J Mol Model (2011) 17:401-413
DOI 10.1007/s00894-010-0736-2

ORIGINAL PAPER

Analysis of structural water and CH:---7t interactions
in HIV-1 protease and PTP1B complexes using a hydrogen

bond prediction tool, HBPredicT

Joshy P. Yesudas - Fareed Bhasha Sayyed -
Cherumuttathu H. Suresh

Received: 26 February 2010 / Accepted: 27 April 2010 /Published online: 19 May 2010

© Springer-Verlag 2010

Abstract A hydrogen bond prediction tool HBPredicT is
developed for detecting structural water molecules and
CH:---7t interactions in PDB files of protein-ligand com-
plexes. The program adds the missing hydrogen atoms to
the protein, ligands, and oxygen atoms of water molecules
and subsequently all the hydrogen bonds in the complex are
located using specific geometrical criteria. Hydrogen bonds
are classified into various types based on (i) donor and
acceptor atoms, and interactions such as (ii) protein-protein,
(iii) protein-ligand, (iv) protein-water, (v) ligand-water, (vi)
water-water, and (vii) protein-water-ligand. Using the
information in category (vii), the water molecules which
form hydrogen bonds with the ligand and the protein
simultaneously—the structural water—is identified and re-
trieved along with the associated ligand and protein residues.
For CH--m interactions, the relevant portions of the
corresponding structures are also extracted in the output.
The application potential of this program is tested using 19
HIV-1 protease and 11 PTP1B inhibitor complexes. All the
systems showed presence of structural water molecules and
in several cases, the CH--7t interaction between ligand and
protein are detected. A rare occurrence of CH: -7t interactions
emanating from both faces of a phenyl ring of the inhibitor is
identified in HIV-1 protease 1D4L.
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Introduction

In recent years, structure based drug design (SBDD)
methods have played a vital role in the design of several
drug candidates that were later used in clinical trials [1-4].
The successful application of SBDD methods depends on
the availability of accurate three dimensional structures of
bio-macromolecular complexes [5] as well as the identifi-
cation and quantification (on the basis of geometric criteria)
of non-covalent interactions in them [6]. The critical role of
hydrogen bonding and CH--7t interactions in stabilizing the
protein structures has been well established [7, 8]. Hydro-
gen bond analysis provides valuable clues of the structural
information of protein-ligand complexes. The interaction
between complementary functional groups and the release
of water molecules from ligand and protein to bulk drives
the process of ligand binding in a protein active site [9].
However, active sites may contain other compounds, such
as cofactors or coenzymes as well as structural water
molecules that can simultaneously interact with protein
residues and ligand functional groups to provide a bridging
function between them [9, 10]. Of particular interest to us
are structural water molecules, which play a dual role by
acting as both donor and acceptor for hydrogen bonds at the
interface of target protein and the ligand molecule, and thus
contribute significantly to improve the binding ability of the
ligand [11-13]. These structural water molecules play a
vital role in the SBDD whose ignorance reduces the success
of the drug-design strategy [11]. There are reported cases
which show how water increases the range of specificity of
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Fig. 1 Criteria used to add missing hydrogen atoms of the water
molecules. An example is given wherein the proton acceptors are
making an angle 145° with the oxygen of water. (a) An oxygen atom
of the water molecule is surrounded by two electronegative (nitrogen

a binding site, when additional water molecules are
included [10, 11]. Recently, Suresh ef al. [13] have studied
the role of structural water in HIV-1 protease inhibitor
complex and showed that the binding energy of the
structural water molecule compensate for the strain energy
that the ligand experiences in the protein bound structure. It
is also understood that the structural water molecules show
a strong influence on the flexibility of the proteins [14].

CH---7t interactions, one of the weak hydrogen bonds which
occur between soft acid (C-H) and soft base (7-electron
system) is gradually gaining substantial importance in chem-
ical and biological studies [15-17]. These attractive non-
covalent interactions play an important role in stabilizing the
structure of proteins [7], in protein—ligand interaction [18-20]
as well as in crystal packing of organic compounds [21, 22].
These interactions occurs when partial charge transferred
from the HOMO Tr-orbital to the LUMO o*-orbital of C-H
bond [7]. Role of CH:-7t interactions, in substrate binding by
E. coli (3-galactoside [23] and in the packing of adenine ring
in protein structures involving aromatic residues [24] are
extensively studied. More interestingly, it has been reported
that CH---7t interactions play an important role in binding the
inhibitors to torpedo californica acetylcholine esterase
(TcAchE) [25], which suggests the importance of considering
CH--7t interactions in designing the ligand.

Several tools are available for adding the missing
hydrogen atoms and finding hydrogen bonds [26-28], but
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Fig. 2 Ciriteria used for identifying hydrogen bonds. (1) The distance
between the acceptor atom (A) and the proton (H), d < 2.5 A, and the
conditions for the angles «, 3 and y are (2) 0° < x <90° (3) 90° <3 <
180° (4) 90° <y < 180°
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and oxygen) atoms, ~N-O-O = 145°. (b) Hydrogen atoms are first
placed at a distance of 0.96 A along the vector directions of the
electronegative atoms. (¢) £H-O-H is refined to 104.5° by reposition-
ing the hydrogen atoms

there are only a few which do the hydrogen bond analysis
[29-31]. To the best of our knowledge, there is no tool to
identify and visualize the structural water as well as to view
the hydrogen bonds based on different classification
(protein-protein, protein-water, protein-ligand etc.). Kaur
and Raghava developed a program to determine the CH--7t
interactions in a protein using amino acid sequence based
on recurrent neural network but it does not use the three
dimensional structural details and the user has no option to
visualize the CH -7t interactions [32]. Moreover, there are
no tools available to identify the CH--7t interactions
between ligand and protein in a complex system. In this
article, we describe a newly developed computational tool
HBPredicT for the identification of structural water, the
CH:7t interactions, and other typical hydrogen bond
interactions in a protein-ligand complex. Further, using this
tool, a detailed analysis of the nonbonding interactions in
the crystal structures of human immunodeficiency virus
type 1 (HIV-1) protease and protein tyrosine phosphatase
non-receptor type-1B (PTP1B) complex with various
inhibitors is made. Protein tyrosine phosphatases (PTPs)
are responsible for the selective dephosphorylation of
tyrosine residues [33]. Several PTPs which includes PTP1B
and transmembrane receptor-like protein LAR are capable
of dephosphorylating the insulin receptor [34]. The devel-
opment of PTPIB inhibitors for the treatment of type-2
diabetes had more attention in recent years.

Fig. 3 Criteria used to identify
CH--'7t interactions in the case
of a six-membered 7t-ring is
shown, where X is the center of
mass. The maximum value of
dC-X is 4.5 A and 2C-H-X, is in
the range of 120°-180°. The
distance (dHp-X) of the hydro-
gen positioned on to the 7t-plane
from X, is less than 1.4 A.

The definition is taken from
reference [41]
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Methodology

HBPredicT is coded in PERL using a Pentium 4 computer
(256 Mb RAM) running under Windows XP operating system.
The program reads the input structure file in Protein Data Bank
(PDB) format [35] and generates the output file “outfile.hbp”
after computing the hydrogen bonds and another output file
“outfile.chp” after computing the CH-7mt interactions. The
“outfile.hbp” also contains the information about the structural
water molecules. HBPredicT enables the users to view the
identified structural water and the CH--7t interactions, with
the hydrogen bonds labeled with distance between proton and
acceptor atom as broken lines, through the interface of
RasMol [36]. In addition, the program shows histograms
which give the composition of amino acids and nucleic acid
bases contributing to hydrogen bonds with various types of
classifications, which are discussed below based on the HIV-1
protease and PTP1B complexes. Furthermore, the detailed
output files can be directly viewed in Microsoft Excel, a
versatile computer package available for a wide range of
applications, enabling the user to perform further statistical
analysis on various hydrogen bond interactions in the system.

Adding missing hydrogen atoms

The three dimensional structural information of a protein is
mainly derived by X-ray crystallography, but for mapping
hydrogen atoms, rarely achieved ultrahigh-resolution
(1.0 A) is required [37]. Therefore, most of the X-ray
structures will be devoid of hydrogen atoms and hence
HBPredicT is designed to add the missing hydrogen atoms
of amino acid residues and ligand systems based on the
hybridization properties of atoms, directionality of hydro-

gen bonds, and standard bond length data [38]. On the basis
of the information of those atoms surrounding the oxygen
atom of water molecules, the missing hydrogen atoms to
the water molecules can be added. The program locates the
atoms of C, N, and O surrounded by the oxygen atom of
water molecules in 3.0 A distance. It will also identify the
hydrogen atoms in the 2.5 A vicinity of the oxygen atom of
the water molecule. If there is only one proton acceptor,
HBPredicT will place the first hydrogen along the axis of
water oxygen and the proton acceptor, then it will add the next
hydrogen at an angle of 104.5°. If there are no proton
acceptors or hydrogen atoms of other molecules within
2.5 A, hydrogen atoms will be added at random. For example,
if an oxygen atom of a water molecule is surrounded by two
proton acceptors (oxygen and nitrogen) as shown in Fig. la,
hydrogen atoms are added at a distance of 0.96 A along the
vector direction of the surrounding atoms (Fig. 1b) and then
refines the £H-O-H to 104.5° by repositioning the hydrogen
in the same plane (Fig. 1c). In the case of more than two
proton acceptors present in the vicinity of water oxygen,
hydrogen atoms are added along the axis of the least distant
proton acceptors and the ~H-O-H is refined to 104.5°.

Finding hydrogen bonds and structural water

It is well-known that hydrogen bonds display a marked
directionality. The criteria suggested by Baker and Hubbard
[38] is used to identify the hydrogen bonds which is
defined in Fig. 2. In this figure, the A-S,, bond represents
the mean direction of the bonds attached to the acceptor
atom (A). Unlike many other hydrogen bond identifying
tools, instead of considering the distance between the donor
(D) and the acceptor atoms (A), we used the distance (d)

Table 1 HIV-1 protease and

PTP1B complexes selected for PDB Id Inhibitors Reference PDB Id Inhibitors Reference

the analysis
HIV-1 protease 10DY LP1-130 [44]
1AAQ PSI [45] 1W5W BE4 [46]
1C6Y MK1 2] 2PSU ACT, MUU, PO4 [47]
1D4H BEH [3] 2PSV ACT, MUYV, PO4 [47]
1D4J MSC [1] PTPIB
1D4K PI8, SO4 [43] 1KAV FEP [48]
1D4L P19, SO4 [43] 1PHO 418 [49]
IHIH BME, C20 [50] 1PYN 941 [51]
1HIV 0, NOA [52] 1Q6P CL, 213 [53]
1HVI A77 [42] 1Q6S CL, MG, MPD, 214 [53]
1HV] A78 [42] 2AZR 982 [54]
IHVK A79 [42] 2B07 598 [54]
IHVL A76 [42] 2H4G 694 [55]
IHXB DIQ, QNC [56] 2H4K 509 [55]
IN49 RIT [50] 2HBI 512 [55]
INPW LGZ [57] 2NT7 902 [58]
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between the hydrogen (H) and the acceptor atoms as a
parameter. Since there is no well established parametric
definition for the hydrogen bond, a provision is also
provided for the user to alter the values of the parameters

Table 2 Details of various hydrogen bond (H-bond) interactions identified in HIV-1 Protease complexes

involved in the criteria given in Fig. 2. HBPredicT also
identifies weaker hydrogen bonds [39, 40] like C-H---O and
C-H-N with carbon as the donor atom, as well as strong
hydrogen bonds such as N-H--*N and N-H-O. The program

PDB Id Total no. of H-bonds No. of H-bonds between
Protein-inhibitor Protein-water Protein-protein Inhibitor-water Water-water

HIV-1 protease
1AAQ 182 12 3 166 1 0
1C6Y 241 7 51 167 4 12
1D4H 384 8 146 198 4 28
1D4J 348 7 124 201 3 13
1D4K 308 23 81 191 3 10
1D4L 360 10° 119 195 4° 22
IHIH 401 7 144 213 2 35
IHIV 284 6 86 184 2 6
1HVI 219 6 2 209 2 0
1HV] 216 6 2 206 2 0
IHVK 219 4 211 2 0
IHVL 210 5 201 2 0
IHXB 290 8 82 188 2 10
1N49°¢ 221 5 16 197 2 1
1N49¢ 220 7 14 194 3 2
INPW 342 5 104 206 3 24
10DY 301 15 91 166 2 27
IW5W 396 10 160 202 2 22
2PSU 421 13 163 199 12 34
2PSV 459 9 177 200 11 62

PTPIB complexes
KAV 495 3 142 333 1 16
1PHO 592 15 216 303 5 53
1PYN 685 16 293 322 9 45
1Q6P° 490 12 132 327 2 17
1Q6P* 482 9 134 326 3 10
1Q6S° 589 11 189 327 5 57
1Q6S* 613 14 194 332 5 68
2AZR 619 5 235 325 3 51
2B07 572 6 195 326 5 40
2H4G 482 5 126 335 4 12
2H4K 496 4 142 333 2 15
2HBI1 580 4 179 351 4 42
2NT7 612 5 205 352 5 45

 Eight more hydrogen bonds are observed with the modres ABA.

® two hydrogen bonds are formed with modres ABA.
¢ 1N49 comprises of 4 chains (A, B, C and D), in which both A,B and C,D pairs contain the inhibitor RIT. All other HIV systems are comprised of A and B

chains. The results belong to A, and B chains.

9 The results belong to C, and D chains.

®1Q6P and 1Q6S exist as dimers, made up of chains A and B while all other systems consist of only the A chain. The results belongs to chain A.

 The results belongs to chain B.
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Table 3 Structural features of
the different types of hydrogen SNo. Typeofbond Count Avg. distance (A) Avg. angle (degree)
bonds found in HIV-1 Protease
1D4L D-A H-A (D-H-A () +H-A-D (®) +Sm-A-H (y)
1 N-H-O 186 2.952 2.009 159.3 14.0 138.5
2 O-H--O 93 2.809 1.876 168.3 7.9 133.7
3 C-H--O 70 3.303 2.352 146.3 23.3 1334
4 O-H-N 4 2912 1.989 170.3 6.8 150.5
5 C-H-N 7 3.273 2.394 136.6 304 121.4
6 N-H-N 0 - - - - -

can generate histograms showing the distribution of the
identified hydrogen bonds based on the distance between
proton-acceptor atoms and the angles defined in the above
criteria (Fig. 2). Moreover, classification of hydrogen bonds
into various types based on (i) donor and acceptor atoms,
and interactions such as (ii) protein-protein, (iii) protein-
ligand, (iv) protein-water, (v) ligand-water, (vi) water-water,
and (vii) protein-water-ligand is generated in the output of
the program. The identification of the type (vii) interaction
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allows the user to locate the
molecules present in the system.

possible structural water

Finding CH-*-7t interactions

We have implemented a Perl module to locate all the 7t-ring
structures in the complex and the center of mass (X) of 7t-
rings are calculated. The program identifies both five and
six-membered 7-rings as CH acceptors. In the case of
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Fig. 4 Histograms obtained in 1D4L using HBPredicT, showing the distribution of the identified hydrogen bonds using the criteria shown in

Fig. 2. (a) d, (b) 2D-H-A, (c) H-A-D, and (d) Sm-A-H
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Table 4 Distribution of hydrogen bonds among the amino acids in HIV-1 protease 1D4L

Amino acids Count Total no. of H-bondsformed by amino acid with No. of H-bonds per amino acid
Water Inhibitor Rest of protein
Glycine 26 15 5 25 1.7
Proline 14 6 0 10 1.1
Alanine 6 0 0 15 2.5
Valine 14 2 0 37 2.8
Leucine 20 4 2 42 2.4
Isoleucine 26 3 1 62 2.5
Methionine 4 3 0 4 1.8
Cysteine 0 0 0 0 0.0
Phenylalanine 4 4 0 7 2.8
Tyrosine 2 0 0 7 3.5
Tryptophan 4 4 0 0 1.0
Histidine 2 0 1? 6 4.5
Lysine 14 10 0 18 2.0
Arginine 8 14 2 31 5.9
Glutamine 10 0 25 32
Asparagine 2 22 39
Glutamic acid 0 22 3.8
Aspartic acid 8 12 1 13 33
Serine 0 0 0 0 0.0
Threonine 16 20 2 29 32

# Histidine also showed two more hydrogen bonds with the modres ABA.

proteins, side chains of phenylalanine, tyrosine, tryptophan
and histidine amino acids which have 7-ring are also
considered in the program. Based on the position of X,
three parameters, viz. (i) the distance (dc_x) between the
carbon atom (C) of CH-donor and X, (ii) the angle (~C-H-
X) formed by C and X at the hydrogen H, and (iii) the
distance (dgp.x) of the hydrogen positioned on to the 7-
plane from X are defined. The criteria to identify the CH---7t

interactions using these parameters are explained in Fig. 3
[41]. The maximum value of dc_x was set to 4.5 A. The
parameter ~C-H-X is similar to the one used for conven-
tional hydrogen bonds with values between 120° and 180°
to find more linear bonds. In order to confirm whether the
hydrogen is above or below the plane, the distance
parameter dpp,x is used with a maximum value of 1.4 A.
Moreover, the program enables the user to change these

Table 5 Distribution of hydro-
gen bonds based on the classifi-
cation of amino acids

Classification of amino acids

Count (%) % of hydrogen bonds formed with

Water Inhibitor Amino acids itself

Based on charge

Non polar aliphatic 49 23 44 49

Non polar aromatic 5 7 0 4

Polar uncharged 25 34 22 23

Polar charged positive 12 20 28 15

Polar charged negative 8 17 6 9
Based on hydrophobicity

Hydrophobic 48 22 17 49

Hydrophilic 38 66 56 44

Amphiphilic 13 13 28 7

@ Springer
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Table 6 Structural water identi-
fied by HBPredicT in several

PDB ID  Distinct protein-water-ligand interactions

HIV-land PTP1B complexes
Amino acid®

Ligand molecule

Chain identifier =~ No. of interactions  Structural water

HIV-1 complexes

1D4H ILE(50) BEH
ILE(150) BEH
ASP(29) BEH
1D4L®  ILE(50) P19
ILE(50) P19
IHIH ILE(50) C20
ILE(50) C20
IHVL ILE(50) A76
ILE(50) A76
IHXB  ILE(50) DIQ
ILE(50) DIQ
INPW  ILE(50) LGZ
ILE(250) LGZ
PTP1B complexes
2AZR SER(216) 982
ALA(217) 982
ALA(217) 982
ILE(219) 982
GLY(220) 982
2H4G ALA(217) 694
ILE(219) 694
GLY(220) 694
SER(216) 694
ALA(217) 694
2H4K ALA(217) 509
ILE(219) 509
GLY(220) 509
2HBI1 SER(216) 512

ALA(217) 512
ALA(217) 512
ILE(219) 512
GLY(220) 512

? The numbers shown in the
parentheses corresponds to the
numbers in respective PDB files.
® Two more interactions with the
modres ABA is also observed.

W WEWE W W >
—_— e = = NN NN NN = NN
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E e A e e i e i S
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i

parameters. The user can view all the identified CH--7t
interactions with the help of RasMol interface.

Results and discussion

For analysis, we have selected 19 HIV-1 protease [42, 43]
and 11 PTP1B structures having resolution in the range of
1.75 A to 2.50 A from Protein Data Bank (www.rcsb.org/
pdb) [35] and they are listed in Table 1. The name of the
inhibitors in specific protein complexes and references are
also reported in Table 1. Using HBPredicT, the missing
hydrogen atoms are added to the protein structures and all
the conventional hydrogen bonds are computed. The

located structural water, and the CH--7t interactions are
used for further analysis.

Hydrogen bonds in HIV-1 protease and PTP1B complexes

Distribution of various types of hydrogen bond interactions
observed in all HIV-1 and PTP1B complexes selected in
this study are reported in Table 2. As expected, most of the
hydrogen bonds are located with polar amino acid residues
in all the structures. For instance, in the case of 1D4L, a
total of 360 hydrogen bonds are identified and among them
195 are observed exclusively for the amino acid residues of
the protein, 10 for protein-inhibitor, 119 for protein-water,
four for inhibitor-water and 22 for water-water interactions.

@ Springer
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ILE(50

(a)

DiQy4)

ILE(50)A

GLY(220)

(8 (h)

Fig. 5 Structural water identified at the active site of HIV-1 and [(a)
1D4H (b) 1DA4L (¢) 1HIH (d) 1HXB (DSG is a modified residue D-
Asparagine) (e) INPW] and PTP1B [(f) 2AZR (g) 2H4G (h) 2H4K (i)

Among the selected HIV-1 complexes, 1D4K has the
highest number of hydrogen bond interactions between
protein and inhibitor while 1HVK has the lowest such
interactions. Among all the PTP1B complexes, 1Q6P and
1Q6S exist as dimers made up of chains A&B while all
other systems consist of only chain ‘A’. For direct
comparison of these dimers with other PTP1B systems,
we split into two monomers with chains A and B, the
obtained results are summarized in Table 2. The highest
number of 16 protein-inhibitor interactions is found in
IPYN while the lowest numbers of such interactions are
located in 1KAV. The protein-protein interactions for one
chain are the highest (352 interactions) in 2NT7 whereas it
is the lowest (303 interactions) in 1PHO.

@ Springer

ILE(50)A

GLY(X20)

LE219)

2HB1] complexes with symbols of amino acids and ligand, hydrogen
bonds are shown by dotted lines

Details of various hydrogen bonds present in 1D4L

As a representative example, more detailed analysis of
hydrogen bonds on the basis of interacting atoms is given for
one of the HIV-1 Protease-Inhibitor complex (PDB code:
1D4L) [43] where the inhibitor ligand PI9 is a macro cyclic
peptidomimetic molecule. The salient geometrical features of
these hydrogen bonds including the average values of the
geometric parameters used are shown in Table 3.
HBPredicT also generates histograms showing the frequen-
cy of the hydrogen bonds with all the distance and angle
parameters used to identify them (Fig. 4). In the case of 1D4L,
a high degree of hydrogen bonds (58%) are identified in the
hydrogen-acceptor (H-A) distance range of 1.7 to 2.1 A
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Table 7 CH--m interactions found in HIV-1 protease crystal structures

PDB Id Total CH-*7t interactions CH:-'7t interactions between protein and ligand CH--'7t interaction between
CH-donor Chain identifier® m-donor

1AAQ 12 1 VAL(82) B PSI(1)

1C6Y 15 0 - - -

1D4H 15 0 - - -

1D4] 17 0 - - -

1D4K 18 0 - - -

1D4L 18 2 ALA(28) A PI9(201)
ILE(47) A PI9(201)

1HIH 14 0 - - -

1HIV 16 2 CAV(3) I NOA(1)
CAV(3) I NOA(1)

1HVI 3 0 - - -

1HV] 2 0 - - -

1HVK 4 0 - - -

1HVL 3 0 - - -

1HXB 10 1 HPH(3) 1 QNC(1)

1N49° 11 2 ALA(82) A RIT(301)
ALA(82) B RIT(301)

1N49°¢ 11 1 ALA(82) C RIT(401)

INPW 14 0 - - -

10DY 10 0 - - -

IW5W 18 1 VAL(82) A BE4(1100)

2PSU 16 1 ALA(28) A MUU(200)

2PSV 14 0 - - -

# ‘I’ represent CH--7t interaction exist within the same ligand or between two different ligands.

® 1 N49 is a dimeric unit and the results belongs to A, B chains, the total CH-*7t interactions are given in Table S3.

¢ Results belongs to chains C, D.

(Fig. 4a). Moreover, about 70% of the hydrogen bonds
showed the values of ~D-H-A and £H-A-D angles in the
range of 150° to 180° (Fig. 4b) and 58% between 0° to 15°
(Fig. 4c), which indicate the domination of linear nature of the
identified hydrogen bonds. Furthermore, the distribution of the
hydrogen bonds based on the £S,,-A-H is shown in Fig. 4d.

Table 4 shows the distribution of hydrogen bonds among
various amino acids present in 1D4L. Isoleucine has contrib-
uted 62 hydrogen bonds with the other amino acid residues.
Threonine formed 20 hydrogen bonds with the water
molecules whereas serine and cystiene residues have no
contribution to hydrogen bonding. Isoleucine and aspartic
acid contributed one hydrogen bond each with inhibitor P19
while leucine, arginine, asparagine, and threonine contributed
two such interactions each. Further, the distribution related to
the classification of amino acids based on charge and
hydrophobicity is shown in Table 5. About half of the
hydrogen bonds formed within the amino acids are of the
non-polar aliphatic amino acids. Hydrophilic and hydropho-
bic amino acids respectively formed 66% and 22% of

hydrogen bonds with water. The user is able to visualize
these hydrogen bonds through the Rasmol interface.

Structural water molecules in HIV-1 protease and PTP1B
complexes

In Table 6, six HIV-1 and four PTP1B inhibitor complexes
with details of ligand bonded to protein through structural
water molecules with respective chain, amino acid residues,
and ligands are shown. A complete list of structural water
molecules identified for remaining HIV-1 and PTP1B
complexes selected in this study are available in supporting
information. Figure 5 depicts the structural water identified
at the active sites of some typical systems.

In 1D4H the water molecule ‘305’ acts as a bridge
between ILE(50) of chain A, ILE(150) of chain B of the
protease and the ligand BEH (2,5-dibenzyloxy-3,4-dihy-
droxy-hexanedioic acid benzylamide (2-hydroxy-indan-1-
yl)-amide) through hydrogen bonding. Water molecule
389’ is observed as a bridge between ASP(29) and the
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Table 8 CH-m interactions found in PTP1B crystal structures

PDB Id Total CH-*7t interactions CH-'7t interactions between protein and ligand CH--mt interaction between
CH-donor Chain identifier® m-donor
1KAV 39 1 ALA(217) - FEP(301)
1PHO 29 1 418(1) A TYR(46)
1PYN 36 1 941(1) A TYR(46)
1Q6P° 32 1 213(801) A TYR(546)
1Q6P° 29 2 213(1301) B TYR(1046)
GLY(1259) B 213(1301)
1Q6S° 38 4 ALA(717) A 214(801)
VAL(549) A 214(801)
MET(758) A 214(801)
214(801) A TYR(546)
1Q6S°¢ 29 2 MET(1258) B 214(1301)
214(1301) B TYR(1406)
2AZR 40 3 ALAQ217) A 982(301)
PHE(182) A 982(301)
982(301) A PHE(182)
2B07 38 2 ALA(217) A 598(301)
598(301) I 598(301)
2H4G 40 1 ALA(217) A 694(1)
2H4K 40 1 ALA(217) A 509(1)
2HBI1 42 1 ALA(217) A 512(800)
2NT7 39 0 - - -
& I’ represent CH...7t interaction exist within the same ligand or between two different ligands.

b crystal structure exists as dimeric units and the total CH...7t interaction between ligand and protein are given in Table S3.

¢ Data belongs to chain B.

BEH inhibitor. These two water molecules contributed in
stabilizing the ligand interaction at the active site of the protein
through hydrogen bonds as shown in Fig. 5a. In 1D4L, a
single structural water molecule is located between ILE(50)
of chain A and B with the inhibitor PI9 as shown in Fig. 5b.
Similar results for the protein-water-ligand interactions at the
active site are clearly seen in other systems (Fig. 5). In the

Fig. 6 CH--m interactions pres-
ent in PTP1B inhibitors. (a)
2B07 showing an intra-ligand
CH--7t interaction at 3.03 A (b)
In 2AZR, the inhibitor 982
serving as C-H acceptor as well
as donor for CH:-7t interaction.
The black dot represents the
center of mass of the 7-group
and the dotted lines represent
the CH--7t interactions.
(Distances in A)

(a)
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H53(998)

case of PTP1B complexes of 2AZR, 2H4G, and 2HBI1, two
structural water molecules lying close to each other are
located. Thus the program HBPredicT helps the user to view
all the structural water molecules identified along with the
surrounding amino acid residues and the inhibitor to which it
forms the hydrogen bonds. In addition, it will show the H-A
distance (d) of those hydrogen bonds and more information

PHE(182)

ALA(217)
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Table 9 Details of the CH:7t

interactions found in HIV-1 SI. No. CH-donor" mi-donor” dex (&) LC-H-X () dipx (A) dux (A)
protease complex of 1D4L7
1 ARG(57) TRP(42) 3.769 162.2 1.196 2.716
2 PHE(99) HIS(69) 4.017 138.9 0.252 3.130
3 PHE(99) HIS(69) 4.165 139.1 1.009 3.280
4 ALA(28) PI9(201) 4.348 132.9 1.031 3.532
5 ILE(47) PI9(201) 4.224 172.1 0.959 3.142
6 THR(91) TRP(6) 3.634 155.8 0.590 2.613
7 PRO(1) PHE(99) 4.166 148.9 1.291 3.195
8 ILE(93) PHE(99) 4.197 172.0 1.049 3.115
9 TRP(42) TYR(59) 3.602 157.8 0.676 2.569
10 LEU(38) TYR(59) 3.887 133.8 1.021 3.053
11 THR(91) TRP(6) 4.313 149.9 1.216 3.336
12 ILE(93) PHE(99) 4.004 135.4 0.557 3.154
13 PRO(1) PHE(99) 3.926 153.0 1.241 2.923
14 LEU(38) TYR(59) 4.399 138.5 1.315 3.524
15 TRP(42) TYR(59) 3.743 158.4 0.814 2.708
16 ARG(57) TRP(42) 3.578 145.6 0.981 2.626
@ Protein residue numbers in re- 17 ARG(57) TRP(42) 3.574 166.8 0.500 2.505
spective PDB files are shown in 18 GLY(48) PHE(53) 3.458 128.6 0.373 2.672

parenthesis.

regarding the atom numbers, residue numbers and chain
identifiers in “outfile.hbp.” These details may be vital
information in structure based drug discovery to develop
potential inhibitors.

CH---7t interactions in HIV-1 Protease and PTP1B
complexes

We have identified an average of 12 CH- 7t interactions in
HIV-1 complexes and 36 in PTPIB complexes. Interest-
ingly, several structures have shown CH:-7t interactions
between the protein residues and the ligand as well as intra-
ligand CH--7t interactions. The CH:-*7t interactions found in

ILE(47)

P19(201)

ALA(28)

Fig. 7 CH--m interactions found between the inhibitor PI9 and the
amino acid residues, alanine, isoleucine, of the HIV-protease system
(1D4L). The black dot represents the center of mass of the 7t group
and the dotted lines represent the CH-7t interactions. (Distances in A)

selected HIV-1 protease and PTP1B complexes are listed in
Tables 7 and 8, respectively. 1HIV and 1HXB, of HIV-1
protease showed inter ligand CH--7r interactions. In the
case of 1HIV and 1HXB, there are no CH...7t interactions
present between the protein and the ligand. Among the
HIV-1 protease, the IN49 system with two identical
inhibitors namely RIT(301), RIT(401) showed a total of
three protein-ligand CH- 7t interactions with ALA(82) of
chains A, B, and C (Table 7). Among the PTPIB
complexes except 2NT7, all the complexes showed
CH-7t interactions between protein and ligand. 1Q6P is
also characterized by three protein-ligand CH: -7t interac-
tions. Interestingly, in chain A of 1Q6S four CH-m
interactions are observed from the inhibitor. In Fig. 6, the
CH-m interactions found in 2AZR and 2B07 of PTPIB
inhibitors are depicted. 2B07 shows intra-ligand CH--7t
interactions as well as CH:-7t interactions between ALA
(217) and m-donor of ligand H53 (Fig. 6a). In 2AZR, the
aromatic phenyl ring of PHE(182) serves as a 7t-donor to
the inhibitor 982 and at the same time, its para hydrogen
atom serves as the acceptor of 7-density from the six
membered heterocyclic ring of the inhibitor 982 at a
distance of 2.978 A (Fig. 6b).

The CH-*mt interactions in 1D4L, including the details of
the groups and the values of the parameters used for
identifying the interactions are listed in Table 9. A total of
18 CH--mt interactions are located and out of which two are
between the protein and ligand (Fig. 7). Interestingly, the
one phenyl ring acts as the 7t-donor for both the ligand-
protein CH:--7t interactions (the one above the ring is from
ILE(47) and the other from below the ring is from ALA
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(28)). The CH-7t interaction distance of ILE(47) is 3.14 A
and the ~C-H-X of 172° shows its linear nature. Further,
the dyp.x value of 0.959 A confirms that the CH bond is
directed toward the 7t-face of the aromatic ring.

Conclusions

HBPredicT is a computational tool developed for identify-
ing and analyzing hydrogen bonds in protein-ligand
complexes. On the basis of specific geometric criteria it
detects all conventional hydrogen bonds, structural water
molecules and non-bonded CH--7t interactions. The pro-
gram gives a classification of identified hydrogen bonds
based on distances, angles, hydrophobicity and type of
bonds (CH--O, NH--O, NH-*N, OH---O etc.) between the
interacting protein residues. It also gives the details of the
contribution of individual amino acids toward the protein-
protein, protein-water, and protein-ligand hydrogen bonds.
In order to test the application potential of HBPredicT,
several HIV-1 and PTP1B complexes have been analyzed
for hydrogen bonds, structural water molecules and CH...7t
interactions. All the systems showed presence of structural
water molecules and in many cases of PTP1B complexes,
close lying dimeric units of structural water molecules were
located. HIV-1 complexes showed an average of 12 CH:-7t
interactions while the PTP1B complexes exhibited an
average of 36 CH:-7t interactions. The computational tool
HBPredicT is expected to be useful for structure based drug
designing, especially to understand the role of weak non-
covalent interactions in ligand binding in proteins.
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