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Abstract

Inhibitors of HIV-1 protease (HIV-1-pr) generally only bind to the active site of the protease. 

However, for some mutants such as V32I and M46L the TMC114 can bind not only to the active 

cavity also to the groove of the flexible flaps. Although the second binding site suggests the higher 

efficiency of the drug against HIV-1-pr, the drug resistance in HIV-1-pr due to mutations cannot 

be ignored, which prompts us to investigate the molecular mechanisms of drug resistance and 

behavior of double bound TMC114 to HIV-1-pr. The conformational dynamics of HIV-1-pr and 

the binding of TMC114 to the WT, V32I and M46L mutants were investigated with all-atom 

molecular dynamic (MD) simulation. The 20 ns MD simulation shows many fascinating effects of 

the inhibitor binding to the WT and mutant proteases. MM-PBSA calculations explain the binding 

free energies unfavorable for the M46L and V32I mutants as compared to the WT. For the single 

binding the less binding affinity can be attributed to the entropic loss for both V32I-1T and 

M46L-1T. Although the second binding of TMC114 with flap does increase binding energy for 

the mutants (V32I-2T and M46L-2T), the considerable entropy loss results in the lower binding 

Gibbs free energies. Thus, binding of TMC114 in the flap region doesn't help much in the total 

gain in binding affinity of the system, which was verified from this study and thereby validating 

experiments.
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1. Introduction

HIV-1 protease (HIV-1-pr), one of the most essential enzymes of human immunodeficiency 

virus (HIV) acts at the late stage of HIV infection producing mature infectious virions.[1] 

This makes the HIV-1-pr one of the key targets for anti-HIV drug discovery. Although a 

number of drugs/inhibitors are in use to put a stop to the HIV-1-pr activity, success has been 

limited mainly due to the protein's drug induced mutations. Hence, scientists need to sweat a 

lot in order to explore the molecular details of drug resistance mechanism and design of 

more stable and effective HIV-1-pr inhibitors.

HIV-1-pr comes under the family of aspartyl proteases, which have the catalytic aspartate in 

the active site region. The structure of the HIV-1-pr (as shown in Figure 1) is C2 symmetric 

and is homodimeric with 99 residues in each monomer. The catalytic aspartate is 

accompanied by other two residues namely Threonine and Glycine to form the robust 

catalytic triad (Asp25-Thr26-Gly27) in both chains. The active site of the protein is crowned 

by two identical Glycine rich flexible flaps that control access of the substrate/inhibitor to 

the active site.

TMC114 (darunavir) is an enormously potent HIV-1-pr inhibitor for treatment of drug 

resistant HIV strains including many subtypes.[2] It is a non-peptidic analog with a chemical 

structure as shown in Figure 2. By the presence of the terminal bis-tetrahydrofuran (bis-

THF) moiety, it somewhat differs from its chemical analog, amprenavir. TMC114 was 

designed to form robust interactions with the HIV-1-pr main chain atoms. Stereochemistry 

of the bis-THF moiety of this inhibitor has revealed the increased polar interactions with the 

main chain atoms. Studies have been carried out to explain the drug resistance behavior of 

HIV-1-pr mutants over TMC114. In a recent study, Kar et al. explored the MM-PBSA 

method to investigate the effectiveness of the HIV-1-pr inhibitors, Darunavir, GRL-06579A, 

and GRL-98065 against HIV-2 and HIV-1 proteases. They found that the binding affinity 

for HIV-2-pr decreases as compared to HIV-1-pr in the order of GRL-06579A > darunavir > 

GRL-98065, and the decrease is mainly due to the increase in the energetic penalty from the 

desolvation of polar groups or a decrease in the electrostatic interactions between the 

inhibitor and the protein.[3] Kovalevsk et al. and Tie et al. utilized the crystallographic 

study to analyze the effectiveness of TMC114 to HIV-1-pr, with highly drug resistant 

mutants D30N, I50V, V82A, I84V, and L90M. It was found that, the mutations D30N and 

I50V results in the drug resistance to TMC114; however the changes due to mutations 

V82A, I84V and L90M are well adapted by TMC114.[4-5] Chen et al. performed MD 

simulation studies combined with MM-PBSA to investigate the binding energies of 

TMC114 to D30N and I50V mutants. They found that, loss of H-bonds between Asp30 and 

TMC114 drives the drug resistance in D30N, while for I50V it is the increased polar 

solvation energies between TMC114 and two residues Asp30’ and Val50’.[6] Our previous 
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studies on binding Gibbs free energies for WT, I50V single mutant and I50L/A71V double 

mutant showed that I50V decreases the binding affinity for TMC114, while the double 

mutant I50L/A71V increases the binding affinity and may be well adapted to accommodate 

the TMC114 in the active site.[7] The resistance of inhibitor amprenavir, which is an analog 

of TMC114 to mutant V32I, I50V and I84V with an increase in the energetic contribution 

from the van der Waals interactions, was also explained in another study by Kar et al. An 

increased free energy for the polar solvation contributes to the drug resistance for the V32I 

mutant to amprenavir.[8] A quite few other studies also dealt with the ligand binding 

interactions and multi-drug resistance in HIV-1-pr using the method of MM-PBSA. [9-21]

Currently more than 50 mutations at near about 30 different codon positions of HIV-1-pr 

have been identified.[22] The population of mutant strains of HIV-1-pr increases with the 

intake of drugs. These mutations in the HIV-1-pr can be classified as two types. One is near 

the active site and the other is distant from the active site. The former mutations (primary 

mutations) may change the direct interaction between the ligand and the protein. The 

reduction of binding affinity of the ligands due to the mutations on non-active sites 

(secondary) is likely related to the change in the conformational dynamics of the protein 

(indirect effect). Some mutations may have both direct and indirect effects.[7, 23] The flap 

dynamics of HIV-1-pr is known to be vital for ligand binding and estimation of cavity size, 

which changes with several mutations leading to numerous drug resistant mutants of the 

protease. Thus, understanding the conformational dynamics including flap dynamics is an 

essential step in designing new potent anti-HIV-1-pr drugs with minimal resistance. 

Mutations V32I and M46L are considered as two of the most multi-drug-resistant mutations 

[24] of the HIV-1-pr drug resistance to inhibitors in clinical use. V32I mutation is located in 

the active site region, which can directly contribute to the drug resistance by unfavorable 

interactions with an inhibitor because isoleucine is larger than valine.[24-25] However, 

M46L mutation in the flexible flap does not directly contact with an inhibitor bound in the 

active site cleft, while the main chain atoms of Met46 may form H-bonds with substrate 

analogs.[26] Therefore M46L mutation can affect the binding affinity indirectly either by 

reducing the hydrophobic interactions or by strengthening interactions with a substrate.

Inhibitors usually bind to the active site of the protease dimer. However, as shown in Figure 

1, TMC114 can bind at two distinct sites for some HIV-1-pr mutants, one in the active site 

cavity and the second on the groove of one of the flexible flaps.[4, 27] Surprisingly, 

TMC114 binds at these two sites simultaneously in two diastereomers (R-enantiomer binds 

to active site cavity; S-enantiomer binds to flap surface region) related by the inversion of 

the sulfonamide nitrogen. The two enantiomers of the TMC114 are shown in the Figure 3. 

Existence of the second binding site, suggests a mechanism for the higher efficiency of 

TMC114 against the drug-resistant isolates of HIV-1-pr and the ultimate design for the new 

effective inhibitors.[27] Nevertheless, even so the drug resistance in HIV-1-pr due to 

mutations cannot be ignored, which prompts us to investigate the molecular mechanisms of 

drug resistance and behavior of double bound TMC114 to the HIV-1-pr structure as 

compared to the single bound TMC114. This may provide a different target for the design of 

novel effective inhibitors that bind to the second site on the flap region.
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In the current study, to explore the drug resistance behavior of the two mutants V32I and 

M46L HIV-1-pr to the inhibitor TMC114 and to differentiate the binding affinities of the 

double TMC114 bound complex (2T) from that of single TMC114 bound complex (1T), 

MD simulations have been performed for five different inhibitor bound complexes: WT-1T, 

V32I-1T and M46L-1T HIV-1-pr as well as for V32I-2T and M46L-2T HIV-1-pr. The 

primary goal for the MD simulation was to check the effects of mutations on both single and 

double bound TMC114/HIV-1-pr complexes. Secondly, was to discriminate the binding 

affinity of TMC114, when it was bound to the flap and active site simultaneously with that 

to bind alone to the active site. For both the single and double TMC114 bound complex, the 

analysis designates the resistance behavior of both the mutants. The average flap-flap 

distance and flap tip - active site distances are believed to be longer for the M46L-2T 

HIV-1-pr complex as compare to the WT-1T and V32I-2T complexes suggesting a higher 

mobility in M46L-2T, possibly making the active site volume larger. Flap RMSD analysis 

suggests that, binding of TMC114 on the groove of flap-B of the mutant structures, has not 

much impact on the flap dynamics as a whole.

To quantitatively define the influence of the double and single bound TMC114 on the two 

mutants, the MM-PBSA method was then practiced to calculate the absolute binding free 

energies, which were further decomposed to a per-residue basis. The present study gives a 

clue that, both the single and double bound form of the protease mutants shows drug 

resistance to inhibitor TMC114. Also, from this detailed study it was found that, binding of 

the inhibitor TMC114 on the flap region has not much influence on the total gain in the 

binding affinity. This finding correlates well with the experimental verification by the 

Weber group.

2. Materials and Methods

2.1. System Setups

The crystal structures of the wild-type (WT) and mutant HIV-1-pr complexed with TMC114 

were obtained from the Protein Date Bank (PDB). The PDB entries are: 1T3R [28] for the 

WT, 2HS1 [27] [4] for the V32I mutant and 2HS2 [27] [4] for the M46L mutant structures. 

There are alternate conformations in 2HS1 and 2HS2: conformation A and B, owing to C2 

symmetry of HIV-1-pr, only conformation A was selected for the starting model, where two 

TMC114 ligands bound to the active site and the flap region, referred to a double bound 

complex (2T). However, the single bound TMC114 to the active site (1T) complex was also 

created by simply removing the ligand from the flap region. Due to the importance of the 

protonation state of Asp25/Asp25′ in the HIV-1-pr, only the monoprotonated HIV-1-pr was 

considered [29-30] and a proton was added to the oxygen atom of OD2 in Asp25 in chain B. 

Charges of TMC114 were calculated using the Restrained Electrostatic Potential (RESP) 

procedure [31] at the Hartee-Fock level with 6-31G* basis set after minimizing the molecule 

at the AM1 semi-empirical level[32]. GAFF force field[33] parameters and the RESP partial 

charges are assigned for TMC114 using the Antechamber module in AMBER11 package. 

[34] All missing hydrogen atoms were added using the LEaP module. The ff99SB [35] force 

field for the protease with TIP3P [36] water models was used for all the simulations. The 

system was solvated with the TIP3P waters in the periodic box of size 92.1 × 92.1 × 92.1 Å3 
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containing more than 10,000 water molecules. A cutoff of 10 Å was used along the three 

axes to discard any water molecule if it is farther than the cutoff from any solute molecule. 

An applicable number of Cl- counter ions were added to neutralize the net positive charge 

on the system. The default cutoff of 8.0 Å was used for Lennard-Jones interactions, and the 

long-range electrostatic interactions were calculated with the particle mesh ewald (PME) 

method. [37] Constant temperature and pressure conditions in the simulation were achieved 

by coupling the system to a Berendsen's thermostat and barostat.[38] The SHAKE [39] 

algorithm was utilized to constrain all bonds involving hydrogens.

2.2. Molecular dynamics simulations

The system was minimized in four phases. In the first phase, the system was minimized 

giving restraints (30kcal/mol/Å2) to all heavy atoms of protein and ligand for 10000 steps 

with subsequent second phase minimization of the all backbone atoms and C-alpha atoms, 

respectively, for 10000 steps each. Then the system was heated to 300K with a gap of 50K 

over 10 ps with a 1 fs time step. The protein atoms were restrained with force constant of 30 

kcal/mol/Å2. In subsequent minimization of third phase, the force constant was reduced by 

10 kcal/mol/ Å2 in each step to reach the unrestrained structure in three steps of 10000 steps 

each. Finally the whole system was minimized again for 10000 steps keeping all atoms free 

at the NVT ensemble. The system was equilibrated at the NVT ensemble and then switched 

over to the NPT ensemble equilibrating without any restraints for another 120 ps. The 

system was equilibrated in total of 220 ps in all the systems. The convergence of energies, 

temperature, pressure and global RMSD was used to verify the stability of the systems. All 

the apo and complexed trajectories were run for 20 ns. The time step for MD production run 

was 1 fs. The long 20 ns trajectories were used to calculate the average structure for all the 

systems.

2.3. MM-PBSA calculations

In the present work, the binding free energy was calculated using the MM-PBSA method 

and entropies with the nmode module in AMBER 11 package. For each complex, a total 

number of 50 snapshots were taken from the last 2 ns on the MD trajectory with an interval 

of 40 ps. The MM-PBSA method can be summarized as:

(1)

Where ΔG is the binding free energy in solution that consists of the molecular mechanics 

energy in the gas phase (ΔEMM), the solvation free energy (ΔGsol) and the conformational 

entropy effect due to binding (−TΔS).

(2)

Where ΔEvdw and ΔEele correspond to the van der Waals and electrostatic interactions in gas 

phase, respectively.

(3)
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Where ΔGpb and ΔGnp are the polar and non-polar contributions to the solvation free energy, 

respectively. The ΔGsol is calculated with the PBSA module, where the dielectric constant is 

set to 1 inside the solute and 80.0 in the solvent. The nonpolar contribution of the solvation 

free energy is calculated as a function of the solvent-accessible surface area (SAS), as 

follows:

(4)

Where, SAS was estimated using the MSMS program, with a solvent probe radius of 1.4 Å. 

The values of empirical constants γ and β were set to 0.00542 kcal/(molÅ2) and 0.92 kcal/

mol, respectively.

The experimental binding energies are calculated from published inhibition constants Ki by 

the following equation:

(5)

where inhibition constants for the mutants are obtained from Kovalevsky et al, and for WT 

from Wang et al [27, 40]

The contributions of entropy (−TΔS) to binding free energy arise from changes of the 

translational, rotational and vibrational degrees of freedom. Entropies are generally 

calculated using classical statistical thermodynamics and normal mode analysis. Due to 

extremely time consuming for entropy calculations, we applied only 50 snapshots taken at 

an interval of 200 ps from the final 10ns of the MD simulation. Each snapshot was 

minimized with a distance dependant dielectric function 4Rij (the distance between two 

atoms) until the root-mean-square of the energy gradient was lower than 10−4 kcal mol−1 

Å−2.

2.4. Residue-inhibitor interaction decomposition

On account of the vast demand of computational resources for PB calculations, the 

interaction between TMC114 and each residue of HIV-1-pr was computed using the MM-

GBSA decomposition process[42] applied in the mm_pbsa module in AMBER11. The 

binding interaction of each inhibitor-residue pair includes four terms: van der Waals 

(ΔEvdw) contribution, electrostatic (ΔEele) contribution, polar solvation (ΔGpb) contribution, 

and non-polar solvation (ΔGnp) contribution.

(6)

The polar contribution (ΔGpb) to solvation energy was calculated by using the GB 

(Generalized Born) module and the parameters for the GB calculation were developed by 

Onufriev et al. [43]. All energy components in Equation (6) were calculated using 50 

snapshots from the last 2.0 ns of the MD simulation.

Graphic visualization and presentation of protein structures were done using PYMOL 

[www.pymol.org] and Maestro (Schrodinger LLC.) [www.schrodinger.com].
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3. Results and Discussions

3.1. Stability of trajectories from RMSD

The effect of mutations on the conformational stability of the HIV-1-pr/TMC114 complexes 

with both TMC114 bound (2T) was explored. RMSD values for the HIV-1-pr Cα atoms 

during the 20 ns production phase relative to the initial structure were calculated and plotted 

in Figure 4. The RMSD plots indicate that the conformations of the WT-1T, V32I-2T and 

M46L-2T mutant HIV-1-pr/TMC114 complexes are in good equilibrium. The entire three 

HIV-1-pr/TMC114 complex trajectories go parallel to each other until 8-9 ns after the 

WT-1T has a brief fluctuation for around 3-4 ns going up to a maximum of 1.70 Å. The 

trajectory again continues parallel to the mutant M46L-2T. However, apart from that, mutant 

V32I-2T has higher values from around 10ns onwards. According to the RMSD average 

values of the three complexes, V32I-2T complex has a higher mean (1.12 Å) than the WT 

(1.01 Å) and M46L-2T mutant (0.96 Å), with a respective standard deviation (SD) of 0.21, 

0.16 and 0. 09 Å. The result signifies that RMSD of all three complexes were within values 

around 0.7 to 1.7 Å ensuring stable trajectories.

RMSD values for the Cα atoms of the single bound (WT-1T, V32I-1T and M46L-1T) 

HIV-1-pr/TMC114 complexes, looks more stable than double bound (2T) complexes, as 

shown in supplementary Figure S1. The RMSD plots indicate that the conformations of the 

WT-1T, V32I-1T and M46L-1T mutant HIV-pr/TMC114 complexes are in good 

equilibrium. The entire three complex trajectories also go parallel to each other. V32I 

mutant complex again has a slightly higher mean (1.14 Å) than the WT (1.00 Å) and M46L 

mutant (1.03 Å). The above results signify that RMSD of the 2T complexes do not fluctuate 

more significantly than 1T in spite of the presence of an extra TMC114 bound on the flap 

region, where bis-THF moiety moves freely interacting with waters and ions.

3.2 Comparing the proteins from RMSF: WT vs. Mutant

In order to analyze the detailed residual atomic fluctuations, the root mean square 

fluctuations (RMSF) of the alpha C atoms have been performed for the HIV-1-pr structures. 

The average RMSF values per-residue in the flap and active-site binding region for the 

WT-1T, V32I-2T and M46L-2T HIV-1-pr/TMC114 complexes are 0.89, 1.07 and 0.98 Å, 

respectively. Moreover, for the whole protein the average residual atomic fluctuation also 

seems to be higher in case of V32I mutant (1.00Å) than WT (0.91 Å) and M46L (0.92 Å). 

Regions near the catalytic triad (Asp25-Gly26-Thr27 and Asp25’-Gly26’-Thr27’) in both 

the chains show a rigid behavior, which is in accordance with the experimental[44] and 

theoretical[12, 45] studies. Difference in the RMSF values of the protein in its TMC114 

bound form is shown in Figure 5. Residues with absolute difference more than 0.50 Å were 

considered as the highly fluctuating residues and were labeled by two cutoff dashed lines as 

shown in the figure. There are significant differences for the residues like Trp6, Ile15-Gly16 

and Glu35-Lys41 (fulcrum and flap elbow of chain-A), Pro63-His69 (Cantilever of chain-A) 

Trp6’, Glu35’, Arg57’ (Flap elbow and flap of chain-B) and Ala67’ (cantilever of chain-B). 

The RMSF indicates that the two mutations cause more conformational changes of the 

HIV-1-pr near the flap elbow, fulcrum and cantilever regions, than other regions of the 

protease.
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3.3. Local Fluctuations for double bound (2T) structures

We have then examined several key local fluctuations of the double bound complexes (2T) 

of TMC114 with WT and mutant HIV-1-prs. These include (1) RMSDs of the flap regions, 

distances of Asp25(25’)–Ile50(50’) and Ile50–Ile50’, and TriCa angle in flap region, which 

indicate flap dynamics and flap-active site movements.

3.3.1. RMSD of the Flaps—The RMSD of the flap residues (43-58 and 43’-58’) in both 

the chains-A and B in the double bound complexes (V32I-2T and M46L-2T) and compared 

to the RMSD of the WT-1T flaps was illustrated in Figure S13. The maximum range of 

RMSDs for the flaps (A+B), is 1.5Å, while most of the values ranges in between 0.2 to 1.3Å 

with substantial overlap among the three complexes. The average flap RMSD of M46L 

(0.58 Å) mutant was found to be little less than WT (0.73 Å) and V32I (0.71 Å) with 

respective SD of 0.12, 0.12 and 0.13 Å. Additionally, in order to differentiate the impact of 

TMC114 binding on chain-B from that of ligand free chain-A, we computed the individual 

RMSD for the chains of each complexes and shown in the Figure S13B and S13C. For flap-

A, the RMSDs for all the three complexes seems to be overlapped and ranges from 0.2 to 

1.2 Å with average values of 0.45 Å, 0.70 Å and 0.58 Å for WT-1T, V32I-2T and M46L-2T, 

respectively. However, for flap-B, where the inhibitor is bound, there is a difference in the 

RMSDs for the mutant M46L-2T from that of WT-1T and V32I-2T at around 3-4 ns. Here, 

the value goes up to 1.5Å, suggesting a higher mobility of the flap in this region. Apart from 

that, for a brief period at around 7 ns, WT-1T has also an increased RMSD up to 1.5 ns. 

However, the mean for the flap-B RMSDs, doesn't differ amongst the mutants with 0.65 Å 

for V32I-2T and 0.64 Å for M46L-2T. This analysis suggests that, although the dynamics 

and RMSDs of both the flaps combined or individual RMSDs of the flaps-A & B, differ to 

certain extent, it has not much impact on the flap dynamics as a whole.

3.3.2. Flap tip to active site distances—The Ile50(Ile50’) - Asp25(Asp25’) distances 

for double bound TMC114 mutants (V32I-2T and M46L-2T) were calculated from the MD 

trajectories and the observed results were compared with those of WT-1T proteins. The time 

series plot and the frequency distribution histograms are shown in Figures 6a-d for chains A 

and B, respectively. It was found that for chain-A the distribution was much more 

overlapped compared with the chain-B. The mean distances of flap tip-active site residues in 

chain A are 13.89, 14.25 and 14.19 Å with SD values of 0.29, 0.34, and 0.33 Å for WT-1T, 

V32I-2T and M46L-2T-HIV-1-pr/TMC114, respectively. This indicates that in the double 

inhibitor-bound state (2T), the distance between the flap tips and the active site is only 

slightly stretched by 0.3-0.4 Å due to the mutations for chain-A. For chain-B there is a 

substantial difference between the distributions as compared with chain-A (Figure 6b and 

6d). The mean distances and SD of WT-1T (V32I-2T) are 14.99 (15.00) Å and 0.33 (0.47) 

Å, respectively; while for the M46L-2T, the mean and SD are 15.51 Å and 0.41 Å, 

respectively. The mean distance of the distribution for the mutant M46L differs by 

approximately 0.51 Å from WT and V32I. In general for all proteases (WT, V32I and 

M46L) the average flap tip-active site distance in chain-B is longer than that of chain-A. The 

frequency distribution plots (Figure 6c and 6d) for the flap tip-active site distances for 

chains A and B show the clear difference between WT-1T, V32I-2T and M46l-2T. It was 

demonstrated that for the two mutants of chain-A the distances from the flap regions to the 
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active sites are further than that for the WT. However, for chain-B, the distribution plots for 

WT-1T and V32I-2T shares the overlapping as compared to M46L-2T, which shows a wider 

values. From this study, it seems that for M46L-2T, the average flap tip to active site 

distances for both the chains is longer than WT-1T, making the active site volume little 

wider.

The distance between the flap tips (Ile50Cα and Ile50’Cα) and the catalytic aspartates 

(Asp25Cα and Asp25’Cα) for WT-1T, V32I-1T and M46L-1T HIV-1-pr/TMC114 shows 

that the distances in chain-A for all the three complexes are almost overlapped throughout 

the simulation with an average distance of 13.89, 14.05 and 14.05 Å, respectively, which are 

slightly shorter than those of double binding for the two mutants. For chain-B, this distance 

looks to be very stable and overlapped throughout the simulation (Figure S4b). The average 

distance for the three systems are 14.99, 14.85 and 14.92 Å with the respective SD of 0.33, 

0.33 and 0.33 Å. The only exception is in case of WT-1T around 6.7 ns, where the distance 

goes up to a range of 17Å. This data complement well with the deviations in flap-flap 

distance in the same region (around 6.7ns) as discussed earlier. The difference between the 

distances in double bound (2T) complex from that of single bound (1T) complex is that, the 

difference in average distance of chain-B in M46L-2T mutant by about 0.61 Å making the 

active site volume little wider than the WT-1T.

3.3.3. Flap tip–flap tip distances—The Ile50-Ile50’ distance was examined to 

investigate the relative motion of the flap tips. The difference between the double bound 

V32I-2T and M46L-2T/HIV-1-pr was found to be broader than that of the single bound 

V32I-1T and M46L-1T/HIV-1-pr mutants (Figure 7a). The mean distances (SD) are 5.92 Å 

(0.20 Å) for WT-1T and 5.85 Å (0.20 Å) for V32I-2T, and 6.39 Å (0.38 Å) for M46L-2T 

mutant, respectively. While considerable overlaps exist in the WT-1T and V32I-2T 

trajectories, the distance between the flap tips was recognized to fluctuate more in the case 

of M46L than in the WT and mutant V32I. It is clearly seen that, at around 4 ns the flap tips 

distance rises up to 8.60 Å in case of M46L-2T mutant. This is believed to be due to the 

curling in and out of the flap tips. Hence, the mean of the double bound M46L mutant 

structure is more (~0.5 Å) than the WT and V32I, suggesting that there is a floppy 

movement of flaps in M46L-2T as compared to WT-1T and V32I-2T/HIV-1-pr structures 

and probably make the active site volume larger. The frequency distribution plots for flap 

tipA–flap tipB distance in Figure 7b also clearly show that with respect to (I50–I50′) Cα 

distance, WT-1T and V32I-2T mutant assemble different types of conformations as 

compared with the M46L-2T mutant. For the M46L-2T mutant, the distribution has one 

peak around 6.4 Å, whereas for WT-1T and V32I-2T mutant, the peak locates around 5.8 Å, 

region. While significant overlaps exist in the three distributions, the distance between the 

flap tips was recognized to fluctuate more in the case of M46L-2T and it covers wider 

values as compared to WT-1T and V32I-2T HIV-1-pr mutant.

Figure S3 shows the time-series distance plot between the flap tip residues (Ile50 – Ile50’) 

for the three systems (WT-1T, V32I-1T, and the M46L-1T/TMC114 complexes), which 

have almost overlapped distances with average values of 5.92 Å, 5.82 Å, and 5.91 Å, 

respectively. The only exception is the fluctuations of the flap tip-flap tip distance in case of 

WT-1T around 6.7 ns, where the distance goes up to a range of 7-8Å. This is believed to be 
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due to the re-arrangement in the flap curling in the tips. Average flap tip distances suggest 

that the less movement of the flap tips makes the inner active site less opened and tighter 

binding of TMC114 to the protein. Like in our previous study,[7] the TMC114 complexed 

protein also has less movement in flaps. The difference in the flap tips distances for the 1T 

and 2T complexes remains mostly in case of M46L mutant, where the distance is ~0.5 Å 

higher in 2T than 1T, suggesting that the higher mobility of the flaps in 2T, even if an extra 

TMC114 bound on one of the flaps.

3.3.4. Analysis of the TriCa Angle—In order to explain the flap dynamics behavior of 

the protein, Scott et al. introduced the term flap curling [46] of the TriCa (G48Cα-G49Cα 

−I50Cα) angles involving the residues in the flap tip or nearby region. It is known that the 

flap curling in and out behavior makes the protein opened and closed states, respectively, in 

order to access the substrate/inhibitor. Rick et al. also have confirmed in their simulation 

studies that the curling behavior of flaps happens before the opening event.[47] We have 

calculated some of the angles in the flap region to describe about the flap dynamics. The flap 

dynamics of the inhibitor bound proteases can be further analyzed by the TriCa (Gly49-

Ile50-Gly51) Cα angles in the flap tip region for all three WT-1T, V32I-2T and M46L-2T/

HIV-1-pr complexes. Looking at the time-series plot for the TriCa angle in Figure 8a, we 

observed that the angles are seems to be overlapped for all the complexes except for around 

10 ns where the M46L-2T has visibly lower angular values and around 15-17 ns where 

V32I-2T has lower values. The trajectories are quite similar to the single bound structures. 

Analyzing the frequency distribution plot for the TriCa angle G48–G49–I50 (Figure 8c), it 

was found that the distribution of the angle for WT-1T and M46L-2T overlaps substantially; 

however, the V32I-2T distribution shows a difference as compared to the other two. The 

mean values of the TriCa angle for WT-1T (M46L-2T) trajectories are 140.31° (137.89°) 

and SD is 5.81° (7.94°), whereas for the V32I-2T the mean and SD are 143.13° and 5.32°. 

The mean values of WT-1T and M46L-2T are smaller than that of V32I-2T complex by ~3° 

and > 5°, which implies the more curling in of the flap tips in WT-1T and M46L-2T than the 

V32I-2T. However, the general pattern of the trajectories remains the same as of single 

bound HIV-1-pr complexes of the protein.

Diagnosing the frequency distribution plot (Figure 8d) for the other TriCa angle Ile50–

Gly51-Gly52, the distributions are almost overlapped for both the mutants and WT-1T, 

except for WT-1T, which have a second peak around 130°. The mean and SD of the TriCa 

angles for the V32I-2T (M46L-2T) distribution are 100.07° (99.22) and 7.02° (5.05), 

respectively, whereas for the WT-1T, the mean and SD are 103.97° and 9.79°. Therefore, 

the mean of the two distributions of V32I-2T and M46L-2T differ by 4° and 5° from that of 

the WT-1T. The time series plot (Figure 8b) also shows the higher fluctuations of WT-1T 

and V32I-2T structures as compared to M46L-2T structures.

3.4. Total Binding Free Energies

In order to get insights to the different contributions of binding free energy for double bound 

TMC114 with WT, V32I and M46L mutant, binding free energies were calculated for all the 

complexes using the MM-PBSA method. Contributions of the binding free energies of 

complexes WT-1T, V32I-2T and M46L-2T are summarized in Table 1 and Figure 9. As 
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shown in the figure and table, the calculated binding free energies of WT-1T, V32I-2T and 

M46L-2T complexes are −14.67, −11.25 and −10.78 kcal/mol, respectively, suggesting that 

the binding free energy of WT is higher than the V32I and M46L mutants. Overall, the 

calculated data is consistent with the sequence of the experimental affinity of WT (−15.20 

kcal/mol) [48], V32I and M46L (−11.6 and −11.3 kcal/mol) complexes. [27]

In accordance with the components of the binding free energy from Table-1, in all the three 

HIV-1-pr/TMC114 complexes, van der Waals and electrostatic energies in the gas phase 

provide the major favorable contributions to the inhibitor binding. Non-polar solvation 

energies (ΔGnp), resulted from the burial of TMC114 solvent accessible surface area, has 

also contributions to the binding energy a bit favorably. Conversely, polar solvation energies 

(ΔGpb) and entropy components create the considerably unfavorable contribution to the 

binding energy.

The binding affinities (ΔG) of V32I-2T and M46L-2T complexes decrease by 3.42 and 3.89 

kcal/mol with respect to the WT-1T complex, which suggests that both the mutants 

demonstrate drug resistance to TMC114 heavily. Comparisons of the free energy 

components between WT complex and the mutant complexes are carried out to explicate the 

mechanism behind the drug resistance (Figure 9). The non-polar solvation energies among 

the three systems are very small, indicating good packing of cavity region in all the systems. 

As compared with the binding components for 1T complexes in Table 2, the binding of the 

second ligand on the flap region considerably enhances the electrostatic as well as van der 

Waal's contributions in V32I-2T and M46L-2T. On the other hand, although the second 

binding also causes significantly unfavorable polar solvation energy (ΔGpb), it does enhance 

the enthalpy (ΔH = ΔEele + ΔEvdw + ΔGpb). However, the entropy penalty eventually 

compress the binding Gibbs affinities (ΔG = ΔH - TΔS) and trigger the drug resistance for 

the V32I and M46L mutations.

The binding free energies for all the single bound 1T complexes were also summarized in 

Table 2 and Figure S6. The calculated binding free energies (ΔG) of WT-1T, V32I-1T and 

M46L-1T complexes are −14.67, −12.43 and −11.12 kcal/mol respectively. The affinity of 

the mutation V32I-1T complex decreases by 2.24kcal/mol, and that of the M46L-1T 

decreases by 3.55 kcal/mol with respect to the WT-1T complex. Table 2 shows that the ΔH 

for the M46L mutant does not change much (−41.31 vs. −41.11 kcal/mol), and the decrease 

of binding affinity for the mutant is mainly attributed to entropy penalty (TΔS: 30.19 vs. 

26.44 kcal/mol); while for the mutant V32I the ΔH is even favorable than that of WT 

(−42.15 vs. −41.11 kcal/mol) mainly due to the ΔEvdw, yet the entropy penalty is still 

responsible for the binding affinity decrease. According to Tables 1 and 2, the binding Gibbs 

free energies for the binding of TMC114 with two mutants V32I and M46L at two sites (2T) 

are closer to the experimental results[27] than those binding at only active site (1T). Thus, 

the present all-atom molecular dynamics simulation results provide a theoretical evidence 

for the binding of TMC114 with V32I and M46L-HIV-1-pr at both active and flap sites. The 

binding of TMC114 with the flap region does result in higher ΔGtotal (more negative) for 

double bound complexes as shown in Table 1, and the lower binding Gibbs free energies ΔG 

(less negative) are due to entropy loss arising from the binding of TMC114 to the flap 

region.
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3.4.1. Analysis of the Structure-affinity relation—The inhibitor-protein interactions 

can be further studied from the structure-affinity relationship. The effect of mutations on the 

double bound TMC114 to the HIV-1-pr and its difference from the single bound TMC114 to 

the HIV-1-pr can be evaluated from the structure-affinity relation analysis. The 

decomposition of the inhibitor-residue pairs to create an interaction spectrum was shown in 

Figure 10.

It was found that the interaction spectra of three complexes for double bound TMC114 

structures are similar to each other like that of single bound structures (Figure S7). Overall, 

the major interaction comes from a few groups around Gly27/Gly27’, Ala28/Ala28′, Asp29/

Asp29’, Ile47/Ile47’, Gly49/Gly49′, Ile50/Ile50′ and Val82/Val82’ and Ile84/Ile84. These 

groups of interaction consist of 11 to 12 residues in total with the binding energy of more 

than 1.0 kcal/mol. However, the binding of the second ligand on one of the flap regions, 

induces more number of residues for the interaction. Residues like Pro44’, Lys55’, Arg57’ 

are primarily involved for the interaction in V32I-2T structures, and Trp42’, Pro44’, Lys55’, 

Val56’ and Arg57’ are involved for the M46L-2T structures. Figure 10 shows the 

decomposition of ΔG values on a per-residue basis into contributions from van der Waals 

(ΔEvdw), the sum of electrostatic interactions in the gas phase and polar solvation energy 

(ΔGpol = ΔEele + ΔGpb), and nonpolar solvation energy (ΔGnp) for residues with |ΔG | ≥ 1.0 

kcal/mol for all the three HIV-1-pr/TMC114 complexes. Furthermore, Figure S10 highlights 

the decomposition of ΔG on a per-residue basis for the protein–inhibitor complex in the 

double bound TMC114 showing the contributions from the backbone and side-chains of 

individual residues.

3.4.2. Effects of mutations on the binding affinity—The mutation V32I-2T has 

moderate direct contributions to the binding affinity of TMC114 with HIV-1-pr. According 

to TGBTOT in Table S2 and Figure 10, the V32I mutant directly increases the binding 

affinity by approximately −0.19 (Val32 to Ile32) and −1.05 (Val32’ to Ile32’) kcal/mol, 

which only accounts for 2.11% of the ΔGtotal. The increased van der Waals energy for the 

Ile32’ in chain-B is due to the increase in van der Waals contact from the flap bound 

TMC114 and structurally transformed flap-B residues. Indirect effects on the binding 

affinity of other local residues also exist in the active site. The mutation V32I leads to the 

decrease in binding contributions from four of the active-site residues Leu23 (−0.19 vs 

−0.85 kcal/mol); Gly27’ (−0.23 vs −0.76 kcal/mol); Ala28’ (−1.26 vs −2.22 kcal/mol ); and 

Asp29’ (−0.34 vs −1.17 kcal/mol for WT) and one active-site wall residue Ile84 (−1.29 vs 

−1.95 kcal/mol) in total about 3.64 kcal/mol, which is approximately 6.19% of the ΔGtotal 

and approximate 37% of the total loss. (Figure 10)

The mutation M46L-2T has little direct contributions to the binding affinity of TMC114 

with HIV-1-pr in the current study. Table S2 further shows that the M46L-2T mutant 

indirectly decreases the binding affinity by approximately 3.80 kcal/mol, of which 

approximately 59% of the total loss (by −2.25 kcal) comes from three residues Arg08’, 

(−0.75); Asp25’,(−0.82) and Glu35’ (−0.68) kcal/mol, which is accompanied by a 

substantial increase in interaction from the residues like Gly27, Ala28, Asp29, Trp42’-

Lys43’-Pro44’, Ile47’, Lys55’-Val56’-Arg57’. The mutation M46L leads to the decrease in 

binding contributions from one of the flap residues Ile47 also probably due to the loss in van 
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der Waal's contact between the residue and inhibitor. The distance between the side-chains 

of residue Ile47 to the O26 atom of TMC114 suggest a smaller (3.4 Å) one for WT-1T as 

compared to the mutants V32I-2T (4.7 Å) and M46L-2T (5.6 Å) (Figure 11a). The C–H···O, 

C-H···N interactions between the TMC114 and the flap residues (Ile47, Ile47′ and Ile50, 

Ile50′), and active site residues (Ala28, Ala28’ and Val32, Val32’) are shown in Figure 11a-

h.

3.4.3. Effects of flap bound TMC114 (TMC-flap) on the total binding affinity—It 

was observed that, with binding of the TMC114 (TMC-flap) at the flap region 

simultaneously with that of TMC114 (TMC-AS) bound at the active site of both the mutants 

(V32I-2T and M46L-2T), the overall binding energies from the contributing residues are 

increased (Figure S14). Basically the residues from the chain-B, namely Trp42’, Pro44’, 

Lys55’-Val56’-Arg57’ and Val82’ shows enhanced binding energies. Most of these residues 

directly interact with TMC-flap and thereby increase the binding energy through C-H···O or 

C-H···π interactions. Residues interacting with the TMC-flap and TMC-AS for both the 

mutants in their single and double bound form are shown in Figure S11 and S12. It was also 

observed that, binding of TMC-flap may also induce the binding of other residues, which 

essentially interact with the TMC-AS. Taking example of Ile32’ in the V32I-2T mutant, we 

found that the mutated residue (Val32’ to Ile32’) in chain-B has substantial contribution 

(−1.72 kcal/mol) to the ΔGtotal, but not from the residue (Ile32) in chain-A. This may be 

possibly due to conformation change upon the binding of TMC114 with chain-B flap. 

However, the possible contribution from the longer side-chain of Ile32’ as compared to 

Val32’, can't be ruled out.

It was also observed that, for V32I-2T, binding of the TMC-flap is mainly due to the van der 

Waals effect of Arg57’ and Lys55’, but the sum of electrostatic interactions and polar 

solvation energy (Ele + GB), from Arg57’ is the highest unfavorable contribution as shown 

in Figure S14 and Table S2. For M46L-2T, van der Waals effect dominates over the (Ele + 

GB) from residues Trp42’, Lys55’ and Arg57’ towards the contribution.

However, apart from the binding energy increase in individual residue contributions from 

the flap region, the mutant systems have significant unfavorable entropic contributions. For 

V32I-2T, the entropy contribution (−TΔS) reaches to 48.41 kcal/mol while as for V32I-1T it 

is only 27.85 kcal/mol. Similarly M46L-2T also has significantly higher unfavorable 

entropic contribution as compared to M46L-1T (45.63 kcal/mol vs. 27.40 kcal/mol). This 

reflects that, although the binding energy from the residues interacting to TMC-flap 

enhances individual contribution, the total gain in the binding free energy is negative and 

marred by the larger unfavorable entropies for both double bound TMC114/HIV-1-pr 

mutants.

4. Conclusions

We explored the effects of mutations (V32I and M46L) on the binding efficiency of the 

inhibitor TMC114 in its single bound form to the active site alone and double bound form to 

the cavity of active site in addition to one of the flap region. The primary intention was to 

differentiate the binding affinity of TMC114 for the single and double bounds. Secondary, 
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we would check the effects of mutations on both single and double bound TMC114/HIV-1-

pr complexes. A 20 ns long simulation was performed for each complexes and the free 

energy of binding of ligand to the protein was calculated with the MM-PBSA method. It was 

observed that, the binding free energies are unfavorable for M46L and V32I mutants in their 

single TMC114 and double TMC114 bound form as compared to WT. The mutants V32I 

has both direct and indirect effects on the binding affinity, however the mutant M46L elicits 

primarily indirect towards the resistance. For the single bound, the entropy penalty is mainly 

responsible for the decrease of binding affinity for both the mutant V32I and the mutant 

M46L. For the double TMC114 bound mutants (V32I-2T and M46L-2T), the resistance is 

mainly due to the higher entropic contributions. The binding Gibbs free energies for the 

binding of TMC114 with two mutants V32I and M46L at two sites (2T) are closer to the 

experimental results than those binding at only active site (1T), which provides a theoretical 

evidence for the binding of TMC114 with V32I and M46L-HIV-1-pr at both active and flap 

sites. It was also conclude that, binding of the inhibitor (TMC114) in the flap region doesn't 

help much in the total gain in binding affinity of the system, which agrees with experimental 

result. The current article also deals with the quantitative and mechanistic validation of 

mutational effect from a complete analysis of the structure-affinity relationship.
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Highlights

❖ Provide theoretical evidence for the binding of TMC114 on the flap region of the 

HIV-1-pr mutants ( M46L and V32I);

❖ Interpret drug resistance mechanism for the mutants M46L and V32I in spite of 

the second binding of TMC114 on the flap region;

❖ Compare the effect on the flap dynamics and binding affinity for the sole binding 

and two site binding of TMC114;
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Figure 1. 
Structure of HIV-1-pr complexed with TMC114. HIV-1-pr is shown in magenta and green 

ribbons for chain-A and chain-B respectively. The sites of mutation are indicated by ball and 

stick representation for V32I and M46L. The R-enantiomeric TMC114 (TMC # 1) is bound 

in the active site. Whereas the S- enantiomeric TMC114 (TMC # 2) is bound to the surface 

of one of the flexible flaps. Important regions of the HIV-1-pr like flap, flap elbow, fulcrum 

and cantilever are also shown. Crystallographic water molecules are shown as red tiny 

spheres around the protein.
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Figure 2. 
Molecular structure of the inhibitor TMC114. The moiety bis-THF is labeled with a square 

bracket in color pink.
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Figure 3. 
Structures of the two enantiomers of TMC114 (R-enantiomer: bound in the active site 

cavity) and (S-enantiomer: bound in the flap region). The moieties in the box are related by 

reflection in a mirror and can be obtained by inversion of the sulfonamide nitrogen.

Meher and Wang Page 21

J Mol Graph Model. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
Root-mean-square-displacement (RMSD) plot for backbone Cα atoms relative to their initial 

minimized complex structures as a function of time. The plot shows the RMSD of Cα atoms 

for the singly bound TMC114 to the active site region of the HIV-1 protease (WT-1T) and 

doubly bound TMC114 to the active site and flap region of HIV-1 protease mutants 

(V32I-2T and M46L-2T).
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Figure 5. 
Difference of RMSF values from molecular dynamics (MD) simulation for WT and mutant 

HIV-1-pr simulations (mutant RMSF – WT RMSF). The residues with absolute difference 

larger than 0.50 Å are labeled by two cutoff dashed black lines.
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Figure 6. 
Time series plot of (a) the Ile50-Asp25 Cα distances, (b) the Ile50’-Asp25’ Cα distances of 

the WT-1T, V32I-2T mutant and M46L-2T mutant HIV-1-pr. (c) Histogram distributions of 

Ile50-Asp25 distance; and (d) histogram distributions of Ile50’-Asp25’ distance for WT-1T, 

V32I-2T mutant and M46L mutant HIV-1-pr simulation.
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Figure 7. 
(a) Time-series plot and (b) frequency distribution plot for the distance between the flap tip 

(Ile50-Ile50’) Cα atoms for the double bound TMC114 to HIV-1-pr mutants and single 

bound to WT.

Meher and Wang Page 25

J Mol Graph Model. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8. 
(a & b) Time series plots; and (c & d) frequency distribution histograms for the TriCa 

angles (Gly48-Gly49-Ile50), (Ile50-Gly51-Gly52) for the three systems (WT-1T, V32I-2T 

and M46L-2T).
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Figure 9. 
Energy components (kcal/mol) for the binding of TMC114 to the WT-1T, V32I-2T and 

M46L-2T: ΔEele: Electrostatic energy in the gas phase; ΔEvdw: van der Waals energy; ΔGnp: 

non-polar solvation energy; ΔGpb: polar solvation energy; ΔGpol=ΔGele + ΔGpb; TΔS: total 

entropy contribution; ΔH = ΔEele + ΔEvdw + ΔGnp+ΔGpb; ΔG = ΔH - TΔS.
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Figure 10. 
Decomposition of ΔG on a per-residue basis for the protein–inhibitor complex: (a) WT-1T, 

(b) V32I-2T, and (c) M46L-2T. Residues contributing from the TMC114 bound to flap 

(TMC-flap) are shown in solid green lines.
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Figure 11. 
C–H···O and C-H···N interactions between the TMC114 and the flap residues (Ile47, Ile47′ 

and Ile50, Ile50′), active site residues (Ala28, Ala28’ and Val32, Val32’). TMC114 in sticks 

is colored by the atom type, and residues are shown as lines (green, WT-1T; pink, V32I-2T; 

cyan, M46L-2T).
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Table 1

Binding free energy components for the HIV-pr/TMC114 complex for double bound (2T) by using the MM-

PBSA method calculated from 50 snapshots extracted from 11th-20th ns.
a

Component
b WT-1T V32I-2T M46L-2T

Mean Std
c Mean Std

c Mean Std
c

ΔEele −43.54 5.32 −73.50 5.95 −63.13 8.09

ΔEydw −64.64 4.13 −88.25 3.99 −93.41 5.28

ΔEint 0.00 0.00 0.00 0.00 −3.14 1.63

ΔGnp −6.93 0.10 −9.69 0.21 −10.41 0.36

ΔGpb 74.01 3.03 113.82 6.28 112.38 8.22

ΔGpol 30.46 3.73 40.32 4.49 51.24 5.54

ΔH −41.11 3.93 −57.62 4.12 −55.71 5.49

-TΔS 26.44 7.53 46.37 8.47 44.93 8.86

ΔG −14.67

−15.33
d

8.49
6.11

−11.25 9.41 −10.78 10.42

Δ Gexp −15.20
e

−13.20
f

−11.6
g

−11.3
g

a
All values are given in kcal/mol.

b
Component: ΔEele, electrostatic energy in the gas phase; ΔEvdw, van der Waals energy; ΔGnp, nonpolar solvation energy; ΔGpb, polar solvation 

energy; ΔGpol=ΔEele + ΔGpb; TΔS, total entropy contribution; ΔH = ΔEele + ΔEvdw + ΔGpb+ ΔGnp; ΔG = ΔH – TΔS.

c
Standard error of mean values.

d
Meher and Wang 2012. [7]

e
King et al. 2004.[48]

f
Kovalevsky et al. 2006.[4]

g
Kovalevsky et al. 2006.[27]
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Table 2

Binding free energy components for the HIV-pr/TMC114 complex for single bound (1T) by using the MM-

PBSA method calculated from 50 snapshots extracted from 11th-20th ns.
a

Component
b WT-1T V32I-1T M46L-1T

Mean Std
c Mean Std

c Mean Std
c

ΔEele −43.54 5.32 −42.04 4.79 −42.05 3.78

ΔEvdw −64.64 4.13 −66.54 3.10 −64.71 2.50

ΔEint 0.00 0.00 0.42 1.32 0.00 0.00

ΔGnp −6.93 0.10 −6.97 0.15 −6.96 0.11

ΔGpb 74.01 3.03 72.99 4.23 72.41 3.39

ΔGpol 30.46 3.73 30.94 4.13 30.35 2.18

ΔH −41.11 3.93 −42.15 4.35 −41.31 3.72

-TΔS 26.44 7.53 29.72 9.28 30.19 9.42

ΔG −14.67

−15.33
d

8.49
6.11

−12.43 10.24 −11.12 10.12

Δ Gexp −15.20
e

−13.20
f

a
All values are given in kcal/mol.

b
Component: ΔEele, electrostatic energy in the gas phase; ΔEvdw, van der Waals energy; ΔGnp, nonpolar solvation energy; ΔGpb, polar solvation 

energy; ΔGpol=ΔEele + ΔGpb; TΔS, total entropy contribution; ΔH = ΔEele + ΔEvdw + ΔGpb+ ΔGnp; ΔG = ΔH – TΔS.

c
Standard error of mean values.

d
Meher and Wang 2012. [7]

e
King et al. 2004.[48]

f
Kovalevsky et al. 2006.[4]
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