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ABSTRACT

Stability of NS3/4A protease structure (native amgtant) contributes significantly towards the disexy of new
drug molecules. In the present study, we have figated the role of non canonical interactions (@HNH/z, C-
H...O) on the structural stability of NS3/4A proteasteucture by means of analyzing the existencehe$et
interactions in the native and mutant form of ttrectures. The study initiated by analyzing effefdthe mutation in
the binding of the drug molecule by molecular dogkanalysis. Subsequently the results were vakidajemeans
of PEARLS program and Flexibility analysis. Finallige prevalence of non canonical interaction ia tfative type
structure examined by using HBAT algorithms and mamed with ASP168ALA structure. The obtained result
certainly indicate that the non canonical interacts contribute significantly to the overall statyiliof protein
structure.

Keywords: CH/r interaction, NHt interaction, C-H...O interaction, Molecular dockif®REARLS.

INTRODUCTION

The importance of conventional interactions such taglrogen bonds, salt bridges hydrophobicity amiteio
standard interactions in the stabilization of seeop structures [1], protein folding and stabil[®; 3] are well
established [4-6]. With the recent advances in agatnal biology one can assess the effect of standard
interactions on the stability of protein tertiatyusture. Among the nonconventional interactiohgr¢ is little data
on the contribution of CHt, NH/x, C-H...O interactions to protein stability. The exetmic dissolution of benzene
and similar compoundst (electron system: proton acceptor) in chlorofo@rtl group: proton donor) was perhaps
the origin of an interaction, now known as Ghiiteractions, a form of weak hydrogen bond [7]1857, Reeves
and Schneider showed by NMR that this interacti@s & type of H-bond [8]. Since then, @Hicteractions have
been described in a vast number of small molecyftems from simple olefinic and aromatic compoutals
complicated clathrates and inclusion complexes.1898 Nishio et al. published excellent treatise of these
observations [9]. In this way Chlinteractions are gradually gaining a lot of impoite. Positively charged 8f+)
amino groups of lysine, arginine, asparagine, ghine and histidine are preferentially located witBA of the ring
centroids of phenylalanine, tyrosine and tryptophahere they make van der Waals contact with dhe)
n-electrons and avoid thie(+) ring edge. This geometric pattern is recogtiae NH/x interaction [10] This kind

of non-covalent interaction involving thering system as hydrogdiond acceptor were first described by Wulf et
al. [11] through spectroscopanalysis of small molecules and subsequently irtigeep by McPhaiand Sim [12]
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but their importance was not immediately apprediaduch later, the NH/ & interactions in proteins attracted the
greater attention, following the observation of #tabilizing effect of such interactions in betaets [13], helix
termini [14].

Another type of hydrogen bond that has undergoresargence of attention is that characterized 6yadonor, in
place of the more common OH or NH groups. Whert fin®posed many years ago [15, 16] there was some
resistance due to the low electro negativity of Riolw was presumed to make it a weak proton donowe¥er,
Support was later added to this idea on the bddR data [17-19] and the geometry of molecular pteres in the
gas phase [20-22] and in crystalline environmeB{ P4]. This type of interaction called C-H...O irgetions. This
C-H...O hydrogen bond systems share numerous featuitesthe more traditional hydrogen bonds, such as
geometric preference, NMR chemical shifts, andtedacdensity patterns. It is only now gaining wateeeptance as

a genuine hydrogen bond [25, 26]. Recently, weiphbt our results on the catierdnd CH/x interactions in the
structural stability of proteins [27, 28]. Howevail] today there has been no comparative analgdishese
interactions between native and mutant structltrésthe objective of the present paper to carryjast this sort of
comparative analysis between native and mutant AfSpfotease structures. It is noteworthy to mentiene that
mutant structure still maintaining the similar nuenlof non canonical interactions like native typmicture. Hence
we postulate that the incorporation of the entilyhese interactions could provide new perspestiand possibly
new answers for structural biologists.

MATERIALS AND METHODS

Data set

The three-dimensional (3D) structures of native amdant NS3/4A protease were taken from the crygtattures
of the Brookhaven Protein Data Bank (PDB) [29] torg out computational analysis. The correspondmB
codes were 3SV6 and 3SV8 [30, 31]. Both structure solved with >2.0 A resolution. Telaprevir waed as the
small molecule/inhibitor for our investigation. TI®MILES strings were collected from PubChem, a lizda
maintained in NCBI [32] and was submitted to CORIFA constructing the 3D structure of small molec|3].

I dentification of binding siteresidues

It was a challenging task to extrapolate a mecharo$ action from the view of three dimensional stwes.
Detailed biochemical information about the enzyrae be used to design substrate or transition staéogues,
which can then be bound into the enzyme for strectietermination. These can reveal binding sitatlons and
identify residues, which are likely to take parttie receptor—ligand interaction. From this, a lgeitamechanism
can be proposed. In order to identify the bindiesjdues in the structure of NS3/4A protease, wengtdd NS3/4A
protease complexed with Telaprevir (PDB code: 3su&) the PDBsum progranRPDBsum provides summary
information about intermolecular contacts existingthe complex structure. These informations weseduto
determine the binding site residues in the NS3/dAgase.

Conservation score

We computed the conservation score of binding reisgdues interacting with amino acid residues ichegarotein
using the ConSurf server [34]. This server compthesconservation based on the comparison of theesee of a
PDB chain with the proteins deposited in Swiss-H8&f] and finds the ones that are homologous toRB&
sequence. The number of PSI-BLAST iterations ardEthalue cutoff used in all similarity searches wérand
0.001. All the sequences that are evolutionarilgtesl with each one of the proteins in the datavese used in the
subsequent multiple alignments. Based on theseipreequence alignments the residues are classifiechine
categories from highly variable to highly conservB@sidues with a score of 1 are considered hightiable and
residues with a score of 9 are considered hightyseoved residues.

Stabilizing residues

Stabilizing residues were computed using the pammmesuch as surrounding hydrophobicity, long-raogger,
stabilization center and conservation score asritbestby Gromiha [36]. We used the server SRidq {86 this
purpose. Conservation scorexob is the cutoff value used to identify the statiilg residues.

Computation of docking score between the ligand and the enzyme
Docking was performed with the help of the Patctelo{87]. It is geometry based molecular dockingoaittym.
The PatchDock algorithm divides the Connolly dafate representation of the molecules into conceseyex and
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flat patches. Then, complementary patches are matéh order to generate candidate transformati@ach
candidate transformation is further evaluated bscaring function that considers both geometricafid atomic
desolvation energyFinally, RMSD (root mean square deviation) cltisgwas applied to the candidate solution
discard redundant solutions. The input parametarthe docking were the PDB coordinate file for gretein anc
the ligand molecule. This algorithm hasree major stages (i) Molecular Shape Representéijo8urface Patcl
Matching and (iii) Filtering and Scoring. The sees are available at http://bioinfo3d.cs.tau.aPaichDock

Energetic analysis by PEARLS

Analysis of the energetic of ligarmtotein, ligand-nucleic acid, and proteineleic acid interactions facilitates t
gquantitative understanding of molecular interactiloat regulate the function and conformations aftgins. It ha:
also been extensilyeused for ranking potential new ligands in vittdaug screenincThere it Web based software,
PEARLS (program for energetic analysis of ligandemor systems), for computing interaction energfeganc-
protein, ligandaucleic acid, prote-nucleic acid, and ligand-protemucleic acid complex from their 3D structt.
In the present study, we examined tlotal receptor-ligandnteraction energy by means of the PEARLS prog
[38].

Flexibility of Binding Residue by Normal Mode Analysis

A gquantitative measure of the atomic motions intgrs can obtained from the mean square fluctusitafnthe
atoms relative to their average positions. These lwa related to the -factor [39, 4(]. Analysis of B-factors,
therefore, is likely to provideewer insights into protein dynamics, flexibilit§ @mino acids, and protein stabili
[41]. It is to be noted that protein flexibility is portant for protein function and for rational drdgsign [2]. Also,
flexibility of certain amino acids in pron is useful for various types of interactions. Mavrer, flexibility of aming
acids in drug binding pocket is considered to lsggaificant parameter to understand the bindingiefficy. In fact,
loss of flexibility impairs the binding effect 3, 44]. Hence, this can be analyzed by tt-factor, which is computed
from the mean square displacem«R2> of the lowest frequency normal mode using the EINgmogram [5].

Non canonical interactions

XH/ = interactions werealculated using the progri availablefor this purpose called HBAT [4{. The positions
and geometry of donor aratceptor atom are shown iigure 1. The donor group isepresente@s X-H and the
acceptor is the system. Thelistances are usually measured from the centrojdi.e, centre of ther ring. P1 anc
P2 are distances from X and kspectively, to M. P3 is the angle between veck-H anc H-M while P4 is the
angle between the XM and MN. Her¢is a normal to the centre of theing. The geometry adapted from earlier
work of babu [47].

N

P2 .H—X
.aﬁﬁé P4 Pt

(@) (b)

Figure 1: Parameters for X-H.... @ interaction (X: C and N)

C-H...O interactions were identified using the pragravailable fo this purpose called HBAT46]. The CGH...O
interactions considered hergere between alpossible donor @1 groups in the therapeu proteins structures
(Co-H, Cali-H and CareH) and oxygen containii proton acceptor molecule. The oxygen atoms in prstare of
the hydroxyl, carbonyl and carboxyl type. In terms dfeit electronegativity, is increases in the order
O-H<C=0<C-O-. The position and geometry is adapted from earl@kvof Babu[47].
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RESULTS AND DISCUSSION

Binding Residues Analysis

The binding site residues in the structure of N83#otease were obtained from the PDBsum by usiegcomplex
structure. Both native and mutant structures wesedufor the analysis. Almost similar numbers of taoting
residue were observed in both structures. Thetrssshown in figure 2. The results indicate th&btal of 15 amino
acid residues act as a binding site residues inVMSprotease. It was interesting to note that,rdmdues such as
SER(1158), ALA(1157), SER(1139), GLY(1137), HIS(Z)5ASP(1081) and ARG(1155) makes Hydrogen bond
with Telaprevir and the other residues namely ARIGQR), ASP(1168), ALA(1156), THR(1042), GLN(1041),
LYS(1136), LEU(1135) and VAL(1158) makes hydropltmwisiteraction with the Telaprevir. Both native andtant
structure shows the total of 12 hydrogen bond aagons. Similarly the total of 8 and 6 hydophotriteractions
observed in the native and mutant structure resjadyt

(@) (b)

Figure 2: Telaprevir bound to the binding site of N63/4A protease (a) and ASP168ALA (b) structures. Enhfigure was rendered using the
program LIGPLOT

Conservation score

The binding site residue further screened by meamr®nservation scor&Ve used the ConSurf server to compute
the conservation score of amino acid residues uwaebin binding site residues of NS3/4A proteasee Tdsult is
shown in table 1. 40% of the amino acid residuastha highest conservation score of 9, 45% of thana acid
residues had a conservation score in the rangeBadrél 15% of the amino acid residues had the ceatsen score
less than 5. It is believed that most of the amae@ residues involved in binding site interactidrel a high
conservation scores. Hence the residues havingctire 9 will be consider as binding site residuetinanalysis.
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Table 1 Computation of Binding site residues and & Conservation score.

S. Binding site residues in native structure Conservation Binding site residues in mutant structure Conservation
No. (PDB code: 3sv6) score (PDB code: 3sv8) score
1 SER(1159) 5 SER(1159) 5
2 ARG(1155) 8 ARG(1155) 8
3 ALA(1157) 9 ALA(1157) 9
4 SER(1139) 9 SER(1139) 9
5 GLY(1137) 8 GLY(1137) 8
6 HIS(1057 9 HIS(1057 9
7 ASP(1081) 9 ASP(1081) 9
8 ARG(1123) 7 ARG(1123) 7
9 ASP(1168) 6 - -
10 ALA(1156) 8 ALA(1156) 8
11 THR(1042) 4 THR(1042) 4
12 GLN(1041) 9 GLN(1041) 9
13 LYS(1136) 9 LYS(1136) 9
14 LEU(1135) 8 LEU(1135) 8
15 VAL(1158) 8 - -

Stabilizing Residues

Initially, the stability of the structures were eximed by using number of stabilizing residues [Sfabilizing
residues were computed using the parameters sushraminding hydrophobicity, long-range order, #izdtion
center and conservation score. We used the seRigle Sor this purpose. The result is shown in tehldt was
interesting to note that the number of stabiliziegidues in the mutant structure was significahtgher than the
native structure. It certainly indicates the ina®@n stability of mutant (ASP168ALA) structure thaative type.

Table 2 Comparison of stabilizing residues betweemative and mutant structures

Stabilizing residues in the native

SNo. structure (PDB Conservation Stabilizing residues in the mutant structure Conservation
. score (PDB code: 3sv8) score
code: 3sv6)

1 THR(1054) 9 THR(1054) 9

2 VAL(1083) 8 VAL(1083) 8

3 TRP(1085) 6 TRP(1085) 6

4 LEU(1104) 7 LEU(1104) 7

5 LEU(1106 9 LEU(1106 9

6 GLY(1141) 8 GLY(1141) 8

7 PHE(1154) 9 PHE(1154) 9

8 ALA(1164) 9 - -

9 - - TYR(1105) 9

10 - - CYS(1145) 9

11 - - GLY(1152) 9

Computation of docking score between the ligand and the enzyme

Proteins are the basis of the life process at tbieenlar level. The protein interaction is eithéthwother protein or
with small molecules. Many biological studies, bathacademia and in industry, may benefit from tedhigh-

accuracy interaction predictions. Here, we usedhxick, a very efficient algorithm for protein-liggh docking for
our analysis. The PDB format of the two moleculed the receptor binding sites were uploaded ifméoserver. It
was interesting to note that docking score of masivucture is higher than the mutant structurés fésult is shown
in figure 3. It is likely that the higher number stabilizing residues makes the mutant (ASP168Aktklcture
highly stable and rigid. Hence, Telaprevir is nbteato bind properly with the mutant structure. Shésult was
further validated by using PEARLS figure 4. It abule seen from figure that total ligand receptderiction

energy was -5.01 kcal/mol in native structure wher@ mutant structure it was -3.72 kcal/mol oflgese results
certainly confirm that ASP168ALA mutation altersetibonformation of binding pocket residue thus cadizey

resistance.
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Figure 3: Comparison of scores in native and mutanstructures using molecular docking.
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Figure 4: Comparison of total ligand receptor intelaction energy between native and mutant structuressing PEARLS.

Table 3: Comparison of normalized mean square displacementa conservation score of drug- binding amino acidsf native and
mutant type.

Binding residues in Normalized mean Normalized mean

Binding residues in

SN native structure square displacement Conservation mutant structure square displacement Conservation
' (PDB code: <R2>in native type Score (PDB code: 3sv8) <R2>in mutant type Score
3sv6) (PDB code: 3sv6) ) (PDB code: 3sv8)

1 GLN (1041) 0.0168 9 GLN (1041) 0.0149 9
2 PHE (1043) 0.0101 9 PHE (1043) 0.0089 9
3 HIS (1057) 0.0156 9 HIS (1057) 0.0100 9
4 ASP (1081) 0.0143 9 ASP (1081) 0.0078 9
5 LYS (1136 0.012( 9 LYS (1136 0.012: 9

6 SER (1138) 0.0071 9 SER (1138) 0.0097 9
7 SER (1139) 0.0074 9 SER (1139) 0.0085 9
8 ALA (1157) 0.007( 9 ALA (1157) 0.010¢ 9

Binding Residues Flexibility by Means of Normal Mode Analysis

The conservation score criteria were employed teestthe binding site residues. Binding residugilfibty was

fundamental to understanding the ways in which deuerts biological effects. This flexibility alloniacreased
affinity to be achieved between a drug and itseasmnzyme. In order to understand the cause of ideensitivity
by D168A mutation, we used the program EINemo fd53ompare the flexibility of amino acids of bothative and
mutants, which are involved in binding with TelagreTable 3 depicts the flexibility of amino acidfs the drug-
binding pocket of both native and mutants by medmormalized mean square displacement, <R2>.
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We further sorted out these data into three differanges of flexibility. One is the<R2>of aminddxcin the drug-
binding pocket of mutants which is exactly the saseR2>0f the amino acids in the drug-binding pockeatives
named as “identical flexibility.” The second wa4R2>0f amino acids in the drug-binding pocket aftamts
which is higher than<R2> of the amino acids indheg-binding pocket of natives hamed as “incredbedbility.”
And the last is the<R2>of amino acids in the driugding pocket of mutants which is lesser than<R2awifino
acids in the drug-binding pocket of native named‘decreased flexibility.” From the above classifioa, we
understand that 60 % of drug-binding amino acidsewe the range of decreased flexibility and 40 #aug
binding amino acids were in the range of incredkedbility (Table 3). This evidently exemplifiechat majority of
amino acids participated in the drug-binding poakethese mutants lost their flexibility due to itheccurrence in
the range of “decreased flexibility” which signgi¢he loss of binding efficiency with the inhibitdrelaprevir.

Non Canonical | nteractions

Non canonical interactions were analyzed in nagivéd mutant structures by using HBAT program. Irtipalar we
have analyzed the Chi/NH/x, and C-H...O interactions in the structural stapitif native and mutant protease
structure. The result is shown in table 4. It cdoédseen from the table that 2 GHidteractions, 1 NHY interaction
and 17 C-H...O interactions were contributed theibtalof the native structure. It is interesting hote that mutant
structure was also maintained 1 @Hinhteractions, 3 NHY interactions and 14 C-H...O interactions. The PyMol
view of CHf interactions in the native and mutant structuresvglown in figure 5.

ALA(1168)

TRS(1053)

N

G (B
Figure 5: Pymol view of (A) CH/ = interaction in 3sv6é (B) NH/x interactions in 3sv8

Furthermore we classified these interactions ihtee category namely short range, medium rangdaagdrange
contacts. The residues that are within a distarfcéwo residues are considered to contribute to tsteomge
interactions, whereas, those within a distance3obr +4 residues contribute to medium-range and those itinam
four residues away contribute to long-range intiimas [48-50]. About 60% of the non canonical iatgfonswere
observed as long-range interactions, 26% and 14%@wfcanonical interactions were found to be stemgge and
medium-range interactions respectively. Long-ramgs canonical interactions are the predominant tgpe
interactions in set of HCV studied. Hence, we codet that although the structure is mutated buabitld still
stabilized by significant number of the weak intgi@ns particularly long range contacts.
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Table 4: Analysis of Non Conventional Interactionsn the HCV protein structures

D_onor_ Acceptor residue Donor residue in . .
Interaction ,\zeildue n CS in native type cs mutant type cs Acctepttoi remd;lgén CsS
vpes (YOS EpBoode  OS D ppmcoce O MUTLUREDE CS D
3sv6) 3sv6) 3sv8)
CH/=n TRP(1053) 9 TYR(1075) 8 22 TRP(1053) 9 TYR(1075) 8 22
TYR(1075 8 TR6 (1053 9 22 - - - - -
NH/ ALA(984) 6 HIS(982) 6 2 ALA(984) 6 HIS(982) 6 2
- - - - - ILE(1064) 1 TR5(1085) 7 21
- - - - SER(985 6 HIS(982 6 3
C-H...O TYR(1006) 7 ALA(1007) 1 1 TYR(1006) 7 ALA(1GD 1 1
TYR(1006) 7 THR(1004) 8 2 TYR(1006) 7 THR(1004) 8 2
PHE(1043 9 LEU(1044 8 1 PHE(1043 9 LEU(1044 8 1
PHE(1043) 9 SER(1139) 2 4 PHE(1043) 9 SER(1139) 2 4
PHE(1043) 9 THR(1054) 8 11 PHE(1043) 9 THR(1054) 811
- - - - - PHE(1043) 9 THR(1054) 8 11
TRP(1053) 9 THR(1046) 7 7 TRP(1053) 9 THR(1046) 7 7
TRP(1053) 9 VAL(1083) 9 30 TRP(1053) 9 VAL(1083) 9 30
TYR(1075) 8 THR(1178) 1 3 TYR(1075) 8 THR(1178) 1 3
TRP(1085) 7 VAL(1071) 1 14 TRP(1085) 7 VAL(1071) 114
TRP(1085) 7 THR(1072) 1 13 TRP(1085) 7 THR(1072) 113
TRP(1085) 7 LEU(1144) 1 59 TRP(1085) 7 LEU(1144) 159
TRP(1085) 7 ARG(1062) 4 23 TRP(1085) 7 ARG(1062) 423
TYR(1105) 3 LEU(1144) 1 39 - - - - -
PHE(1154) 8 SER(1138) 9 16 -
PHE(1154) 8 ALA(1156) 8 2 -
PHE(1154) 8 LEU(1135) 8 19
PHE1169) 9 ILE(1170) 1 1 - - - - -
- - - PHE(1169) 9 ARG(1123) 7 46

C.S: Conservation score;s[d sequential distance.
CONCLUSION

All cohesive inter atomic interactions, whateveeithspecific nature, contribute to the overall gtgbof any
macromolecule. Hydrogen bonds, however, are knawplay a key part in many other phenomena, incydin
enzymatic catalysis. Here we have investigatedrdfe of non canonical interactions in the strudtstability of
proteins. Initially molecular docking and PEARLSogram were used to examine the affinity of Telajprew
NS3/4A protease structure. Lesser binding afficiopfirmed the conformational change in the prot&imicture
because of mutation. Subsequently we have anathwedieaker interactions contribute in the strudtstability by
means of HBAT program. We understand that mutantcttre can still maintain significant number ofnno
canonical contacts. Thus, we conclude that ASP1@&8/lutation gives resistance to drug not for the nanonical
interaction. Even though, the non canonical intiivas are not only comparable in strength to aitiadhl
hydrogen bond but cumulatively can make a quantéht greater energetic contribution to folding astability.
The frequency of occurrence obtained in the presemly enev in the ASP168ALA structure unequivgcaliows
that the non canonical interactions cannot and matsbe neglected. Hence, without ambiguity, we @amfirm that
non canonical interactions play an important roléhie structural stability of proteins.
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