLaq /\
P +/L \——>/PL
aq aq aq

Fig. 3 Thermodynamic cycle used to calculate protein-ligand
binding energy in aqueous solution (aq). The values of protein—
ligand binding energy in vacuo (iv) were calculated after MD/
MM calculations as well as the values of aqueous solvation
energies for the ligand and protein ligand complexes. The
aqueous solvation energy of the protein is constant for all
examined ligands. Energies of the transitions that were calcu-
lated in MD/MM simulations are indicated by ellipses, while the
protein ligand binding energy in aqueous solution calculated
from the presented thermodynamic cycle indicated by the
rectangle

BE;I,?~ = BEp. + SEp. — SEp — SEL (1)

where BE$}] is protein ligand binding energy in aque-
ous solution, BEp, is protein ligand binding energy for
the isolated system, while SEp, SE; , and SEp; stand for
aqueous solvation energy of protein, ligand, and pro-
tein-ligand complex, respectively. The aqueous solva-
tion energies of ligands and protein-ligand complexes

were calculated as usual in calculations with explicit
water molecules [62]. The aqueous solvation energy of
the protein was not calculated explicitly as this term
has the same value for all studied ligands. Because we
focused on the design of molecules that bind to SARS
CoV Hel stronger than ATP we compared the calcu-
lated protein-ligand binding energies in aqueous
solution with the same energy calculated with ATP.
Such a comparison leads to binding energies relative to
ATP (see supporting information Table S2). If the
value of this relative energy is negative it means that a
given ligand binds to SARS CoV Hel stronger that
ATP.

We also tested the influence of various dielectric
constant values on the protein-ligand interaction
energies (see supporting information Table S1). The
pronounced dependence of interaction energies calcu-
lated with MM methods on dielectric constant suggests
that electrostatic interactions are strongly overesti-
mated. Thus, we decided to employ quantum
mechanical methods to calculate interaction energies
between ligands and the amino acids residues sur-
rounding them. Because of the size of the systems we
performed ONIOM two layer QM: MM calculations
(see Fig. 4) using Gaussian 03 program [63]. Amino
acid residues within 3.6 A from any atom of an inhib-
itor together with this inhibitor were treated quantum
mechanically with AM1 [64-66] and PM3 [67, 68]
semiempirical methods, while the remaining part of the
protein was kept frozen and described with the use of
Amber force field.

HIGH LEVEL HIGH LEVEL
MODEL (SMALL) REAL (LARGE)
SYSTEM SYSTEM
LOW LEVEL LOW LEVEL
MODEL (SMALL) REAL (LARGE)
SYSTEM SYSTEM

Fig. 4 In ONIOM extrapolation scheme energy of large system
calculated at high level of theory is approximated as energy of
large system calculated at low level + energy of small system
calculated at high level—energy of small system calculated at low
level. Thus, computationally very expensive calculations for large
system at high level of theory are avoided. Instead, cheaper
calculations are carried out for large system at low level, small
system at high level, and small system at low level
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Results and discussion

The SARS CoV belongs to a diverse group of envel-
oped, positive-strand RNA viruses. The genomic
organization of SARS CoV has a gene order charac-
teristic for coronaviruses: 5'-replicase [rep], spike,
envelope, membrane, and nucleocapsid-3’. The SARS
CoV rep gene, which comprises approximately two-
thirds of the genome, is predicted to encode two
polyproteins (encoded by orfla and orflb) that
undergo co-translational proteolytic processing [69]. In
this study we applied 3D-Jury [70] to predict the
structure of the catalytic domain of the SARS CoV
helicase (SARS CoV Hel) [54] encoded by orflb.

Homology modeling

The initial model of SARS CoV Hel catalytic domain
was obtained as described in the Methods section.
Based on the obtained alignment (see Fig. 5) we chose
structures of PcrA, Rep, and RecB DNA helicases as
templates (PDB accession codes: 1PJR [39], ITUAA
[40], and 1W36 [41], respectively) that obtained the

Fig. 5 Sequence-structure

highest (> 150) 3D-Jury score. It should be noted that
such high scores suggest very high probability for the
correct prediction of the protein structure.

The PcrA/Rep/RecB helicases contain four structural
domains: two parallel o-f domains which encompass the
canonical helicase sequence motifs, and two additional
domains encoded as a single insertion within the poly-
peptide sequence of the main domains [71]. NTP-binding
site is situated in a cleft between o-f domains [72] which
are both conserved in the SARS CoV Hel. The 3D
alignment [17] of the 1PJR, TUAA, and 1W36 NTPase
domains and the corresponding superposition of the
protein backbones are presented in Figs. 5 and 6,
respectively. The sequence of SARS CoV Hel catalytic
domain was added to the alignment based on the result
obtained from 3D-Jury system. A percentage of
sequence identity and similarity between each pair of the
proteins is shown in Table 1.

Conserved motifs

SARS CoV Hel has six motifs (see Fig. 6 and Table 2)
that are characteristic for helicases from the super-
family-1 (SF1). [73]. The motif I (Walker A) and motif

Motif I: x xxxxx##

multiple alignment of four SARS SSNVANYQKV GMOKYSTROG HFA IGLALYYPSA ————=--=== —————- Y
NTPase domains of SE1 1PJR EQQEAVR--- TTEGPLLMMA GA| RVL THRIAYLMAE K-======== ~HVAPWNMLA
heli S £ NTP 1UAA GQQQAVE--- FVTGPCLYLA GAl RVI TNKIAHLIRG C-======== -GYQARH
b? hc.asez tr‘fcwr?sl;JR [39j 1W36 DPLRL--—-- LQGERLHEA s FTI AALYLRLLL- -GLGGSAAFP RELTVEEMLY
inding domains o ,
1UAA [40], and 1W36 [41]
proteins were aligned using SARS TACEHARNDA LKYLF ----I-DKCS RIHCARARVE CFDKFKVNST LEQYVFC---
three-dimensional Similarity 1PJR ITFQNERARE AVQOSLLG ——--—-G-AAED VIgSTFHSMC VRILRRDI-- -DR—---...
[17]. Th £ SARS 1UAA VTFQNELARE {VGQTLG —---RKEARG LMMSTFHTLG LDIIKREYAA LGM----...
CoV H ei sequeggedob 4 1W36 VTFWEANTAE |PRGRIRSN-— I...R-QMDE AAJFTIHGFC QRMLNLNA-- ———m—mm o
oV Hel was added based on
alignment obtained from 3D- Motif II: #iixx Motif III: x#ix x#x
Jury. RMSD of superposition SARS TVNALPETTA DIVVFBSISM ATNYDLS{VN ARL-R-A--- -KHYVY[{es AEL APRTLL
of C, atoms and percentages 1POR DVLHYYQYKE QYIHIZEVOD TNRAQYTHVK KLAER-F--- -QNICAUEEA DESIY----R
of sequence identity and 1UAA V-RKRWQNKI RYLLVMOYQOD TNTSQYEWVK LLVG-SR--- -ARFTVJ{ERD DOSIY----5
N milarit y 1W36 L-AAAIRTRF TDPQQYRMFR RIWH---HQP ETALLLMEN> KeAIY--—-A

sequence similarity are
presented in Table 1.
Residues from six conserved SARS TEETLEFEYF NSVCRLMKTI GEDMFPGTCR [ Ea#vyD---- NKLK-A----
motifs are marked by cross or ip.m WREADIQNIL SFERDYPNA- -KVILMEQNY IEH---- NVNR-K-=---

UAA WEARPONLV LLSQDFPAL- ~KVIKMEQNY 3 IAN-=== NPH-VF====
ﬁ?gsl’lllisgylints bgﬁifg“;ﬁgfg‘;?:g 1W36 FFEADIFTYM KARSEVH--- —-AHYTWDTHW [g FSQTDDA FMF-—-REI
in the active pocket, which
are shown in Fig. 6. Identical SARS HKDKSAQCFK M -FY- KGVITHDV-- ————--—- S5 AINRFQIGV
or similar (BLOSUMS62) 1PJR PKRIWTENPE G--======= =—====ee KP- ILYYEAMN-- ——====== EA DEAQFVAG]
residues among four proteins 1UAA ERRLFSELGY G--——===== —====—- AE- LKVLSANN-- -------- EE HEAERVTGE
are presented by white 1W36 FIPVEK----- -SAGKNQALR FVFKGETQPA MKMWLM--EG ESCGVGDYQS TMAQVCAAQ
Symbols with baCkgrOund Motif IV: xxxxxxxxx Motif V: xxxxxx#
colored by amino acid types SARS REFLTRNP=-= =====- AWRK AVFHS YNSE NAVASKIL-- --G---°TQ >

1PJR REAVERGE-- ---- RRYRD FAVIEYRTNAS SRVMEEMLLK ANT...JMLM

1UAA IAHHFV-NK- ——--- TQYKD YAIRYRGNHS SRVFEKF--- -- L...JoLM

1W36 RDWLQA--GQ RGEAFVRASD ISVM@VRSRQE AAQVRDA--- -- L...oIv

Motif VI: xxxx#xx x

SARS DYJIFTQTTE —--======= -= TAHSCNVN RENQARBEFIK IGILCIM

1PJR FV{YFLIGMEE GIFPHNRSLE DDDEMEEERR LAY HE EELVLTS

1UAA FPYJYYMVGMEE GFLPHQSSID EDN-IDEERR LAY d0 KELTFTL

1wW36 LYWLFFITN F---
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Fig. 6 Superposition of three
chain backbones of the
NTPase domain, which come
from PcrA, Rep and RecB
helicases (PDB accession
symbols: 1PJR [39], ITUAA
[40], and 1W36 [41]).
Secondary structure elements
of each of the proteins are
colored by succession from
blue (N-end) to red (C-end).
Side-chains of eight
conserved amino acids from
the NTP-binding pocket are
presented by sticks and
colored by atom types. Values
of root mean square division
(RMSD) of aligned C, atoms
and RMSD of all atoms of the
shown side-chains are
presented in Table 1

Table 1 Values of similarity between four NTPase domains
based on multiple alignment presented in Fig. 5: percentage of
sequence identity (first value), percentage of sequence similarity

using the BLOSUMG62 matrix (second value), root mean square
deviation (RMSD) of aligned C, atoms (third value), RMSD of
all side-chain atoms highlighted by symbol (fourth value)

1UAA (Rep) 1W36 (RecB)

SARS 1PJR (PcrA)
SARS - 13% 28%
1PJR (1PcrA) 13% 28% -
1UAA (Rep) 12% 26% 48% 65% 1.13 1.34

1W36 (RecB) 11% 21%

20% 38% 1.46 1.35

12% 26% 11% 21%

48% 65% 1.13 1.34 20% 38% 1.46 1.35
- 17% 34% 1.48 1.79
17% 34% 1.48 1.79 -

II (Walker B) have residues that form the pocket and
interact with MgNTP/MgNDP. The Walker A motif,
initially defined as a GxxxxGKT [74] sequence and
later as a (G/A)x(A/P)GxGK(S/T) consensus [75],
requires the three final residues GK(T/S) in order to be
functional [71]. However, in the SARS CoV Hel
the motif I is completely conserved (GPPGTGKS).
The side chain of the key lysine (Lys288) occupies the
position that will be occupied by the bound Mg** ion
when the NTP-Mg?* complex binds the SARS CoV
helicase. Upon binding NTP-Mg?*, the lysine side
chain contacts the f§ phosphate of the bound NTP and
can stabilize the transition state during catalysis [72].
Replacement of this residue in mutant helicases
resulted in large decrease of the rate of NTP hydroly-
sis. Mutated helicases were unable to catalyse duplex
nucleic acid unwinding [76].

Motif II (known as a Walker B) plays a key role in
the NTP hydrolysis reaction. The Walker B motif
originally defined as a single aspartic acid residue [74],
took later the general form of DE, across the helicase
superfamily 1 and 2 [73]. Both of these key amino acids

are conserved in the SARS CoV Hel. The carboxyl
group of the aspartic acid (Asp374) coordinates the
Mg** ion of MgNTP/MgADP through outer sphere
interactions, while the glutamic acid (Glu375) might be
a catalytic base in NTP hydrolysis. Clearly, these amino
acids are in position to co-ordinate the NTP-associated
Mg>" ion and activate the attacking water molecule,
respectively, as proposed previously for related NTP-
ases [77].

Motif V (DSSQGSE) and the first part of motif III
(GDPANQ) participate in a complex network of inter-
action including ligation of MgNTP/MgNDP and for-
mation of a specific salt bridge between «-ff domains.
The glutamic acid (Glu540) from motif V ligates the
ribose while a amide group of the glutamine (GIn404)
from motif III binds the y phosphate of NTP. Hence,
motif III is referred to as the ‘sensor I’ motif [71].
Asp401 of motif III modulates interaction between
domains by forming the salt bridge to lysine (Lys309)
of domain 2.

Motif IV, which is not strongly conserved in the
SARS CoV helicase, probably interacts with ssSRNA.
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Table 2 Conserved motifs of

the SARS CoV nspl3 and Residue # alignment

Motif # function

alignment between the SARS

SARS 282-289
CoV helicase sequence and

PcrA 31—
the PerA (1PJR [39]) helicase GCIEP(STCSES
sequence AGAGSGKT

SARS 374-378
PcrA 223-227

DEISM
DEYQD

SARS 400-405
PcrA 250-255
GDPAQL
GDADQS

SARS 510-520
PcrA 355-365
VFISPYNSONA
AVLYRTNAQSR
SARS 534-540
PcrA 565-571

DSSQGSE
HAAKGLE
SARS 563-570
PcrA 606-613
VAITRAKI
VGITRAEE

Motif 1
Lys288 binds f phosphate of NTP
Ser289 ligates the Mg?* ion of NTP

Motif II

Asp374 coordinates the Mg2+ ion of NTP, Glu375
is a catalytic base in NTP hydrolysis, Met378
makes hydrogen bond with GIn537

Motif III
Asp401 forms salt bridge with Lys309
GIn404 binds y phosphate of NTP

Motif IV
GIn516 probably interacts with ssRNA

Motif V
GIn537 makes hydrogen bond with Met378,
Glu540 ligates ribose of NTP

Motif VI
R568 forms salt bridge with phosphate of NTP

Contrary to this, most of the residues from the motif VI
(VAITRAKI) are conserved. The guanidinium group
of the middle arginine (Arg567) forms a salt bridge
with the y phosphate of NTP. The key role of this
residue was confirmed by mutagenesis experiments.
The results carried out on eIF4A helicase support a
model in which the arginine interacts with NTP [78].

Not conserved motifs

Other motifs (Ia, the second part of III, TxGx and
QxxR) are not conserved in SARS CoV Hel. Key
residues (e.g. F64, Y257, W259, H587, and F626 in
1PJR) from these motifs in the PcrA/Rep/RecB heli-
cases bind ssDNA during unwinding duplex oligonu-
cleotide. These residues are also important during
unidirectional translocation, which has 3’-5" polarity
[74]. The lack of their conservation confirms 5-3’
polarity of the SARS CoV Hel.

Catalytic pocket identification

The position of ATP in the NTPase catalytic pocket of
SARS CoV Hel should be very similar to the ATP
position in PcrA helicase 3PJR [54]. Indeed, the com-
plex of ATP with SARS CoV Hel obtained as the
lowest energy structure from our calculations closely
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resembles the one observed in the crystal structure of
PcrA helicase (see Fig. 7) Root mean square deviation
between the corresponding ATP atoms from these

Fig. 7 Energetically favored position of ATP in the ATPase
catalytic pocket of SARS CoV Hel (cyan protein and yellow
ATP molecule) superimposed with PcrA DNA helicase (lime) in
complex with ATP (orange) as observed in crystal structure
3PJR. RMSD between the positions of the corresponding atoms
of both ATP molecules was as low as 0.571 A
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two structures after optimal superposition of the two
proteins is as low as 0.571 A. Such and excellent
agreement indicates that the choice of Amber force
field in our calculations results in the correct identi-
fication of ATPase of SARS CoV Hel catalytic
pocket.

ATP binding mode inside catalytic pocket

The analysis of the lowest energy complex of ATP
with SARS CoV Hel indicates that the energetically
most favorable interactions are the ones that involve:
(1) y-phosphate and Arg567, Argd43, and Lys288 via
charge assisted hydrogen bonds, (2) the oxygen atom
bridging y- and f-phosphates and hydrogen bonds
donors: peptide NH of Gly287, and positively charged
NH> of Arg443, (3) B-phosphate and peptide NH
groups of Gly287 and Lys288, and OH of Thr286, (4)
3’OH of ribose and COO™ of Glu540 being an
acceptor of a hydrogen bond, (5) 2’0OH of ribose
being an acceptor of a hydrogen bond and Lys569
serving as a donor. Moreover, adenine ring is placed
in the vicinity of Arg442 and His290 (see Fig. 8). The
observed pattern of interactions agrees very well with
the analysis of the conserved motifs (vide supra). To
our best knowledge there are two published results on
SARS CoV Hel NTPase activity [54, 79]. In both of
these studies authors examined the kinetics of
hydrolisys of various NTP’s (ATP, dATP, GTP,

Fig. 8 Schematic

representation of main Arg567 /H

interactions between SARS
CoV Hel amino acid residues
and ATP molecule.eThe
residues within 3.6 A distance
from the ATP molecule are
shown

y \
Y
/ Arg442
\ H
Glu540 A
Lys569

dGTP, CTP, dCTP, UTP, dTTP) by SARS CoV Hel.
The results obtained in these two studies resulted in
totally different values. For example Michaelis con-
stant K, measured for ATP was 0.33 mM in one
study [54] while 1.23 uM in the other [79]. The cor-
relation coefficient between the k.,/K,, recorded in
both of these studies is as low as 0.18. Moreover, one
study pointed at dATP closely followed by dCTP as
the best substrates [54]. In the other ATP was the
best substrate while dCTP second worst [79].

Our results provide information on interaction
modes between SARS CoV Hel and ATP (vide supra)
and indicate that one of the interactions between the
enzyme and ATP is a charge assisted hydrogen bond
where 3’OH of ribose serves as a donor, while nega-
tively charged carboxylate moiety of Glu540 as an
acceptor. Moreover, 2’OH of ribose is a hydrogen
bond donor to 3’OH. Due to cooperativity of these
hydrogen bonds ribose should interact with SARS
CoV Hel stronger than deoxyribose. What is more
2’0OH of ribose is an acceptor of a hydrogen bond,
whose donor is the amine group of Lys569. Therefore,
the involvement of two OH groups in the interaction
with the protein indicates that ribose is more strongly
bound than deoxyribose. This in turn suggests that
ribonucleotide triphosphates should be better sub-
strates than the corresponding deoxyribonucleotide
triphosphates and seems to favor the results obtained
by Ivanov et al. [79].

Arg443
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Putative SARS CoV helicase inhibitors

As it was mentioned earlier, mutations in motives,
which are responsible for the binding of the terminal
phosphate group, eliminate the NTP hydrolytic activity
of the helicase. On the basis of these results one could
expect that a reduction of accessibility of the NTP-
binding site for NTP should lead to inhibition of the
NTPase and, consequently, of the helicase activity of
the SARS CoV NTPase/helicase [80]. Therefore, the
compounds that reduce the activity of the enzyme
could act as inhibitors of virus replication [81]. In this
study we attempted the design of molecules that are
expected to bind in the catalytic pocket. After, we had
identified attractors for various functional groups and
selected the positions where these groups are most
strongly bound, we searched CSD [58] for molecules
having the desired functional groups in a given position
(see Fig. 9). We searched for molecules having three or
two functional groups at a given distance from one
another. Because phosphate groups were bound at
least twice as strongly as any other small molecule (no
surprise owing the role in ATP hydrolysis) we focused
on searching for molecules possessing at least one P
atom. By modifying the obtained hits, we designed a
set of molecules that are suspected to bind to the
SARS CoV Hel (see Fig. 10). The subsequent calcu-
lations for these compounds revealed the binding

Fig. 9 Attractors for various functional groups around ATP
molecule in the catalytic pocket of SARS CoV heliacase. ATP:
lime, CH;COO: green, keton: red, PO3: yellow, C(NH,)3: blue,
CHy: orange, CH3;0H: mauve, C¢Hg: iceblue
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modes of these molecules in the catalytic pocket and
provided data for assessment of binding energies.

The binding energies obtained in Amber force field
calculations seem to be non-sensually high, in partic-
ular when compared with AM1 and PM3 values.
Nevertheless, all computational methods predict that
in the set of the investigated molecules there are
molecules that interact with SARS CoV Hel stronger
than ATP. Comparison of the results obtained from
different computational methods (see Table 3 for AM1
and PM3 results and Table 4 for Amber force field
results) identifies molecules whose protein ligand
interactions are more favorable than for ATP. Mole-
cules 3, 4, 11, 13, 16, 17 are likely to compete with ATP
for the access to the active site, thus serve as inhibitors.
Detailed interactions between these ligands and SARS
CoV Hel are presented in Fig. 11.

In the case of molecule 3 the energy released due to
interaction between the protein and 3 calculated with
PM3is 3.5 kcal/mol, while with AM1 it is 20.6 kcal/mol,
as compared to 8.9 and 6.9 kcal/mol released due to
interactions with ATP in PM3 and AM1 calculations,
respectively. In Amber force field calculations the
binding energy between the protein and 3 in aqueous
solution, was by 86 kcal/mol more attractive than for
ATP. However, as it was stated previously MM ener-
gies of interactions between the protein and the ligands
were non-sensually large and showed strong depen-
dence on dielectric constant values, which suggested
that electrostatic component of the interaction was
highly overestimated (see Supporting Informations
Table S1). On the other hand, the inspection of specific
interactions reveals that 3 is capable of forming strong
interactions within catalytic pocket of SARS CoV Hel.
In the energetically favored position the NH3 group of
Arg443 interacts with phosphonate group of 3 via a salt
bridge. The hydrogen atom connected to C, from
Ser539 approaches the aromatic ring of 3 perpendicu-
larly creating a CH-= interaction. The NH groups of
Lys508, and Arg507 as well as OH of Tyr541 bind the
other phosphonate moiety due to salt bridges and
charge assisted hydrogen bonds.

Relatively small molecule 4 forms four salt bridges
with the enzyme. One PO%™ moiety interacts with NHZ
group of Lys288, and NH3 group of Arg567, and addi-
tionally its position is stabilized due to hydrogen bond
in which NH group from peptide bond of Gly285, which
serves as a donor. At the other end of the molecule the
second phosphonate group is involved in a salt bridge
with His290 and the amine group of 4 interacts with
carboxylate moiety of Glu540. The energy released as
the result of the interactions between 4 and the protein
is 8.4 and 15 kcal/mol, calculated with PM3 and AM1



J Comput Aided Mol Des (2006) 20:305-319 315
Fig. 10 Designed set of 0
molecules that are suspected (o) /—Il:l’—O
to bind to the SARS CoV Hel NS
0...0
MTe) O‘TP\/\N/\/NVP\\O
0 o=P. ovP=0 0=P P=0 0
A A O o A
o o @) o) 4
@) 1 2 3
N 0, 0 N
0. .0 i
PN P Py ~N O -0~~~ A
P< 0" "o P’ N
NTINTTT0 \©/\/o g N
5 6
(oJe]
~P. s
W O O/ O/\/N O,P o
P< N O O
o oYY \©\/\O‘ .0 No N
7 PN 8
oo Y o
N
0 92 9 o s
o k-0 0770 0OF-0 ~P<_OH \ N
N O O O (e} N
o} PN >N
) 1o NN H—N—~
o 9 _ 0-P-0 SN \
(@] (0] l{l N R
10 A
"'O
OH 11 N_<N O\P'O—QO 12
o) Os NN o’y
Y'Y Sigie) ©o ¢

methods. PM3 predicts that 4 interacts with the protein
almost as strongly as ATP (8.9 kcal/mol) while AM1
indicates that 4 interacts with the enzyme of about
8 kcal/mol more favorably than ATP (6.9 kcal/mol).
In the case of 11 energy gain due to formation of the
protein ligand complex, relative to ATP, favors the
complex formation and the interaction energy for 11 is
more attractive than for ATP by 2.8 kcal/mol in PM3,
and 6.4 kcal/mol in AM1. The binding energy (energy
released upon binding of 11 with the enzyme) calcu-
lated with Amber force field in aqueous solution rela-
tive to ATP was non-sensually high: 666 kcal/mol (see
Supporting Information Table 4). For this complex the

o
14
? Q
/—P-0 o ,F-0
o} N O
o)
0
O N
o-p—/
16S.S 3 17RR

oxygen atoms from the phosphonate moiety containing
the C-P bond interacts with the NH groups of Arg442
creating salt bridges. Lys569 uses its NH3 as a hydro-
gen bond donor forming hydrogen bond with O atom
connected to the same C atom as P atom of the first
phosphate. The NH groups of Lys288 and Argd43
interact with the second phosphazane group which
contains P-N bond. The carboxylate group of Glu540
interacts with the NH of guanidine unit of 11, while
OH group of Ser289 donates a hydrogen bond to the
oxygen atoms of the ester part of 11.

For 13 the energy released as the result of interac-
tion between SARS CoV Hel and 13 is more favorable
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Table 3 Energy released (in kcal/mol) due to interaction
between the ligand and the amino acid residues that are within
3.6 A from it, as calculated with ONIOM method. High level
calculations were performed with AM1 and PM3, while low level
with Amber force field

Molecule AM1 PM3
-AE -AE
ATP 6.9 8.9
1 9.8 5.0
2 9.6 6.5
3 20.6 35
4 15.0 8.4
5 1.1 9.6
6 15.6 6.0
7 15.0 4.4
8 1.4 8.8
9 9.4 2.3
10 24.0 2.3
11 13.3 11.8
12 0.8 14.7
13 43.8 23.7
14 0.8 22
15 21.9 54
16 30.1 5.9
17 31.9 10.8

AEZEPL-EP-EL

than for ATP by 14.8 kcal/mol in PM3 and 36.9 kcal/
mol in AM1. Molecule 13 possesses three phosphate
moieties each interacting with arginine side chains via
salt bridges. It should be noted that 13 has geminal

Table 4 BEp, is the energetic effect (in kcal/mol) of binding
between a given ligand and SARS CoV Hel in vacuo calculated
with Amber force field. The presented values BE}{ R (protein
ligand binding energy in aqueous solution ) are relative to
ATP—negative values indicate that binding between a given
ligand and the protein in aqueous solution is energetically more
favorable than for ATP. Non-sensually large energies were
obtained, which depended strongly on dielectric constant
value—see Supporting Information Table S1

Molecule BE%] R BEp

ATP 0.0 -1,891.8
1 454.0 -788.3
2 -45.8 -1,872.6
3 -85.9 -1,792.3
4 408.7 -895.8
5 565.3 -424.0
6 594.1 -626.9
7 666.0 -567.9
8 720.5 -1,060.6
9 702.4 -517.6
10 128.5 -1,693.9
11 116.5 -1,424.9
12 3359 -847.8
13 -159.8 -2,075.6
14 563.3 —663.5
15 44.7 -1,715.8
16 47.8 -1,760.5
17 96.1 -1,674.5
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phosphate moieties, which are not likely to be stable in
aqueous solution. However, structures deposited in
CSD are biased towards unusual molecules and the
molecules with geminal phosphates were present in the
set of molecules that we obtained in our search
(HIBYIA, QEQNOP, QURYAD, XOBMOQ). Nev-
ertheless, this molecule in all computational methods
employed in our study binds to SARS CoV Hel more
strongly than ATP. The phosphate closer to phenyl
ring interacts with Arg409 and additionally with OH
group of Ser310. Another phosphate forms a bonding
with NH group of Arg443 and His290, while the last
phosphate forms a salt bridge with NH group of
Arg567 and additionally much weaker interaction with
CH of Gly285. NH group of guanidine part of 13 forms
a salt bridge with carboxylate group of Aspl15. The
position of the phenyl ring of 13 is stabilized due to
CH-r interaction with CH of Ala313. In addition there
is a close contact between ethyleneamine nitrogen
atom and hydrogen atom attached to C, of Gly279.

Molecules 16 and 17 are (S,S) and (R,R) enantio-
mers of tartaric acid derivative. For these molecules
the energies released due to interaction with SARS
CoV Hel, calculated with PM3, are 10.8 and 5.9 kcal/
mol for 17 and 16, respectively. In AM1 calculations
these values are 31.9 and 30.1 kcal/mol. In the case of
ATP the corresponding energies were 8.9 and 6.9 kcal/
mol for PM3 and AMI, respectively. Therefore, both
PM3 and AM1 calculations indicate that 17 interacts
with the protein stronger than ATP. Molecules 16 and
17 have similar modes of interaction with the enzyme.
Both for 16 and 17 one of the phosphonates is involved
in salt bridges from NH groups of Arg442 and His290,
while the other phosphonate moiety forms salt bridge
with NH groups of Arg567, Lys569 and Arg443. The
latter phosphate interacts also with the amide NH
group of GIn537. One of the carbonyl groups of 16 or
17 serves as an acceptor of a hydrogen bond from OH
group of Ser289, while the other accepts hydrogen
bonding from NH group of Arg443. In the case of 16
this carbonyl oxygen atom forms also a close contact
with CH of Gly287.

All in all, the compounds bearing two phosphonic
acid moieties or phosphates located at the distal ends
of a molecule seem to be promising candidates for
experimental studies on SARS CoV helicase inhibitors.
Moreover, the search for ATP—protein interactions in
the PDB-Ligand database [82] indicates that among
known 205 ATP-protein complexes, the amino acids
environment surrounding ATP molecule in SARS
CoV Hel, namely Arg, Arg, Lys, Thr, Gly, Glu, Lys,
Arg, and His, is unique among all known ATP-binding
proteins deposited in PDB. This may suggest that the
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inhibitors designed specifically for SARS CoV helicase
could be specific inhibitors of this helicase not general
inhibitors of any ATP binding protein.

Conclusions

The designed molecules, bearing two phosphonic acid
and/or phosphate moieties at distal ends of the mole-
cule, are likely to bind stronger to the SARS CoV
helicase in the NTPase catalytic pocket than ATP,

even in aqueous solution. Thus they are expected to
inhibit its enzymatic activity. Therefore, they fully
deserve further experimental studies.

Supporting information available
PDB file with cartesian coordinates of atoms of
SARS CoV Hel. Figure presenting NTPase catalytic

pocket with ATP and attractors for various func-
tional groups in it (PO3" yellow, CH, orange, ketone
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red, CH3;COO™ green, C(NH,)3 blue, C¢Hg ice blue,
and CH3;OH pink). Figure comparing interactions
between SARS CoV Hel and ATP with PcrA Hel
and ATP. Table S1 presenting dependence of bind-
ing energies on various values of dielectric constant.
Table S2 splitting Amber calculated aqueous binding
energies into components.
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