
CHAPTER EIGHT
Structural and Dynamical Aspects
of HIV-1 Protease and Its Role
in Drug Resistance
Biswa Ranjan Meher*,1,2, Seema Patel†,2
*Department of Chemistry, Gottwald Center for the Sciences, University of Richmond, Richmond, Virginia,
USA
†Center for Bioinformatics and Medical Informatics, San Diego State University, San Diego, California, USA
1Corresponding author: e-mail address: brmeher@gmail.com
2Both the authors contributed equally in preparing the manuscript.

Contents
1.
Adv
ISS
http
Introduction
ances in Protein Chemistry and Structural Biology, Volume 92 # 2013 Elsevier Inc.
N 1876-1623 All rights reserved.
://dx.doi.org/10.1016/B978-0-12-411636-8.00008-0
300

1.1
 Acquired immunodeficiency syndrome
 300

1.2
 HIV
 300
2.
 HIV Protease
 301

3.
 Side Effects and Resistance of Protease Inhibitors
 302

4.
 Protein Dynamics
 303

5.
 Computational Simulation Studies
 305

6.
 HIV-pr Conformation and Dynamics
 305
6.1
 Flap dynamics
 306

6.2
 Mutation effect on HIV-pr conformation
 306

6.3
 Effect of simulation protocols
 314
7.
 Future Perspectives
 321

8.
 Conclusion
 321

Acknowledgment
 321

References
 321
Abstract
Acquired immunodeficiency syndrome (AIDS) caused by the retrovirus human immu-
nodeficiency virus (HIV) has become a major epidemic afflicting mankind. The Joint
United Nations Program on HIV/AIDS (UNAIDS) projection shows the existence of mil-
lions of AIDS patients at the end of 2012. All the Food and Drug Administration (FDA)-
approved drugs are getting ineffective due to resistance offered by the mutation-prone
HIV. Hence, there is an urgent need for developing new drugs with greater potential. HIV
life cycle is controlled by the activities of its essential proteins like glycoproteins (gp41
and gp120), HIV reverse transcriptase (HIV-RT), HIV integrase (HIV-IN), and HIV-1 protease
(HIV-pr). This chapter focuses on the protein HIV-pr, which is important for the cleavage
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of Gag and Gag-Pol polyproteins to form mature, structural, and functional virions. The
conformation and dynamics of the protein HIV-pr play a pivotal role in ligand binding
and the catalytic process, which is affected by the rapid point mutations and various
physiological parameters. The effect of the mutations and the varied simulation proto-
cols on conformational dynamics and drug resistance of HIV-pr is discussed.
1. INTRODUCTION

1.1. Acquired immunodeficiency syndrome

Acquired immunodeficiency syndrome (AIDS) transmitted by human immu-

nodeficiency virus (HIV) has emerged as a pandemic (Sanou, De Groot,

Murphey-Corb, Levy, & Yamamoto, 2012). The deadly virus kills the helper

Tcells (TH cell) and renders thehost immunity compromised (Hatziioannou&

Evans, 2012). The loss of immunity exposes the patient to Kaposi’s sarcoma,

non-Hodgkin’s lymphoma, cervical cancer, Pneumocystis carinii pneumonia,

and other opportunistic infections (Winstone, Man, Hull, Montaner, & Sin,

2013). Several HIV-positive patients show an earlier onset of aging-related

chronic conditions such as cardiovascular disease, osteoporosis, diabetes, and

neoplasiawith respect to uninfected individuals (Gibellini et al., 2012).Despite

robust public health initiatives and rigorous research efforts, AIDS continues to

bea fatal disease.Though antiretroviral therapyhas effectively tackledHIVrep-

lication and treatedAIDS to some extent, absolute triumph is still remote.HIV

mutation-induced drug resistance has nullified the clinical potency of contem-

porary drugs.
1.2. HIV
HIV is an enveloped, spherical, or pleomorphic retrovirus, containing two

copies of single-stranded, positive-sense RNA (Ganser-Pornillos, Yeager,

& Pornillos, 2012) (Fig. 8.1). HIV attaches to the host TH cell receptor

CD4 and coreceptor beta-chemokine (either CCR5 or CXCR4) by its

envelope antireceptors gp41 and gp120 (Tran et al., 2012). RNA is injected

into the host cell while the nucleocapsid is discarded. Upon entrance, the

RNA is reverse transcribed to viral DNA by the enzyme reverse transcriptase

(LeGrice, 2012). The integration of viral DNA into host genome is followed

by transcription and translation culminated by assembly and budding of HIV

proteins (Bukrinskaya, 2007). Viral inhibition by targeting the key regulators

is exploited in drug designing. Till now, more than 20 antiretroviral drugs



Figure 8.1 Aschematic structureof ahuman immunodeficiencyvirus type1 (HIV-1) show-
ing its cellular contents. Credit: National Institute of Allergy and Infectious Diseases (NIAID).
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have been formulated, targeting reverse transcriptase, protease (HIV-pr),

integrase, fusion, and cellular CCR5 (Miyamoto & Kodama, 2012).

2. HIV PROTEASE

HIV protease (HIV-pr), a member of aspartyl protease family, has
been a major target of most of antiviral therapy strategies. It cleaves Gag

and Gag-Pol polyproteins generating mature infectious virions (Fun,

Wensing, Verheyen, & Nijhuis, 2012). The assumption that incomplete



Figure 8.2 Schematic representation of the structure of HIV-1 protease (HIV-pr) bound
to the ligand in the active site. Important regions of the protein are labeled. The
homodimeric protein is shown in magenta and cyan ribbon structures.
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processing of these polyproteins will produce immature, noninfectious viral

particles has fuelled interest in designing HIV-pr inhibitors.

HIV-pr is a 99-amino acid protease which functions as a homodimer

with only one active site which is C2 symmetric in the free form (Brik &

Wong, 2003). Each polypeptide chain has a molecular weight of

�22 kDa (Cardinale et al., 2010). The residues of HIV-pr are numbered

as 1–99 for chain A and 100–198 (or 10–990) for chain B. Flap (residues

43–58 and 142–157), flap elbow (residues 35–42 and 134–141), fulcrum

(residues 11–22 and 110–121), cantilever (residues 59–75 and 158–174),

and ligand-binding regions constitute different parts of the enzyme. The

active site of the enzyme where the ligand binds is conserved and character-

ized by the catalytic triad sequence Asp-Thr-Gly. The Asp residues are vital

for catalysis while the Thr and Gly residues are buried in the active site

(Mager, 2001). The active site is capped by two identical flexible glycine-

rich b-hairpins or flaps which control the size of the active site regulating

the access of ligands into it (Fig. 8.2).

3. SIDE EFFECTS AND RESISTANCE OF PROTEASE
INHIBITORS
Though the HIV-pr-based therapeutic strategies have achieved con-

siderable success, they are plagued by the challenges of serious side effects
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and resistance. Conventional protease inhibitors cause side effects such as

dyslipidemia, characterized by increased plasma levels of triglycerides,

low-density lipoprotein cholesterol, and total cholesterol. The abnormal

lipid profile predisposes the patients to coronary diseases (Overton,

Arathoon, Baraldi, & Tomaka, 2012). Also, certain inhibitors result in insu-

lin resistance, the metabolic dysfunction contributing to cognitive impair-

ment (Gupta et al., 2012). The administration of several drugs has put

selective pressure on HIV leading to frequent mutations and subsequent

evolution of resistant forms (Chen & Lee, 2006). Multidrug-resistant

HIV has emerged as a cause of treatment failure, morbidity, and mortality.

U.S. Food and Drug Administration (FDA)-approved HIV-pr inhibitor

drugs face various degrees of resistance (Fig. 8.3). There have been a

large number of computer simulation studies to understand the HIV-pr

dynamics and drug resistance behavior primarily using molecular dynamics

(MD) simulations (Collins, Burt, & Erickson, 1995; Hornak, Okur,

Rizzo, & Simmerling, 2006; Meagher & Carlson, 2005; Ode, Neya,

Hata, Sugiura, & Hoshino, 2006; Perryman, Lin, & McCammon, 2004;

Piana, Carloni, & Parrinello, 2002; Piana, Carloni, & Rothlisberger,

2002; Scott & Schiffer, 2000; Toth & Borics, 2006). The affinity of

amprenavir to HIV-pr variants V32I, I50V, I54V, I54M, I84V, and

L90M decreased 3- to 30-fold compared to the wild type (Kar & Knecht,

2012). The mutation V82T greatly enhances drug resistance of HIV-pr

toward darunavir and tipranavir, by altering the hydrophobicity of the bind-

ing pocket (Wang et al., 2011).

4. PROTEIN DYNAMICS

Biological processes critically depend on protein structures and func-
tions. For proper functionality, the protein molecules need to be highly

dynamic (Kokkinidis, Glykos, & Fadouloglou, 2012). Their conformational

changes are vital for muscle contraction, signal transduction, immune func-

tion, transportation, etc. Also, their flexibility is fundamental for enzymatic

processes such as catalysis, regulation, and substrate recognition. Protein

dynamics can be motion as mild as a side-chain displacement or large-scale

rearrangements of entire domains (Ho & Agard, 2009). Side-chain and

backbone fluctuations largely occur on different timescales. Typical side-

chain fluctuations range from picoseconds to nanoseconds, while backbone

fluctuations range from nanoseconds to seconds or longer (Petsko & Ringe,

2004). Proteins assume their native states through stepwise dynamic transi-

tions (Breuker & McLafferty, 2008).



Figure 8.3 Inhibitors of HIV-1 protease that are approved by FDA to treat AIDS and AIDS-related malignancies (from a review (Menendez-
Arias & Tozser, 2008)). Reprinted from Menendez-Arias and Tozser (2008). Copyright Trends in Pharmacological Sciences 2008 Elsevier.
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5. COMPUTATIONAL SIMULATION STUDIES

Several biophysical techniques exist to monitor protein conforma-
tional changes at the single-molecule level. The timescales and magnitudes

of protein dynamics have been interpreted by NMR spectroscopy, small

angle X-ray scattering, electron microscopy, and single-molecule fluores-

cence (Henzler-Wildman & Kern, 2007). NMR has revealed a lot about

the viral protein mobility (Lakomek et al., 2013). However, it falls short

in tracking the path of conformational change (Masterson, Cembran,

Shi, & Veglia, 2012). Prediction by simulation is expected to be of consid-

erable help in this regard.

At the current scenario, computer simulation technique is a very pow-

erful tool to derive information about protein dynamics at atomic resolution

(Dodson, Lane, & Verma, 2008). MD simulations provide insights into the

conformational changes of proteins and nucleic acids at an atomic level and

millisecond timescale (Pierce et al., 2012). Further, it is crucial for molecular

structure refinement in X-ray crystallography and NMR experiments

(Kohn, Afonine, Ruscio, Adams, & Head-Gordon, 2010). MD simulation

generates a trajectory that describes how the system evolves through phase

space as a function of time (Perryman et al., 2004). Currently, several com-

putationally efficient algorithms exist for integrating the equations of

motion. It is interesting to recruit computational simulation tools to trace

the conformational dynamics of HIV-pr at atomic level.

6. HIV-PR CONFORMATION AND DYNAMICS

The dynamics of both unliganded and liganded HIV-pr have been
analyzed. In the liganded form, the flaps are pulled in toward the bottom

of the active site, causing flaps to lose mobility and rendering terminal

regions of the monomers more flexible. In the unliganded form, flaps are

shifted away from the active site (Hornak et al., 2006). The stabilizing effect

of the residues in the active site region and flaps is more pronounced in the

liganded form than in the unliganded form (Kurt, Scott, Schiffer, &

Haliloglu, 2003).

The mutations in HIV-pr are of two types, one at or near the active site

and the others far from the active site (Clemente et al., 2004). The mutations

near the active sites are crucial as they lead to reduced affinity between

enzyme and ligand. The nonactive site mutations influence ligand binding
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from various distal locations and their mechanism of action is yet to be

deciphered (Mao, 2011). The binding affinities and consequent inhibition

by drugs (saquinavir, ritonavir, indinavir, and nelfinavir) are weaker for

mutants than for the wild-type HIV-pr. Double mutation results in more

intense changes (Mosebi, Morris, Dirr, & Sayed, 2008). The mutations

within the binding cavity are very conservative and operate by distorting

the shape of the cavity.

6.1. Flap dynamics
The flexibility of the flap tips (Gly48-Gly52 and Gly480-Gly520) is known as
flap dynamics. It opens and closes the flaps determining the cavity size. The

conformational alteration in the flaps is correlated with structural reorgani-

zation of residues in the active site (Torbeev et al., 2011). The mutations in

flap region result in alteration of the nonbonding interactions (van derWaals

and electrostatic interactions) between the drugs and protein, consequently

promoting drug resistance (Cai, Yilmaz, Myint, Ishima, & Schiffer, 2012;

Galiano et al., 2009). Thus, several computational studies have attempted

to understand flap dynamics. The effects of protein backbone mutations

and simulation protocols (polarization of the system and the force fields)

on the conformational dynamics of HIV-pr have been studied.

6.2. Mutation effect on HIV-pr conformation
6.2.1 I47V mutation effect
JE-2147 is an allophenylnorstatine-containing dipeptide HIV-pr inhibitor

developed byAgouron, Pfizer (Fig. 8.4). Itwas considered to bemore effective

than other existingHIV-pr inhibitors. Also, its resistance profilemakes it inter-

esting (Yoshimura et al., 1999). Two major mutations which reduce the effi-

cacy of JE-2147 by altering the binding site are I84V and I47V.While I84V is

common for other similar ligands, I47V seems to be specific for JE-2147

(Bandyopadhyay & Meher, 2006). The arsenal of existing drugs falls prone

to resistanceowing todifferentmutations onHIV-pr.Theeffect of I47Vmuta-

tion is investigated usingMD simulationwhich showed highermobility of the

side chainofmutantVal47 than thatofWTIle47 in chainBof theenzyme.The

packing of the inhibitor to the residue 47 was affected leading to this deviation

in motion. Further, motion was reported in the flap region, which was more

conspicuous in the apo form (Bandyopadhyay & Meher, 2006).

6.2.1.1 Comparing the apo form of protein WT versus mutant
The difference of isotropic temperature (B-factor) furnishes idea about the

structural fluctuation between different regions of the WT and the mutant.



Figure 8.4 Structure of the experimental inhibitor JE-2147. Four sites of interactions (P1,
P2, P10, and P20) to the protein are labeled. Atoms are shown in color as carbon: green,
oxygen: red, nitrogen: blue, and sulfur: brown.

Figure 8.5 Difference of B-factor values from molecular dynamics (MD) simulation for
WT and mutant HIV-pr simulation of the apo protein (mutant B-factor–WT B-factor).
Reprinted from Bandyopadhyay and Meher (2006) with permission from Chem. Biol. Drug
Des. and publisher John Wiley & Sons, Inc.
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The maximum changes occurred for the residues in the flap elbows of the

two chains (34–35, 37, 350–410), flaps of the two chains (48–51, 460–540),
and part of the cantilever region (65–70, 650–680). Also, there were other

changes too, but of lesser degree (Fig. 8.5). Several mutations affect
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dynamics of flap. For instance, L90M, G48V, and V82F/I84V mutations

open the flap more in the mutant than the wild type. On the other hand,

M46I mutation makes the flap more closed. The simulation results by

Bandyopadhyay andMeher (2006) suggest that, for chain A, the average flap

tip to active site distance is less in the case of the mutant. Similar findings

have been reported earlier by Wittayanarakul et al. (2005). The distance

between Ile50 Ca to that of Ile149 Ca fluctuates more in the case of the

WT than that of the mutant (Fig. 8.6).
6.2.1.2 Comparing the complexed form of protein WT versus mutant
The parameters viz. B-factor, Asp25(250)-Ile50(500) distance and Ile50-

Ile500 distance, protein–ligand distance, and dihedral angle reflecting the

orientation of protein and ligand were investigated to distinguish between

result of mutation on complexed form of both the WT and the mutant.

Compared to apo form, the complexed form has reduced variation in

B-factor between the WT and the mutant state. The Asp25(250)-Ile50
(500) distances were monitored, and it was found that in the ligand-bound

state, the distance between flap tips and the active site does not differ
Figure 8.6 Distributions of Ile50-Ile149 distance for WT andmutant HIV-pr simulation of
the apo protein. Reprinted from Bandyopadhyay and Meher (2006) with permission from
Chem. Biol. Drug Des. and publisher John Wiley & Sons, Inc.
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significantly on mutation for chain A, but is remarkable for chain B. The

Ile50-Ile500 distance was also found similar in the complex state, yet, there

is difference in the Asp-Ile distance in chain B. Calculation of the Asp25 and

Asp250distance to the ligand showed that the distributions are essentially

same for the WT and the mutant, which indicates that the ligand is bound

strongly to the catalytic aspartates and mutation does not have any pro-

nounced effect (Fig. 8.7). The dihedral angle for mutant HIV-pr showed

a greater fluctuation compared to that of the WT. The results showed that

the relative orientation of residue 470 changes more rapidly and with a wider

range of angles relative to the P20. It causes the loss of hydrophobic inter-
actions between Ile470 and the ligand.
6.2.1.3 The molecular mechanisms of drug resistance
In complexed HIV-pr, the difference in dynamic motion of flaps and flap

elbows between the WT and the mutant was less than that of the apo pro-

tein. The most distinct motion for the HIV-pr complex was the movement

of the side chain of Val470 about the inhibitor which was greater than that

of Ile470 in the WT. It was attributed to the mutation-caused loss of

onedCH2 group in the side chain and the resultant decrease in hydropho-

bic interactions of ligand and enzyme. The larger volume of the mutant
Figure 8.7 Distributions of protein–inhibitor distances for both the wild-type (WT) and
the mutant HIV-pr simulation. Reprinted from Bandyopadhyay and Meher (2006) with per-
mission from Chem. Biol. Drug Des. and publisher John Wiley & Sons, Inc.



Figure 8.8 Region showing the P20 position in JE-2147, where the larger group can be
added tominimize themutation-induced loss of interaction between the ligand and the
protein.
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cavity reduces the packing density leading to diminished strength of the

binding energy (Ohtaka, Velazquez-Campoy, Xie, & Freire, 2002). Posi-

tioning a larger group at the P20 position of JE-2147 is assumed to counteract

the weakened interaction (Fig. 8.8).
6.2.2 I50V and I50L/A71V mutations effect
Meher and Wang investigated the binding of inhibitor TMC114 (Fig. 8.9)

to WT, single (I50V) as well as double (I50L/A71V) mutant HIV-pr with

all-atom MD simulations as well as MM-PBSA calculation. In double

mutant apo HIV-pr, flap–flap distance and the distance from the active site

to the flap residues were smaller than wild-type or single mutant form

(Fig. 8.10). In double mutant form, complexed HIV-pr shows a less curling

of the flap tips and less flexibility than WT and the single mutant I50V. The

single mutant I50V decreases the binding affinity of I50V-HIV-pr to inhib-

itor, resulting in a drug resistance, whereas the double mutant I50L/A71V

increases the binding affinity (Fig. 8.11). The increase of the binding affinity

for the double mutant I50L/A71V-HIV-pr can be attributed to the increase

in electrostatic energy and van der Waals force (Meher & Wang, 2012).
6.2.2.1 Comparing the apo form of protein WT versus mutant
The difference in isotropic temperature factor between the mutant and WT

HIV-pr for each residue shows that the highest changes in B-factor occur in



Figure 8.9 Molecular structure of the inhibitor TMC114. The moiety bis-THF is labeled
with a square bracket in color green. Important atoms like O9, O10, O18, and O22 which
are involved in the interactions between the inhibitor and protein are also labeled in black
bold letters. Reprinted from Meher and Wang (2012) with permission from J. Phys. Chem. B.
and publisher American Chemical Society (ACS).
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the dimer interface region (6, 8 and 60, 80), flap elbow of the chain A (35, 37,

39–41), and flap of the chain A (49–52). Simulation results from Meher and

Wang (2012) show that the distance between the flap tips were recognized

to fluctuate more in the case of the WT and the single mutant I50V than in

the double mutant I50L/A71V (Fig. 8.12). Hence, the mean of the double

mutant structure is significantly less (1.15 Å) than theWT, suggesting that there

is a closemovement of flaps in I50L/A71V as compared toWT and I50V. The

reduced active site conformations of I50L/A71V due to the flap dynamics

behavior may help in better binding of the inhibitor to the active site.

6.2.2.2 Comparing the complexed form of protein WT versus mutant
Compared to the apo protein, the difference of B-factor between com-

plexedWT andmutant is lesser for most of the residues. It was observed that,

four regions around 17 (170), 41 (410), 53 (530), and 70 (700) show the highest

dynamic fluctuations. The relatively smaller B-factor of the double mutant

I50L/A71V complex may be explained by the relatively lesser conforma-

tional fluctuations and stronger binding. To explore the relative motion

of the flap tips, the Ile50-Ile500 distance was examined. The difference

between the complexed WT, I50V, and I50L/A71V HIV-pr was found

to be less and narrower than that of the apo HIV-pr (Fig. 8.13). The results

indicate that although the Ile50-Ile500 distance was similar in the complexed

HIV-pr, difference exists in the Asp250-Ile500 distance. It implies the differ-

ent behavior of the two chains of HIV-pr.



Figure 8.10 Variability of (A) the Ile50-Asp25 Ca distances; (B) the Ile500-Asp250 Ca distances of the apo WT, I50V mutant, and I50L/A71V
double mutant HIV-pr; (C) histogram distributions of Ile50-Asp25 distance; and (D) histogram distributions of Ile500-Asp250 distance for
WT and all mutant HIV-pr simulation of the apo protein. Reprinted from Meher and Wang (2012) with permission from J. Phys. Chem. B.
and publisher American Chemical Society (ACS).



Figure 8.11 Energy components (kcal/mol) for the binding of TMC114 to the WT, I50V,
and I50L/A71V: △Eele, electrostatic energy in the gas phase; △Evdw, van der Waals
energy; △Gnp, nonpolar solvation energy; △Gpb, polar solvation energy; △Gpol,
△Eeleþ△Gpb; T△S, total entropy contribution; △Gtotal¼△Eeleþ△Evdwþ△Eintþ△Gpb;
△G¼△Gtotal�T△S. Error bars in green solid line indicates the difference. Reprinted from
Meher and Wang (2012) with permission from J. Phys. Chem. B. and publisher American
Chemical Society (ACS).

Figure 8.12 Histogram distribution of distance between the flap tips in the apo form
WT, I50V, and I50L/A71V proteins. Reprinted fromMeher andWang (2012) with permission
from J. Phys. Chem. B. and publisher American Chemical Society (ACS).



Figure 8.13 Histogram distribution of distance between the flap tips in the complexed
form WT, I50V, and I50L/A71V proteins. Reprinted from Meher and Wang (2012) with per-
mission from J. Phys. Chem. B. and publisher American Chemical Society (ACS).
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6.2.2.3 Molecular mechanisms of drug resistance
In the I50V mutant HIV-pr, the replacement of isoleucine with valine

results in a loss ofdCH2 group, which apparently decreases the interaction

with the central phenyl of TMC114 through CdH. . .p, the size of the

hydrophobic side chain, and possible increase of the size of the active site

with a reduced binding affinity to TMC114. This change results in a

decrease of van der Waals energy between Val50 and TMC114 by about

0.24 kcal/mol relative to the WT. However, for Val500, the change shows
a significant decrease in van der Waals energy by 0.54 kcal/mol, which may

be due to the lessening of CdH. . .O interactions between the Val500 side
chains and the O22 of TMC114. Figure 8.14 confirms that the C. . .O22 for

I50V-HIV-pr is longer than those for WT and I50L/A71V-HIV-pr, which

might be the reason for the less binding affinity and drug resistance.
6.3. Effect of simulation protocols
6.3.1 Effect of polarization
The foundation for any MD simulation is an accurate force field (Dommert,

Wendler, Berger, Delle Site, & Holm, 2012). For expressing the interaction

between the atoms of amacromolecule, simple potential functions (also known

as force fields) consisting of nonbonded (electrostatics and van der Waals



Figure 8.14 CdH. . .O interactions between the TMC114 and the flap residues (Gly49,
Gly400, Ile/Val/Leu50, and Ile/Val/Leu500). TMC114 in sticks is colored by the atom type
and residues are shown as lines (green, WT; blue, I50V; purple, I50L/A71V). Reprinted
from Meher and Wang (2012) with permission from J. Phys. Chem. B. and publisher Amer-
ican Chemical Society (ACS).
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interactions) andbonded(bond, angle, torsion) termsareused.Polarizationplays

critical role in dynamic stability ofmacromolecules (Li, Ji, Xu,&Zhang, 2012).

The effect of AMBER force fields viz. ff99 (nonpolarizable) and ff02 (polariz-

able) were investigated on HIV-pr using MD simulation (Meher, Satish

Kumar, & Bandyopadhyay, 2009). The starting structure for both the simula-

tions is a semi-open structure of 2.7 Å resolution (pdb ID 1HHP). TIP3P

(Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983) and POL3

(Caldwell & Kollman, 1999) are used as the water models for the ff99 and

ff02 simulations, respectively. The protein is solvated in a water box containing

more than 8000 water molecules. The total charge of the whole system was

madeneutral by additionof chloride ions.The results showed that for both types

of force fields, water count and radial distribution function differ significantly

near the charged residue catalytic Asp25. More water molecules are found

around that residue in the nonpolarizable force field, ff99 (Fig. 8.15).However,

the water movement is quite similar near the polar (Ser37) and hydrophobic

(Ile85) residues. Polarization is likely to influence both global and specific local



Figure 8.15 Comparison of NMR order parameters for the NdH bond vector with that
calculated from ff99 and ff02 trajectories. Reprinted from Meher et al. (2009) with permis-
sion from 2009 Indian Association for Cultivation of Sciences (IACS) and Springer India.

Figure 8.16 Comparison of B-factors for the X-ray structure, nonpolarizable (ff99) and
polarizable (ff02) HIV-pr simulations.
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motions of protein and solvent. Comparison of the calculated S2 order param-

eterwith theNMRS2 order parameter results showed that flexibility ismore in

caseof ff99 than ff02 (Fig. 8.16).Also, thecomparisonof theB-factorvalues adds

additional support with regard to the higher flexibility for ff99 (Fig. 8.17). The
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Figure 8.17 Number of waters within 8 Å from (A) Asp25, (B) Ser37, and (C) Ile85 for the ff99 and ff02 trajectories. Reprinted from Meher et al.
(2009) with permission from 2009 Indian Association for Cultivation of Sciences (IACS) and Springer India.
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flap-active site distance, ameasure of flap opening, is distinctlymore in the non-

polarizable simulation (Fig. 8.18).Theoverall structural fluctuationofHIV-pr is

reduced in the polarizable simulation making it rigid than the nonpolarizable

simulation (Meher et al., 2009). Few polar interactions and hydrogen bonds

involving the flap residues were found stronger with polarizable (ff02) force

field. Interchain hydrophobic cluster formation (between flap tip of one chain

and active sitewall of another chain)was found to beprevailed in the semi-open

conformations sampled from the simulations regardless of the force field used. It

was proposed that an inhibitor proficient of stimulating this interchain hydro-

phobic clustermaymake the flaps stiffer and the effect ofmutationson the ligand

could be minimized (Meher, Satish Kumar, & Bandyopadhyay, 2013).

6.3.2 Effect of force fields
The effect of AMBER nonpolarizable force fields ff99SB and ff03 was stud-

ied on HIV-pr. Two different 30-ns MD trajectories were used to check the

ff03 and ff99SB S2 values and the parameters were found to agree reasonably

well with NMR S2 values. S2 values for the loop residues were lower in ff03

force field (Fig. 8.19). Thus, the loops were more flexible in the protein

models with the ff03 force field resulting in a larger active site cavity.
Figure 8.18 Flap-active site (Ile50Ca-Asp25Ca) distance from the ff99 and ff02 trajecto-
ries. Reprinted from Meher et al. (2009) with permission from 2009 Indian Association for
Cultivation of Sciences (IACS) and Springer India.



0
0

0.2

0.4

0.6

0.8

1

1.2

10 20

0
−0.3

−0.2

−0.1

0.0

0.1

0.2

0.3

20

ff99SB
ff03

40 60 80 100

30 40 50

Residue index

Residue number

A
S

2  (
N

M
R

)−
S

2  (
M

D
)

Gly40

Gly17
Met36 Trp42

Gly52 Gly68

lle50

S
2

60 70 80 90 100

B

Figure 8.19 (A) Comparison of experimental (black line) NMR S2 NdH-generalized
order parameter values with the calculated values from ff99 (cyan line), ff99SB (red line),
and ff03 (blue line) force field simulations. Order parameters (S2) averaged for both
monomers, with error bars reflecting the difference in case of ff99SB and ff03. (B)
The difference between ff99SB and ff03 calculated order parameters from the NMR
S2 values. Reprinted from Meher, Satish Kumar, Sharma, and Bandyopadhyay (2012) with
permission from 2012 Imperial College Press (ICP) and J. Bioinforma. Comp. Biol.
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Analyzing the flap-active site distance shows significant difference between

the two force fields ff99SB and ff03. The flap-active site distance is longer in

ff03 simulation; thus, the cavity opening is more (Fig. 8.20). A combination

of different factors (such as H-bonding, different torsion parameter) is

assumed to contribute to this difference in fluctuation. The superimposition

of two representative structures from ff03 and ff99SB force fields shows

larger cavity size in the ff03 simulation (Fig. 8.21).



Figure 8.20 Flap-active site distance for (A) chain A and (B) chain B from the ff99SB and
ff03 force field simulations. Reprinted from Meher et al. (2012) with permission from 2012
Imperial College Press (ICP) and J. Bioinforma. Comp. Biol.

Figure 8.21 Superimposition of two representative structures obtained from ff03 (cyan)
and ff99SB (magenta) simulations. Residues (Asp25 (124), Gly48, Gly49, and Ile50)
involved in the distance and angle calculations are labeled in the figure. However,
for clarity reason, we have not shown the residues for flap region in case of chain B.
Structure with ff03 force fields shows larger cavity size compared to ff99SB. The relative
distances between the active site to the flap {Asp25 (124) Ca� Ile50 (149) Ca} are more
in case of ff03 (18.5 and 18.2) compared to ff99SB (14.5 and 13.9) force field. The red
dashed line and numbers indicates the distance for ff03, whereas blue is for ff99SB.
Reprinted from Meher et al. (2012) with permission from 2012 Imperial College Press
(ICP) and J. Bioinforma. Comp. Biol.
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7. FUTURE PERSPECTIVES

Probing the relation between mutation and conformational dynamics
has elucidated the mechanisms of drug resistance. The selection of the cor-

rect setups and force fields can help carry out effective MD simulation of

other variants of HIV-pr. In vitro and in silico drug designing, effect of polar-

ization, and importance of force fields can be explored further. The specific

inference from the study carried out was that (i) positioning a larger group at

the P20 position of JE-2147 may counteract resistance issue, (ii) polarization

should be included in the system setup to influence protein rigidity and dif-

ferential motion of water molecules around a charged residue, and (iii) force

fields with greater stability for loop residues can be developed.

8. CONCLUSION

The MD simulation provides ample insights into both biological and
technical aspects of macromolecular conformation and dynamics at atomistic

level. It sheds light on the mechanisms of drug action against and resistance

toward HIV-pr. The investigation led to the finding that conformational

dynamics of HIV-pr is affected by simulation setups and force fields differ-

ence. Mutations have important role on HIV-pr conformation and dynam-

ics. These results are expected to be vital for designing new promising

inhibitors against HIV. The implication of MD simulations can be ramified

to an array of mutations and inhibitors, including nanotube-based drugs, to

garner profound knowledge of drug–enzyme interactions.
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