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ABSTRACT

Several million individuals around the world were found to be infected by Hepatitis C Virus (HCV). Many efforts
have been taken to find more potent and efficient drug. After several clinical analyses the drugs namely telaprevir,
danoprevir, vaniprevir & MK-5172 were evolved to inhibit the viral NS3/4A protease. However, the efficiency of the
drug mainly relies on resistance factor. For instance single-site mutation at protease residue R155 confers
resistance to most of the inhibitors in clinical trials. Thus knowledge about molecular basis of drug resistance is
important to find perfect drug that can retain activity against resistant viral variant (R155K). Hence in the present
study, we employed molecular docking and normal mode analysis to infer the mechanism of drug resistance.
Furthermore, we examined the stability of the structures with the aid of salt bridge and stabilizing residues (SRide)
analysis. We hope that the results obtained in the study certainly helpful for the better understanding of NS3/4A
protease-MK 5172 interacting pattern.
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INTRODUCTION

Hepatitis C Virus (HCV or sometimes HVC) is a sm@is-65 nmin size), enveloped, positive-senseleing
stranded RNA virus of the familylaviviridae infecting an estimated 170 million people worldeid., 2]. Hepatitis
C virus is mainly due to the cause of hepatiti© & ts presented in the humans. Based on gengtcsidy, HCV is
divided into six major genotypes (genotypes 1-6) anmerous subtypes with different geographic ithistions;
genotypes 1 and 3 are the most common worldwideH8]V NS3/4A protease is a trypsin-like serine pesie
which is essential for the generation of componeifitde viral RNA replication complex. It is a prrand most
extensively studied anti-HCV therapeutic target Bharmaceutical companies have invested signifiefort in
developing NS3/4A protease inhibitors. DanopreSi; yaniprevir and telaprevir [6, 7] are three N&8/protease
inhibitors recently approved by the Food and Drudyministration, marking an important milestone irti-&CV
research and drug development over the past twadésc However, in vitro or in vivo, six major pamit mutations
in the NS3/4A protease (36, 54, 155, 156, 168 aft) have now been reported associated with diffdesmls of
resistance. Clarifying the underlying molecular hatisms of NS3/4A protease inhibitor resistancéhéefore
essential for developing new drugs that are lesislato the resistance factor. In the presentystuegd analysed the
impact of R155K mutation for the binding of MK-5172ence, a (Normal Mode Analysis) NMA has beeniedrr
out alongside docking studies to provide the dedlkihformation on the primary source of MK-5172ists1ce due
to R155K mutation. It is probable that this pressnputational strategy provides valid informata@nexactly how
point mutations influence structural, moleculargedies, and drug—protein interactions.
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MATERIALS AND METHODS

Data Set:

The three-dimensional (3D) structures of wild anatant NS3/4A protease were taken from the crystataires of
the Brookhaven Protein Data Bank (PDB) [9] for computational analysis. The corresponding PDB codas
3SUD and 3SUE for the wild and mutant type, respelst [10, 11]. Both structures were solved with.G-2A
resolution. MK-5172 was used as the small molemi#ditor for our investigation. All the water malales and the
heteroatoms were removed and the three-dimensgtnadture of target proteins (3SUD and 3SUE) anggdr
molecule (MK-5172) was also energy-minimized us®BBOMACS package 4.5.3 adopting the GROMOS43al
force field parameters before performing the comfoibal analysis.

Identification of Binding Site Residues of NS3/4A mtease:

It was a challenging task to extrapolate a mecharo$ action from the view of three dimensional stuues.
Detailed biochemical information about the enzyrae be used to design substrate or transition statogues,
which can then be bound into the enzyme for stractietermination. These can reveal binding sitatlons and
identify residues, which are likely to take parttie receptor-ligand interaction. From this, a lgtitamechanism
can be proposed. In order to identify the bindiagidues in the structure dIS3/4A protease, we submitted the
NS3/4A protease with MK-5172, complex structureBBPcode: 3SUD and 3SUE) into the ligand contact too
(LCT) program [12]. This program calculates corgdogtween the binding residues of NS3/4A proteaseptor
with MK-5172 by using default parameters.

Stabilizing Residues:

We thought it would be useful to identify any patteof correlation between the mutation and stahij residues

of the protein structures. Therefore we examinedstabilizing residues of wild and mutant type cutes using the
computational technique. Stabilizing residues wemmputed using the parameters such as surrounding
hydrophobicity, long-range order, stabilization tenand conservation score. We used the prograhilizitag
residues (SRide) for this purpose [13].

Salt bridge analysis:

The stability of the protein structure can be diedetermined by the salt bridge interactions tua presented in
them. We performed the salt bridge analysis with lilelp of an online tool, Visual molecular dynami¢MD)
[14]. VMD is a molecular modelling and visualizatioomputer program, it was primarily developedaasol for
viewing and analyzing the results of molecular dyita simulations [15], but it also includes toots fvorking
with volumetric data, sequence data, and arbitgeaphics objects. Here set of all the salt-bridgespare observed
in a trajectory. These interactions are cruciaheamy areas of modern chemistry, especially in igld bf molecular
recognition and for structural stability [16, 17].

Computation of docking score between the ligand anthe enzyme:

Docking was performed with the help of the Patcloeb[18]. It is geometry based molecular dockingoaithm.
The PatchDock algorithm divides the Connolly dotfate representation [19] of the molecules into cewe,
convex and flat patches. Then, complementary patahe matched in order to generate candidate tnanafions.
Each candidate transformation is further evalulited scoring function that considers both geoméitrend atomic
desolvation energy [20]. Finally, RMSD (root meaguare deviation) clustering was applied to the whatd
solutions to discard redundant solutions. The imgarameters for the docking were the PDB coordifietdor the
protein and the ligand molecule. This algorithm tia®e major stages (i) Molecular Shape Representdi)
Surface Patch matching and (iii) Filtering and $wupr The PatchDock services are available at
http://bicinfo3d.cs.tau.ac.il/PatchDock/. The résubtained from the PatchDock program were alfiaa@ from
the FireDock algorithm to improve the predictior@@cy.

Normal Mode Analysis:

A quantitative measure of the atomic motions intg@rs can be obtained from the mean square fluongof the
atoms relative to their average positions. Thege lma related to the B-factor [21, 22]. Analysis Bfactors,
therefore, is likely to provide newer insights imtmtein dynamics, flexibility of amino acids, aptbtein stability
[23]. It is to be noted that protein flexibility important for protein function and for rationalidrdesign [24]. Also,
flexibility of certain amino acids in protein isefsl for various types of interactions.

Moreover, flexibility of amino acids in drug bindjrpocket is considered to be a significant parantetanderstand
the binding efficiency. In fact, loss of flexibiiimpairs the binding effect [25] and vice versé][2Hence, this can
be analyzed by the B-factor, which is computed friie mean square displacement, R2 of the lowegtiénecy
normal mode using the EINemo program [27].
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It is also known that the motion of a domain ordiy residue can often be captured by normal moddysis
(NMA). NMA, particularly with a simple elastic netkk model, can be helpful for the simulation ofgetr protein.
The NMA generates 11 possible conformations bet@®@MIN of -100 and DQMAX of 100 with DQSTEP step
size of 20. It is to be noted that understandirggkiimding affinity between the target and the draged on relevant
normal modes will authorize the strength of dockimgpcess. Hence, entire trajectory files from tbevdst
frequency mode were used as the input for dockiradyais.

RESULTS AND DISCUSSION

Binding Residues Analysis:

The binding site residues in the structures of M&3jrotease were obtained from the LCT program &ingithe
complex structure of NS3/4A protease with MK-51PD ID: 3SUD and 3SUE). Both wild and mutant stawes
have shown similar results. The results indicate ¢htotal of 17 amino acid residues, viz., R-12335, A-156, F-
154, A-139, K-136, Q-41, G-58, F-43, Y-56, V-78,54; D-81, 1-132, G-137, R-155, and A-157 act adling
residues in the NS3/4A protease. The LIGPLOT [28]l twas used to illustrate the contacts between/MNS3
protease binding residues and MK-5172. These esudte shown in Figure 1 and Figure 2.
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Figure 2: MK 5172 bound to the binding site 0fNS3/4A protease (R155K)The figure was rendered using the prograntIGPLOT

Computation Stabilizing Residues:

Stabilizing residues were computed using the patenmesuch as surrounding hydrophobicity, long-raogger,
stabilization centre and conservation score. Quasien score of 6 is the cut off value used tonidg the
stabilizing residues. Residues are classified mi@ categories according to their real conseraasimore. A score
of 1 represents the most variable residues andra s¢ 9 represents the most conservative onesréghit is shown
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in Table 1. It could be seen from the table thatestdues act as stabilizing residues in the wifk tstructures. On
the other hand, only 9 residues were identifieds@bilizing residues in the mutant structures (R)55The

conservation score is same for both wild and mutgme stabilizing residues. This brings in the dosion that
substitution of Lysine instead of Arginine at p@sit 155 leads to the change in conformation of strecture.

Hence, this conformational change alters the fonodif a protein thus it affects the binding of MK72.

Table 1: Stabilizing residues of wild type and mutat type (R155K) NS3/4A protease structures.

S.No Stabilizing residues Conservation  Stabiliziegjdues Conservation

in wild score in mutant Score
structure Structure

1 THR54 9 THR54 9
2 LEU82 6 LEU82 6
3 VAL83 8 VAL83 8
4 TRP85 6 TRP85 6
5 LEU104 7 LEU104 7
6 TYR105 9 TYR105 9
7 LEU106 9 - -
8 GLY141 8 - -
9 PRO142 9 - -
10 CYS145 9 CYS145 9
11 GLY152 9 GLY152 9
12 PHE154 9 - -
13 - - ALAL164 9

Salt bridge analysis:

We have also examined the stability of the protgimmeans of salt bridge analysis. The salt brisdgeractions in
the protein structure were computed by Visual Molac Dynamics (VMD) [29]. The salt bridge mainlyliess on
the protein structure stability factor. A salt lgédis generally considered to exist when the cemtfeharge are 4 A
or less apart. The resulting salt bridge pairs ciéectively depicted in the Table 2, The wild tyfeDB code:
3SUD) was found to maintain five salt bridges (AdpHis 57, Glu 30-Asp 3, Asp 168-Arg 155, Asp 1683A23,
Asp 25-Arg 11) and mutant type (PDB code: 3SUE) feasd to maintain only three salt bridges (AspHi%-57,
Asp 168-Arg 123, Asp 25-Arg 11).Then the distaneeseen the salt bridges were also examined usimBSP It
was interesting to observe that mutation at pasilib5 alters the conformation of other conserveidues in the
structure. Hence, it cannot maintain the interactiath the partner molecule. Thus, we conclude thgine
substitution at position 155 will provide destahilig effect to the whole structure.

Table 2: Salt bridge computation in wild type (3SUD and mutant type (3SUE) structures.

S. No Salt bridge in native Salt bridge in mutant
Donor  Acceptor Distance Donar  Acceptor Distance
1 Asp 81 His 57 7.56 Asp 81 His 57 8.32
2 Glu 30 Asp 3 16.79 - - -
3 Asp 168  Arg 155 5.41 - - -
4 Asp 168 Arg 123 4.69 Asp 168 Arg 123 5.73
5 Asp 25 Arg 11 10.54 Asp 25 Arg 11 10.6

Computation of docking score between the ligand anthe enzyme:

Furthermore, the functional impact of mutation veaamined by docking analysis. Proteins are theshzfsihe life
process at the molecular level. The protein intégwads either with other protein or with small raolles. Many
biological studies, both in academia and in industmay benefit from credible high-accuracy intei@tt
predictions. Here, we used PatchDock, a very efficalgorithm for protein-ligand docking for ouradysis. The
PDB format of the two molecules and the receptadinig sites were uploaded in to the tool. Subsettyetie

results obtained from the PatchDock algorithm efibby FireDock methodology. The result is showFRigure 3. It
was interesting to note that the affinity for MK®&Lwas found to be -47.09 and -30.84 kcal/mol ffier wild type
and mutant type respectively. The PyMOL view of ket complex is shown in Figure 4 and Figure 5. [Esser
binding affinity with mutant structures clearly sifies that the improper binding of MK-5172 with B&K

structure. Thus causes resistance to the drug mielec
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Figure 3: The binding free energies of the wild typ (3SUD) and mutant (R155K) type (3SUE) NS3/4A preaise — inhibitor complex
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Figure 4: PyMOL representation of NS3/4A proteaseNative type) docked with MK 5172
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Figure 5: PyMOL representation of NS3/4A proteaseR155K) docked with MK 5172

Normal Mode docking Analysis:

The collective motion in the energy-minimized stuwe was generated by means of normal mode analygsias
been recently shown that half of the known proteavements can be modelled by using at most twofteguency
normal modes. Hence, we have chosen the sevemtHoftfest frequency mode) mode for our docking stdde
normal mode analysis generates 11 possible cortfonsabetween DQMIN of —-100 and DQMAX of 100 with
DQSTEP step size of 20 [30]. It is to be noted tmaderstanding the binding affinity between thgéarand the
drug based on relevant normal modes will authattieestrength of docking process [31]. Hence, ertagctory
files from the lowest frequency mode were usechasiriput for docking analysis. The three-dimendiataicture
of MK-5172 was generated by using the tool CORIN&][ The docking result is shown in Figure 6. Weeated
that free energy of binding for MK-5172 with wilgpte was substantially higher than mutant enzymaadst of the
conformations. This observation indicates that thigation (R155K) affects the structure of NS3/4vdtpase in
such a way that decreases the binding affinity &F5172.
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Figure 6: Comparison of free energies of binding fothe wild (blue) and mutant (red) type NS3/4A proease by using normal mode
analysis
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Binding Residues Flexibility by Means of Normal Moa Analysis:

In order to understand the mechanism of drug easists, we have analysed the flexibility of bindiagidues by R2
analysis. Binding residue flexibility was fundamadrtb understand the ways in which drug exertsdgichl effects.
This flexibility allows increased affinity to be lsieved between a drug and its target enzyme. lardmdunderstand
the cause of drug insensitivity by R155K mutatiere used the program EINemo to compare the flexjbiif
amino acids of both wild and mutants, which areolagd in binding with MK-5172. Table 3 depicts thexibility

of amino acids in the drug-binding pocket of botiildnand mutants by means of normalized mean square
displacement, <R2>. We further sorted out these adb three different ranges of flexibility. Onethe<R2> of
amino acids in drug binding pocket of mutant whiglexactly the same as <R2> of the amino acidsug 8inding
pocket of wild named as ‘identical flexibility’. Bhsecond is the <R2> of amino acids in drug bingingket of
mutant, which is higher than <R2> of the amino acid drug binding pocket of wild named as ‘increhse
flexibility’. And the last is the <R2> of amino &s in the drug binding pocket of mutant, whicheisder than <R2>
of amino acids in the drug binding pocket of wildnmed as ‘decreased flexibility’. From the abovessification,
we understand that 82 % of Drug-binding amino agidse in the range of decreased flexibility and%a®f drug
binding amino acids were in the range of incrediedbility. On the other hand, none of the drugrting amino
acids were in the range of identical flexibility Bfa 3. This evidently exemplified that majority of amiraids
participated in the drug-binding pocket of thesaants lost their flexibility due to their occurrenin the range of
“decreased flexibility” which signifies the loss leihding efficiency with the inhibitor, MK-5172.

Table3: Comparison of normalized mean square disptzment of drug-binding amino acids of wild and mutat types of NS3/4A protease
structures.

S.No Binding Normalized mean squ¢ Normalized mean square

residues displacement, <R2> in displacement, <R2> in
wild type mutant type
1 ARG 123 0.0163 0.0062
2 LEU 135 0.0176 0.0078
3 ALA 156 0.0107 0.007
4 PHE 154 0.0033 0.0061
5 ALA 139 0.0065 0.0064
6 LYS 136 0.0172 0.0086
7 GLN 41 0.019 0.0087
8 GLY 58 0.0153 0.0077
9 PHE 43 0.0109 0.0058
10 TYR 56 0.0159 0.0073
11 VAL 78 0.0214 0.0092
12 HIS 57 0.0173 0.0083
13 ASP 81 0.0162 0.0069
14 ILE 132 0.0309 0.0094
15 GLY 137 0.0104 0.0082
16 ARG 155 0.0063 0.0064
17 ALA 157 0.0197 0.008

Bold number indicates amino acids with decreased flexibility of mutant (R155K) compared to wild structure.
CONCLUSION

Several years of clinical trials was taken for tleelopment of efficient drugs because of the imsireg resistance
of dangerous viruses that includes Hepatitis Csviflhe time and cost associated with the drug deweént
process can be greatly minimized by using the caatimnal techniques. In this work, we used the NldiAd
molecular docking approach to gain an insight Mtg§-5172-resistant R155K mutation in the structufeN&3/4A
protease. This approach provides the detailednmdtion of the molecular and structural propertiethe wild and
mutant type structures. Furthermore, the <R2> dhtained in the NMA approach reveal that fluctuatieehavior
of binding residues in the mutant structure is htlig different from the wild structure. Finally, moal mode
docking analysis undoubtedly indicates the impropiding of MK-5172 with the mutant NS3/4A protease
structure. Hence, we conclude that this informattwuld be taken into account for the design ofbitdrs of
NS3/4A protease. Thus, our findings suggest stiedgefgr developing protease inhibitors that retgtivity against
a wider spectrum of drug-resistant HCV variants.
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