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Abstract: Integrase (IN) is an important enzyme for the replication of the type-1 human immunodeficiency virus (HIV-
1), and an essential target for the development of anti-HIV drugs. The enzyme is currently targeted by first and second-
generation inhibitors [raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG)]. Of these, resistance to RAL and
EVG are associated with three main pathways involving key mutations at positions N155H, Q148K/R/H, and Y 143R/C
within the IN gene. Although new resistance mutations appear to confer only low levels of cross-resistance to second-
generation drugs (DTG), the Q148 pathway with numerous secondary mutations has the potential to significantly
decrease susceptibility to all inhibitors of IN. In order to get insights into the development of IN resistance to first and
second generation inhibitors using in silicoapproaches, in this study, one of the clinically essential mutant (MT)-Q148R
of IN was modeled and docked with inhibitors. The MT model was built using the template and wild type (WT) 4E1M
of HIV-1 integrase. Docking results indicate that in MT-Q148R the score was lower with respect to all inhibitors in
comparison to the WT. In this study, the MT-Q148R of IN from HIV-1 displayed low affinity, this could be attributed to
less number of interactions principally hydrogen and halogen bonds with the inhibitors (DTG, EVG and RAL), compared
to the WT. Therefore, it can be suggested that the MT could not bind efficiently with inhibitors owing to its structural
changes due to substitution to mediate its inhibitory activity and eventually leads to DTG, EVG and RAL resistance.
Keywords: HIV, IN resistance, DTG, EVG, RAL.

INTRODUCTION

Acquired immunodeficiency syndrome (AIDS)
is the leading cause of mortality amongst the list of
infectious diseases. AIDS is caused by human
immunodeficiency virus (HIV), a disease that is
currently treated with a combination therapy of drugs
targeting essential enzymes (reverse transcriptase,
protease, integrase) of HIV. Compared to drugs
targeting reverse transcriptase and protease, drugs that
targets type-1 HIV (HIV-1) integrase (IN), can prevent
latent virus infection. As IN is a key enzyme for the
replication of the HIV-1 and complete inhibition of IN
could block chronic HIV-1 infection [1, 2]. IN
inhibitors, also known as integrase strand transfer
inhibitors (INSTIs), are a class of antiretroviral drug
designed to block the action of IN, that inserts the viral
genome into the DNA of the host cell. As integration is
a primary step in retroviral replication, blocking it can
inhibit the viral transmission. Since IN inhibitors target
a distinct step in the retroviral life cycle, they may be
taken in combination with other types of HIV drugs to
minimize adaptation by the virus. IN inhibitors are
potent antiretroviral drugs that efficiently decrease viral

load in patients [3]. However, emergence of resistance
mutations against this new class of drugs represents a
threat to their long-term efficacy.

Clinically resistance to IN inhibitors such as
dolutegravir (DTG), elvitegravir (EVG) and raltegravir
(RAL)] has been documented [4, 5]. Of these,
resistance to RAL and EVG (first generation INSTIs)
based regimens failure are associated with three main
pathways involving key mutations at positions N155H,
Q148K/R/H, and Y143R/C within the IN gene, with
polymorphisms among subtypes that may affect
resistance and viral-replication capacity [6-11].

Genetic barrier to resistance for DTG (second-
generation INSTIs) is very high compared to EVG and
RAL. DTG has not selected for resistance in HIV-
positive individuals when used in first-line therapy [12].
HIV containing the primary RAL/EVG resistance
substitution N155H could select for R263K substitution
under DTG pressure which displayed low-level
resistance to DTG and the virus was found fit [13].
Although DTG has demonstrated greater resilience than
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other antiretroviral drugs at withstanding the emergence
of HIV-1 resistance mutations, such substitutions can
develop, albeit rarely, in treatment-experienced IN
inhibitor-naive  individuals. The most common
substitution in integrase under those circumstances is
R263K whereas other substitution that was selected
against DTG in tissue culture was G118R and S153Y
[5, 13]. Despite the fact that these new resistance
mutations (R263K, G118R and S153Y) confer only
low-level cross-resistance to second-generation drugs,
the Q148 pathway with numerous secondary mutations
has the potential to significantly decrease susceptibility
to all members of the INSTI family of drugs [5, 14].
Selection of mutations in vitro with second-generation
INSTIs suggests that only low level cross-resistance
may exist between these new drugs and first-generation
members of this class. The emergence of mutations at
position Q148 should be monitored whenever possible
and more data are needed to assess the long-term
efficacy of second-generation INSTIs (DTG) in patients
who may have failed first-generation INSTIs such as
EVG and RAL.Deep sequencing, biochemical analyses
and structural modeling are methods that currently help
in the understanding of the mechanisms of resistance
conferred by these various substitutions [5]. Hence, in
the light of above, to understand the differences in the
binding affinity between wild-type (WT) and one of the
clinically essential mutant (MT- Q148R) of HIV-1
integrase protein that could lead to the cause of
numerous secondary mutations that significantly
decrease susceptibility to all members of the INSTIL, in
our study, this protein was allowed to interact with three
drugs such as DTG, EVG and RAL through structural
modeling approaches in comparison to WT.

MATERIALS AND METHODS
Protein: Homology modeling of mutant

The target IN protein sequence region
(P12497) from Gag-pol polyprotein of HIV-1 was
obtained from the Uniprot database
[http://www.uniprot.org/], in the present study. The
obtained protein sequence was submitted to protein
alignment program (BLASTp) [15] and searched
against protein database (PDB)
[http://www.rcsb.org/pdb/home/home.do]. On the basis
of the search, the crystal structure of IN protein 4E1M
of HIV-1 was considered as template and wild type
(WT) [16].

Model building

Residue at position 148 of IN of HIV-1 in
template protein sequence was substituted from Gln to
Arg for the creation of MT (Q148R) protein. Further, in
the template protein 4E1M, A chain was retained and
the heteroatoms such as water and others were
removed.  Sequence alignment between MT and
template protein was performed with the command line
options, and a series of commands were provided for
model building using the software MODELLEROv14
[17].

Model evaluation

Validation of the model was done by
Ramachandran plot [18]. Further the deviation between
the WT and the MT-model wupon structural
superimposition was determined using PDBeFOLD
[19].

Ligands

The ligands DTG, EVG and RAL used in this
study were obtained from Chemspider database
[http://www.chemspider.com]. Chemsketch software
[20] was used to obtain the structure of the ligands in
Mol format and the ligands were saved as Mol2 file
using the software Discovery Studio [21].

Discovery Studio (DS)

The software v.2.0 was used for visualization
purpose of modeled proteins and docking complexes
[21].

Docking protocol

Docking was carried out with the help of
software-GOLD [22]. The GOLD protocol is based on
the principle of genetic algorithm wherein the receptor
is held rigid while the ligands are allowed to flex during
the refinement process.The input files for both the
protein and the ligands were generated. Hydrogen
atoms were added tothe models and ligands using auto
edit option in GOLD before docking followed by
energy minimization. The cavity atom file containing
the atom number of binding residues (Asp64, Aspl16,
Glul52, GInl68, Alal69, Glul70, His171 and Thr174)
was prepared for ligands such as DTG, EVG and RAL.
The binding residues were selected based on
comparison between the binding regions of 4E1M and
MT protein [16].

Dockings were performed under 'Standard
default settings' mode- number of islands was 5,
population size was 100, number of operations was
100,000, niche size was 2, and selection pressure was
1.1. Ten docking poses were obtained for each ligand.
Poses with highest GOLD score were used for further
analysis. The docked poses of the ligands were
visualized using DS. The scoring function of GOLD
provides a way to rank the ligands relative to one
another. Ideally, the score should correspond directly to
the binding affinity of the ligand for the protein, so that
the best scoring ligand poses are the best binders.

Biovia
This software was used to determine the
interactions between the ligands and proteins [23].

RESULTS
Template selection and homology modeling of MT of
IN
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Using BLASTp search against PDB, 4E1M
was identified as the template and WT as it displayed
maximum identity with the IN protein sequence (Fig.
1). Mutant model of IN was built based on substitution
at codon 148 in the WT- protein sequence (P12497) of

superimposition (Fig. 3). The root mean square
deviation (RMSD) between the WT and MT was 0.5 A,
indicating least deviation and the reliability of the MT-
model. This was also supported by Ramachandran plot
analysis [18] which showed 96% of the residues in the

IN of HIV-1, using MODELLER9v14 (Fig. 2). The
generated model was validated by structural

favoured regions (Fig. 4).

NCBI Blast:Protein Sequence (288 letters)

Chain A, Crystal Structure Of Hiv-1 Integrase With A Non-Catayltic Site Inhibitor
Sequence ID: 4E1M A Length: 166 Number of Matches: 1

e 1 more title(s)

Related Information

Range 1: 1 to 166 GenPept Graphics Next Match Previous Match Structure- 3D structure
displays
Identical Proteins - Identical
proteins to 4E1M_A

Score Expect Method Identities Positives Gaps

325 bits(834) 6e-114 Compositional matrix adjust. 157/166(95%) 160/166(96%) 0/166(0%)

Query 47 GEAMHGQVDCSPGIWQLDCTHLEGKVILVAVHVASGYIEAEVIPAETGQETAYFLLKLAG 106
G MHGQVDCSPGIWQLD THLEGKVILVAVHVASGYIEAEVIPAETGQETAYFLLKLAG
Sbjct 1 GSHMHGQVDCSPGIWQLDXTHLEGKVILVAVHVASGYIEAEVIPAETGQETAYFLLKLAG 6@

Query 107 RWPVKTIHTDNGSNFTGATVRAACWWAGIKQEFGIPYNPQSQGVVESMNKELKKIIGQVR 166
RWPVKT+HTDNGSNFT ATV+AA WWAGIKQEFGIPYNPQSQGV+ESMNKELKKIIGQVR
Sbjct 61 RWPVKTVHTDNGSNFTSATVKAAXWWAGIKQEFGIPYNPQSQGVIESMNKELKKIIGQVR 120

Query 167 DQAEHLKTAVQMAVFIHNFKRKGGIGGYSAGERIVDIIATDIQTKE 212
DQAEHLKTAVQMAVFIHN KRKGGIGGYSAGERIVDIIATDIQTKE
Sbjct 121 DQAEHLKTAVQMAVFIHNKKRKGGIGGYSAGERIVDIIATDIQTKE 166

Fig-1: BLASTDp result showing 95% identity between template (4E1M) and the target WT-IN sequence (P12497)
of HIV-1

- 10 THR

= < General/Pre-Pro/Proline Favoured
« + General/Pre-Pro/Proline Allowed
" Glvcine Favoured
= Glycine Allowed

Fig-2: Ramachandran Plot

Evaluation of residues

Number of residues in favoured region (~98.0% expected) : 139 ( 96.5%)
Number of residues in allowed region  ( ~2.0% expected) : 2 ( 1.4%)
Number of residues in outlier region 3(2.1%)
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Fig-3: Superimposition of template-4E1M (green) and MT (red) showing an RMSD of 0.5 A

WT

Fig-4: Structure of IN -WT (green) and 3-D model of MT (red)

Docking between INs and ligands

The generated model and WT proteins were
used for docking with three ligands such as DTG, EVG
and RAL, and the docked complexes were visualized
using DS (Fig. 5, 6, and 7).Docking of ligands with INs
resulted in ten poses. Of the ten poses, the best ligand
pose was selected based on top GOLD score. In case of

WT-IN, the score was consistent for all the three drugs
showing values in the range of fifties (58, 53, 55
kcal/mol) for DTG, EVG and RAL, respectively. While
in case of MT, the score (52 and 51 kcal/mol) was high
for DTG and RAL, and low for EVG (45 kcal/mol)
(Fig. 8).

Fig-5: Docking complex WT and MT with DTG (blue)
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Fig-7:
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Fig-8: Docking score of WT and MT with DTG, EVG and RAL

Interactions of IN proteins with the drugs at their between the drug (DTG) and one with GIn62; another
binding site with Aspl16 residue of WT-IN were found and 3

In case of WT-IN of HIV-1, van der Waals conventional H bonds were formed between DTG and
interactions were found more in number compared to Aspl16, Gly149, and Glul52 residues. Interestingly, a
other types. Two Hydrogen (H) bonds (carbon H) halogen bond between fluorine (F) atom of the drug and
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residue Aspl16 was formed. Further, Pi-anion bonds
were formed between the drug and residues Asp116 and
Glul52 respectively. Of note, it was found that the
residue Aspl16 was very actively participated in many
interactions. Also, alkyl bonds were formed between
the drug and residues Ile141 and Ile151, respectively

WT -DTG
GLU
3 GLY
A:152 a:149
GLN
H 2 VAL
@ b oy A:79
VAL
N, 7 A:150
SER
H B A:147
N
H
ASP
A:116
ILE
P Az151
4 ASP ILE GLN
4L A4 A141 Az62
Interactions
HIS

[ vander Waals A:114

B Conventional Hydrogen Bond

Ij. Carbon Hydrogen Bond
“2 Pi-Anion

(Fig. 9). Interactions in MT in complex with DTG
followed a different way; the MT showed a
conventional H bond formed between the drug and the
residue Ile141 (modeling number is 84). Pi-Pi T shaped
was formed between the drug and residue Phe139 (82).
Other interactions are evident as shown in the Fig. 9.

MT -DTG
GLN
80
THR
59
v Asp
60 GLN
a3 7
PRO
BS
6Ly
£ i
ILE
O 93
PHE
82 -
&
| GLY
' + N =
ILE
84
ASH

I Halogen (Fluorine)
B Pi- Siama
T Alkyl

Fig-9: Interactions of WT and MT with DTG at its binding site

In case of the ligand-EVG complexed with
WT-IN protein, a conventional H bond between the
drug (EVG) and the residue Aspl16 was found; also
two carbon H bonds were formed with the same residue
(Aspl16). Interestingly, two halogen (F) bonds were
formed between EVG and with residues Prol42 and
Asnl44 of WT, respectively. Further, a bond with

WT -EVG
THR
A:115
GLY GLU
A:140 A:152 €Th VAL
ASP A:150
5 A:62
Aille VAL
A:79
ILE
H A:151
Y ILE
A:
3 60
& i
GLY
o— 6} :149 SER
" |LEA A:147
o Azl41 GLN
A:148 HIS
Acll4
PRO
Interactions A:142
ASN

[ van der Waals A4
I Conventional Hydrogen Bond

1 carbon Hydrogen Bond

0 Halogen (Fluorine)

Chlorine atom was also found. Of note, several types of
alkyl and Pi-alkyl interaction were found as evident in
Fig. 10. In contrast in MT model, no H bonds were
observed. More importantly, an unfavorable negative-
negative interaction was formed between the drug and
the residue Aspl16 (modeling number is 60). Besides,
no Halogen bonds were observed (Fig. 10).

MT -EVG
SER Ee
89
ILE ASN
s 86
PRO
85
VAL ARG
92 90
\
=}
GLY ’
91
p”
ILE
84 .
SO— (e}
- NS

PHE
82

1 Alkyl
[ Pi-Alkyl
BN Unfavorable Negative-Negative

Fig-10: Interactions of WT and MT with EVG at its binding site

In case of the RAL with WT, more of van der
Waals interactions were found, followed by four
conventional H bonds that were significantly
contributed from Asp116 (2 bonds), Ile151 and Glul52
residues. Similar to EVG, F atom of RAL was also
involved in interaction with Pro142 residue. Other types
of interactions are shown in Fig. 11. On the other hand
in case of MT-QI148R, followed by van der Waals

interactions 3 conventional H bonds were imparted
from GIn62 (modeling number 7), Aspl16 (60) and
Glul52 (94). Two carbon H bonds were formed
between RAL and Aspl116 (60), Ser147 (89) residues,
respectively. More importantly, the mutated residue
Argl48 (90) was directly involved in interaction with
RAL (Fig. 11).
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oy WT-RAL MT-RAL
A:140 V;EL
;,51‘":‘ PRO ARG
i A:142 50 "
ILE
ILE i ey (5 o
GLN A:141 91 &
A:148 A 0
Q
f ! H
q HIS
\ A:114 H
ILE " / \ LS
/ GLU
A:60 d 0-H 94 =
; VAL L
07 A:79
H gr ILE Fon
SER q 93 60
W A:147
9 A150 8 +H
. v Gl oLy £
H L .
a:152 A4y Interactions
& ] vander Waals
ASP ILE A:62 I Conventional Hydrogen Bond o
Ly A:151 Carbon Hydrogen Bond ] Pi- Alkyl
| B8 Ppi-Anion

~ Halogen (Fluorine)

Fig-11: Interactions of WT and MT with RAL at its binding site

DISCUSSION

Integrase (IN) is an important enzyme for the
replication of the HIV-1 and responsible for chronic
infection of the virus. IN is a protein of 32,000 Daltons,
with three functional domains. The amino-terminal
domain (amino acids 1-50) contains a conserved and
essential zinc binding motif HHCC (histidines 12 and
16, cysteines 40 and 43) that binds one zinc atom. One
known function of this region is protein multimerization
[24]. The catalytic core domain (amino acids 50-212)
contains the conserved motif consisting of the active
site residues Asp64, Aspl16, and Glul52. Mutation of
any one of these three residues inactivates the enzyme.
The third domain is the carboxyl-terminal domain
(amino acids 213-288), which is important for
nonspecific DNA binding of sub-terminal viral DNA
[25, 26] or possibly host DNA.

IN inhibitors provides a new treatment option
to patients who have developed resistance to protease
and reverse transcriptase inhibitors. However,
resistance was also found in patients under treatment
based on IN inhibitors. First and second-generation
INSTIs have been identified that were found to be
associated with several resistance pathways. Although
new resistance mutations appear to confer only low
levels of cross-resistance to second-generation drugs,
the Q148 pathway with numerous secondary mutations
has the potential to significantly decrease susceptibility
to all drugs of the INSTI family [5]. Structural
modeling, biochemical analyses and deep sequencing
are methods that currently help in the understanding of
the mechanisms of resistance conferred by these
mutations [5].In light of this, in the present study, the
wild type (WT) and mutant (MT) Q148R of IN was
modeled, and docked with three drugs, as interaction
between these drugs with this clinically relevant MT
(Ql48R) was not explored previously, to our
knowledge.

The results of the study indicate that in
comparison to MT, WT showed more affinity with all
the three drugs (DTG, RAL and EVG). The reason for
the high score in the WT with DTG, RAL and EVG
could be attributed to the presence of halogen bonds
(fluorine and chlorine) and many H bonds (both
conventional and carbon) compared to MT. As H
bonds contributes to the stability and integrity of the
protein ligand complex, in comparison to other types of
interactions (alkyl, Pi anion) and halogen bonding
exhibits a strong type of interactions. In other words,
the low score in the MT, could be correlated with less
number of important H bond interactions, lack of
halogen bonding and the presence of unfavorable
negative-negative interaction, as in the case of EVG.
The reason for the less number of interactions could in
turn be due to the substitution Arg in the MT protein in
place of Gln in WT, as Arg contains a functional group
(guanido) instead of Gln which is a basic amino acid,
might have induced structural changes in the protein
side chain, which was obvious in the changes in the
pattern of interactions and consequently reflected in less
score. Although, the effect of docking could be better
explained after performing molecular dynamics for
understanding their function precisely, yet, the
information provided over here can be useful to
understand the impact of such substitution and
consequent changes in binding ability. Therefore, in this
study, an effort was taken to understand the effect of
binding affinity of WT and MT proteins of IN with
DTG, RAL and EVG, which showed more affinity
towards the WT compared to the resistant MTs.
Therefore, it can be suggested that the mutant displayed
less affinity with the drugs (DTG, EVG and RAL),
because of the substitution that induces structural
changes and drugs could not bind efficiently to mediate
its inhibitory activity, thereby leads to DTG, EVG and
RAL resistance. However, further studies are needed to
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get a deeper understanding of the mechanism of IN
resistance to inhibitors that will aid in development of
inhibitors that are selective against IN which can
circumvent the problem of inhibitors resistance.
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