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Abstract

Hepatitis C virus (HCV) currently affects several million people across the globe. One of the 

major classes of drugs against HCV inhibits the NS3/4A protease of the polyprotein chain. 

Efficacy of these drugs is severely limited due to the high mutation rate that results in several 

genetically related quasispecies. The molecular mechanism of drug resistance is frequently 

deduced from structural studies and binding free energies. However, prediction of new mutations 

requires the evaluation of both binding free energy of the drug as well as the parameters (κcat and 

KM) for the natural substrate. The vitality values offer a good approach to investigate and predict 

mutations that render resistance to the inhibitor. A successful mutation should only affect the 

binding of the drug and not the catalytic activity and binding of the natural substrate. In this 

article, we have calculated the vitality values for four known drug inhibitors that are either 

currently in use or in clinical trials, evaluating binding free energies by the relevant PDLD/S-LRA 

method and activation barriers by the EVB method. The molecular details pertaining to resistance 

are also discussed. We show that our calculations are able to reproduce the catalytic effects and 

binding free energies in a good agreement with the corresponding observed values. Importantly, 

previous computational approaches have not been able to achieve this task. The trend for the 

vitality values is in accordance with experimental findings. Finally, we calculate the vitality values 

for mutations that have either not been studied experimentally or reported for some inhibitors.
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INTRODUCTION

Liver disease caused by the infection of hepatitis C virus (HCV) is a serious problem that 

currently affects approximately 180 million people worldwide.1–4 HCV translates its genetic 

information to form a polyprotein with around 3000 amino acids which consists of four 

structural proteins—C, E1, E2, and p7—and six nonstructural proteins—NS2, NS3, NS4A, 

NS4B, NS5A, and NS5B.5,6 Drugs that are currently used to inhibit HCV replication target 

three viral proteins; NS3/4A (protease), NS5B (RNA dependent RNA−polymerase) and 

NS5A (phosphoprotein).7 A recent drug, Epclusa, approved by the FDA for the treatment of 

all genotypes of HCV, is administered as a combination of sofosbuvir (NS5B inhibitor) and 

velpatasvir (NS5A inhibitor) along with ribavarin (nucleoside inhibitor). NS3 is a 

bifunctional protein comprising of a C-terminal helicase domain and an N-terminal protease 

domain.8 The protease domain cleaves the viral protein at four junctions (3−4A, NS4A

−NS4B, NS4B−NS5A, and NS5A−NS5B) and its enzymatic activities are modulated by the 

NS4A cofactor. Representative mechanism of the NS3/4A protein, which is generally similar 

to that of proteases, is depicted in Scheme 1. The reaction begins with the proton abstraction 

by His57 from Ser139, which is proceeded by the nucleophilic attack of the deprotonated 

Ser139 on the carbonyl group. These two steps can also occur in a concerted manner. The 

final step involves the cleavage of the CO−NH amide bond and a simultaneous proton 

transfer from protonated His57 to the departing NH group. The processing by the protease is 

absolutely essential for viral replication and thus its inhibition serves as an attractive area of 

research in other viral proteins such as HIV, dengue, etc. All the various drugs against HCV 

that are either approved (telaprevir, boceprevir, paritaprevir, simeprevir, and grazoprevir) or 

in the clinical trial phase (asunaprevir, vaniprevir, danoprevir, sovaprevir, etc.), target the 

serine protease.

While the development of protease inhibitors since the use of the first inhibitor (ciluprevir) 

has been impressive,9 there are still several challenges that need to be addressed to design 

effective drugs against all genotypes. HCV has a high mutation rate that results in the 

formation of quasispecies that are genetically different but constitutes related variants. The 
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ease of mutations not only renders several drugs ineffective, but also poses a great challenge 

in developing a single efficient inhibitor.10,11 While some of the mutations are specific to a 

particular drug, the problem is further aggravated by those mutations that affect a range of 

drugs rendering them ineffective over a course of time. In several cases, resistance is 

observed only within a few days of treatment resulting in a loss of several years of effort. 

Thus, the current challenge is to develop drugs that can retain their efficacy not only against 

one variant but several of them and obstruct the development of resistance.12,13 This requires 

a detailed understanding of factors that affect the binding of the drug without affecting the 

interaction with the natural substrate.

Different approaches have been used to study the mutations that render resistance to the 

drug.14 Schiffer and co-workers have investigated the molecular basis for resistance in 

several inhibitors using the substrate envelope approach.15−17 This approach focused on the 

interaction of the drug with other residues that protrude away from the substrate envelope 

and affect the binding especially in the case of mutants. Such residues are assumed to affect 

only the binding of the drug and not of the substrate, thereby rendering the drug ineffective 

against the mutations. Another approach used by different groups involves the 

decomposition of binding free energies and identifying residues that have a major 

contribution.18−22 In most of these studies, the calculated binding free energies show an 

enormous deviation from the experimental values. Moreover, the study of binding energies 

alone does not provide a complete understanding of drug resistance. An effective approach 

toward the drug resistance problem seems to be offered by considering the so-called 

“vitality” that gives the correlation between the catalytic efficiency of a key enzyme of the 

pathogen (kcat/KM) and the corresponding inhibition (Ki).23 A successful mutation for the 

pathogen would be the one that exhibits a minimal change in kcat/KM with respect to the 

wild-type (WT), thereby not decreasing its enzymatic activity. In other words, the pathogen 

should be able to retain its catalytic efficiency toward the natural substrate while 

simultaneously decreasing the binding energy of the inhibitor. We have previously used this 

approach to reproduce the vitality values for HIV-protease with several inhibitors including 

ritonavir, saquinavir, etc.24,25 The vitality value can be defined as:

γ = Ki kcat /KM (1)

Expressing it in terms of the drug and TS binding free energies of the mutant and WT leads 

to eq 2. More details can be found in the Supporting Information and ref 24

ln γm/γWT =
ΔΔGbind

WT m(drug) − ΔΔGbind
WT m(TS)

RT (2)

where WT and m represent the native and mutant protein, respectively.

In deriving eq 2 we used the fact that kcat, KM, and Ki are related to the binding free energy 

as shown in the following equations:
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kcat = kBT /h e
−Δgprotein

‡ /RT
(3)

Ki = e
− ΔGbind(drug) / RT

(4)

KM ≈ e
− ΔGbind(RS) / RT

(5)

The crystal structures of the complex of the WT protein and the natural substrate, along with 

residues whose mutations are important, are shown in Figure 1. Generally two different 

mechanisms are proposed for drug resistance; direct resistance where the mutated residue 

has direct contacts with the inhibitor and indirect resistance where the inhibitor does not 

interact directly with the mutated residue. Previous studies based on molecular dynamics, 

binding free energies calculations and structural analyses have revealed similar factors 

responsible for drug resistance in mutated proteins.15,18,20 For instance, the R155Q 

mutation, results in loss of electrostatic interaction with D168, which consequently weakens 

its interactions with the P2 moiety of the inhibitor. A156T has a different effect as it results 

in steric interactions of the bulkier Thr with the inhibitor. D168A mutation leads to loss of 

electrostatic interactions with both R155 and R123, resulting in a cascading effect that 

weakens the interactions of R155 with the inhibitor. It should be noted that for different 

inhibitors, structural variations (aromatic moiety at P2 position or, presence of a macrocyclic 

ring etc.) may result in varying interactions with the protein. Thus, each of these inhibitors 

will not induce the same degree of resistance against different mutations.

In our approach, we first calculated the activation barriers that determine kcat, using our 

empirical valence bond (EVB) method for the WT and the mutants with the native substrate. 

This was followed by the estimation of binding free energies of four protease inhibitors 

(telaprevir, danoprevir, vaniprevir, and asunaprevir) which are shown in Figure 2, with both 

native and mutant proteins. The vitality values were then evaluated for mutations that are 

known to result in drug resistance.

COMPUTATIONAL METHODS

To begin our calculations we took the crystal structure of the apo protein (pdb code: 

1DXP)26 in a dimeric form, bound to an inhibitor. Because of the absence of a crystal 

structure for NS3/4A protease with the substrate, we generated the protein substrate complex 

adopting the approach used earlier by Martinez and co-workers.27 The coordinates of a 

monomeric unit without the inhibitor were taken for further studies. To build the substrate 

that corresponds to the NS5A/NS5B junction, the catalytic residues (His57, Ser139, and 

D81) were aligned with the residues of chymotrypsin (1ACB). The crystal structure of 
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chymotrypsin is bound to an eglin c substrate from which the P6−P4′ segment 

(GSPVTLDLRY) was taken and modeled into the active site of 1DXP. The P6−P4′ 
sequence from the NS5A/5B is EDVVCCSMSY and therefore the sequence obtained from 

the eglin c substrate was mutated to get the right sequence. This was followed by energy 

minimization of the substrate, while constraining the rest of the protein and the 

corresponding structure was used for all further calculations. It should be noted that proper 

positioning of the substrate in the active site is an important factor. However, sufficient 

relaxation and comparison to protein-inhibitor complexes ensures that the effect on 

calculated barriers and binding free energies is minimized. Standard conditions (T = 300 K) 

were used for the calculations of activation free energies and binding free energies.

Empirical Valence Bond (EVB) Calculations.

We started by simulating the mechanism for the reaction of NS3/4A protease, shown in 

Scheme 1. This was done using our EVB approach28−30 and the corresponding energies 

were calculated using the FEP/US sampling.31 The calculations were performed using 

MOLARIS software with the polarizable ENZYMIX force field.32 The electrostatic 

potential charges (ESP) charges for the two diabatic states that represent the reactant and 

product were calculated according to the Merz− Singh−Kollman scheme33,34 using the 

B3LYP level of theory at the 6–311+G** basis set with Gaussian09 software.35 The EVB 

region shown in Figure 3 was treated as the center of the system which was immersed in an 

18 Å water sphere using the surface constrained all atom solvent (SCAAS) model.36 The 

local reaction field (LRF) was used to treat the long-range effects.37 All water molecules 

were generated using MOLARIS. The protonation states of the ionizable residues were 

determined by calculating the pKa using our CG (coarse grained) MCPT (Monte Carlo 

proton transfer) module in MOLARIS. Further, residues that lie within 10 Å from the center 

of the EVB region were kept in their ionization state and included in the EVB calculations. 

The corresponding effect of the distant ionizable residues was determined using a large 

dielectric constant. We began our simulations by first relaxing the system using slow heating 

from 30 to 300 K for around 100 ps using a time step of 1 fs. Three different staring 

structures were generated from this relaxation and were further used for the FEP simulation 

which involved 41 frames where each frame was simulated for 30 ps with a time step of 1 fs. 

The mutants were generated using MOLARIS and a similar method of relaxation was 

performed before carrying out the EVB simulations. The reaction was first simulated in 

solution phase to calibrate the EVB parameters. The activation barriers needed for 

calibrating the energetics of the reaction in water were taken from a previous very careful ab 

initio.38 The specific EVB parameters and further details regarding the EVB approach used 

for the simulation are provided in the Supporting Information. Molecular graphics images 

were constructed using UCSF Chimera package 1.10.2.39

Binding Free Energy Calculations.

The binding free energies were calculated using the Protein Dipole Langevin Dipole method 

within its semimacroscopic-linear response approximation (PDLD/S-LRA)40,41 with the LIE 

non polar term (PDLD/S-LRA/β).42 In the simulation system, the water molecules except 

those that are treated explicitly are replaced by Langevin dipoles. This method has been 
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previously established to give a reliable estimation of the binding free energies. These 

calculations were performed using the POLARIS module in MOLARIS.40

We started our calculations by taking the initial coordinates from RCSB protein data bank 

for danoprevir (PDB codes 3M5L,15 3SU2,43 3SU1,43 3SU043); telaprevir (PDB code 3SV6, 

3SV9, 3SV8, 3SV7);43 vaniprevir (PDB code 3SU3, 3SU6, 3SU5, 3SU4)43 bound to the 

WT, A156T, D168A, and R155K mutant of NS3/4A protease, respectively. For asunaprevir 

ligand, the crystal structure was only found for the WT (4WF8) and one of the mutants: 

R155K(4WH6).16 The substrate−protein complexes were generated using the protocol as 

described above for the EVB calculations. For all other mutations, structures were generated 

using the UCSF Chimera 1.10.2.39 The rotamer conformations were taken from Dunbrack 

Rotamer library44 and the conformation with highest probability was selected. We further 

checked clashes/contacts between the mutated residue and rest of the protein to remove the 

clashes by manual dihedral rotation. The missing residues in the initial structure file were 

generated using Modeller-9.16.45 The crystal water molecules and other ions except Zn2+ 

were removed before molecular dynamics relaxation. All hydrogen atoms and water 

molecules were generated using MOLARIS. The ESP charges for the ligands were 

determined using the protocol described above. Furthermore, restrained electrostatic 

potential method (RESP) was used to obtain more reliable partial charges.46 The RESP 

calculations were performed by using the antechamber program of AmberTools16.47 The 

initial structures were equilibrated using a similar approach as described above for EVB 

runs.

In order to obtain reliable binding results, it is important to consider realistic configurations 

of the water molecules. For instance, this is important in studies of ligand-binding, selective 

ion transport in ion channels, proton transportation in membrane proteins, and pKa 

calculations for deeply buried residues depend strongly on the water penetrations. Here we 

use our powerful water flooding technique that has already been proven to be effective in 

challenging cases.48

In this approach, we generate many trial configurations with excess number of internal 

waters and calculate the electrostatic energies of the structural waters using the LRA 

method. Subsequently, we run a post processing Monte Carlo (MC) to select the minimum 

energy configuration with the right number of internal waters. The free energy of insertion 

for the mth generated configuration is calculated using the following equations:

U′(m) = ∑
i(m(p))

ΔGi
p − ΔGw δi(m)

+ ∑
i(m(p))

∑
j(m(p)) < i(m(p))

ΔGi j
pδi(m)δ j(m)

(6)

where the function δi(m) represents the occupancy of the water sites in the current mth 

configuration. δi(m) is 1 when the ith site is occupied and zero otherwise. w and p, represent 

water and protein, respectively. ΔGp
ij represents the interaction between the water molecules 
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at the ith and jth sites and ΔGp
i − ΔGw  is the change in free energy of system on moving a 

water molecule from water to protein. The terms in eq 6 are given by

ΔGi = 1
2 Uq

i − U0
i

Uq
+ β Uvdw

i
Uq

ΔGi = 1
2 ∑

k ∉ WAT
Uq

ik − U0
ik

Uq
+ β Uvdw

i
Uq

,  where i  ∈ WAT
(7)

ΔGi j = 1
2 Uq

i j − U0
i j

Uq
+ ΔGins, 0

i j ,  where i, j ∈ WAT (8)

Ui
q and Ui

0 denote the total solvation energy (self-energy) of the ith water molecule and the 

subscript q denotes the charge distribution on atoms of a water molecule. The angular 

bracket denotes the ensemble average obtained by propagating trajectories over the polar 

state of the water. The first term in eq 7 is calculated by the linear response approximation 

(LRA) electrostatic term,41 while the second term is the linear interaction energy (LIE) 

approximation9,41,49 for the non polar contribution for the water insertion energy. eq 8 

denotes the total pairwise interaction energy between all ith and jth pair of water molecules, 

where Uij
q is the pairwise interaction energy between a pair of i−j and q corresponds to the 

charge on the atoms of water. The last term in eq 8 denotes the pairwise term of nonpolar 

interaction energy. In principle we can use instead of the LIE, the very expensive free energy 

perturbation (FEP) calculation, where the nonpolar water molecule has to be converted to 

dummy atoms to compute the energies (see ref 41), in order to obtain the free energy of 

creating a cavity for a particular water molecule. This free energy term is similar to the 

nonpolar contribution to binding free energy for drug− protein complex, where in the former 

case it resembles a cavity-water complex. It has already been shown (e.g., ref 50) that LRA 

is a very reasonable approximation for FEP in the calculation of the polar part of the water 

“uncharging” free energy. Thus, we believe that in the present case (when the non polar 

contribution is small) the LIE+LRA should be a good approximation.

After calculating the above energy terms for all water molecules, a MC selection procedure 

was run to select the lowest energy configuration (see Figure 5 of ref 48). The final 

structures obtained from water flooding calculations were used to calculate binding energies.

RESULTS AND DISCUSSION

In the initial step of the calculations we evaluated the activation free energies of the 

enzymatic reaction considering the mechanism shown in Scheme 1. This mechanism is 

reminiscent of serine proteases and is studied using EVB simulations.38,51−53 The catalytic 

triad comprises of Ser139, His57, and Asp81 as shown in Figure 1. The mechanism for the 

peptide bond hydrolysis can be considered as involving two different steps; formation of the 

tetrahedral intermediate and cleavage of the peptide bond. Further, the nucleophilic attack 

involves a proton transfer from Ser139 to His57 resulting in the formation of a deprotonated 
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Ser139 which subsequently attacks the carbonyl carbon leading to the tetrahedral 

intermediate. This is followed by collapse of the tetrahedral intermediate that involves 

cleavage of the peptide bond to yield the final products.

The formation of the tetrahedral intermediate is usually regarded as the rate-determining step 

and therefore we have primarily focused on the nucleophilic step as a two-step process. In a 

recent study, both nucleophilic attack and the cleavage of the peptide bond in the tetrahedral 

intermediate were proposed to occur in a concerted manner.27 However, in the present case, 

we are interested in the relative energies of the mutants with respect to the WT and therefore 

consideration of the stepwise pathway is sufficient. The reaction is also modeled in water to 

calibrate the EVB surface in protein. The stepwise mechanism is able to reproduce the 

experimental values54,55 in good agreement (Figure 4) and therefore provides credence to 

our calculations.

It should be noted that the controversy regarding stepwise vs concerted mechanisms in 

serine proteases is far from solved. Subtle changes in the environment of the active site 

might lead to different results and in the current article; we do not intend to pursue this, 

although our calibration is based on arguably the most careful study.38 The results for all the 

mutants and WT are given in Table 1 and it can be seen that the free energy of activation 

does not change appreciably on moving from the WT to mutants which is consistent with the 

trend observed in the experimental values.

Next, we determined the binding free energies of the natural substrate to the WT and the 

mutant proteins. It can be clearly seen from Table 2 that the calculated energies correlate 

well with the experimental binding free energies. Additionally, as expected the binding free 

energies for the mutants do not differ significantly in comparison to the WT protein. Thus, 

these mutations do not affect the substrate binding and therefore when the drug becomes 

resistant to the mutated protein, the enzyme continues to function with its natural substrate.

In the next step we moved on to the calculations of the binding free energies of the drugs 

when bound to the WT and its mutants (Table 3). As can be seen from Figure 5, the binding 

free energies are in good agreement with the experimental values.54,56 Though our 

calculations yield values that are reasonably good, certain subtle effects that can further 

reduce the error can only be captured by using extensive and computationally expensive 

methods such as the FEP method. It should be noted that earlier studies for HCV protease 

were not able to reproduce the experimental observations even in a qualitative agreement.
18,19 In these studies, the popular molecular mechanics PB surface area (MM/PBSA) model 

and the related molecular mechanics-generalized Born surface area (MM/GBSA) were used. 

These models are apparently an inconsistent adaptation of the earlier PDLD/S-LRA idea of 

MD generated configurations for implicit solvent calculations, calculating the average over 

the configurations generated with the charged solute alone. More importantly, these models 

use εp = 1 without sufficient relaxation, which results in an overestimation of the interaction 

between ionized groups. It also uses a vdW term that compensates for error in other terms 

(see ref 42 for a detailed analysis).
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The conformations obtained from our binding energy calculations show that R155 is in close 

proximity to D168 and can form a strong ion-pair interaction as shown in Figure 6(a) for 

danoprevir. These interactions can also extend to D81 and R123 depending upon their 

suitable orientation. For instance, in the case of danoprevir inhibitor, the orientation of D168 

further allows for an additional interaction with R123. This ion-pair interaction 

(D168−R123) becomes more prominent when R155 is mutated to LYS or GLN a shown in 

Figure 6(b).

In some cases, ionization of a specific residue affects the internal water environment and as a 

consequence, the calculated binding free energy. For instance, we have seen that K136 as 

shown in Figure 6a has a considerable effect on the binding of asunaprevir, danoprevir, and 

vaniprevir inhibitors. The probable reason can be due to the orientation of the side chain 

toward the acyl sulfonamide group of the inhibitors. Previous reports have suggested H-

bonding interactions with the oxygen of the sulphonamide group.57 Ionizing K136 has a 

pronounced effect on the binding free energy of the drugs with the WT protease. In the un-

ionized form, the energy increases by 1.5 kcal/mol. In the case of substrate−protein 

complex, it was observed that the ionization of residue R123 has a significant effect on the 

binding free energy. It interacts with a conserved Glu residue at the P6 position of the 

substrate group. Interestingly, the ionization of this residue has no effect on drug−protein 

binding.

We also looked at the group contributions of the residues involved in the binding of the 

substrate and the inhibitors for WT and the mutants. An interesting feature that emerges is 

the contribution of H57 as a residue that has a positive effect on binding free energy for all 

systems except in the case of inhibitor telaprevir. Specifically, the contribution of H57 in 

R155Q and A156T shows a negative effect, implying that these mutations result in a weaker 

binding of H57 with the inhibitor. The α-ketoamide group in telaprevir makes hydrogen 

bonding interaction with H57 as shown in Figure 7(a) (2.53 Å) and the interaction energy 

decreases with above-mentioned mutations (Figure 7b). The importance of D168 in all 

inhibitors except telaprevir is clearly seen by a decrease in the binding free energies with 

D168A and D168V mutations. In the case of telaprevir, the effect of H57 is found to have a 

positive effect on the drug binding for D168V/A mutation by retaining its H-bond (Figure 

7c, 2.78 Å) with α-ketoamide group. Thus, it can be concluded that H57 plays an extremely 

important role in the binding of telaprevir.

In the wild type vaniprevir−protein complex, water mediated H-bonding between Asp168 

and Arg155 is observed which leads to a few structural changes. Arg155 moves closer to 

Asp81, and Asp168 moves toward Arg123. The water mediated hydrogen bonding network 

extends up to His57 which also forms a H-bond with the NH group of the sulphonamide 

group of the inhibitor as shown in Figure 8a. Thus, we observe remarkably high binding 

affinity of vaniprevir to WT protein. In the case of A156T mutation, Arg155 group moves 

away from the isoindole group of the inhibitor and partially loses its interaction. Because of 

this mutation, the Arg155−Asp81 interaction is weakened and the overall water mediated 

hydrogen bonding network is disrupted (Figure 8b). Surprisingly, for the D168A mutation, 

Arg155 forms water mediated hydrogen bonding with Asp81, instead of a direct H-bond. 

The lower bulk of alanine in the D168A mutant probably allows R155 to retain the 
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interaction with the isoindole group of vaniprevir (Figure 8c). However, the loss in H-

bonding interaction with R123 and R155 results in a weaker binding.

Encouraged by the above findings, we calculated the vitality values using our calculated kcat, 

KM and Ki values and substituting them in eqs 1 and 2. The trends observed are consistent 

with experiments and our approach successfully reproduces the vitality values (Table 4 and 

Figure 9).

Furthermore, we studied three additional mutations (S138T, Q41R, and F43V) that can 

confer resistance to binding for drugs that are currently in clinical trials (asunaprevir, 

danoprevir, and vaniprevir). Although some of these mutations have been previously 

suggested for a few inhibitors (telaprevir and danoprevir),58−60 the lack of KM and kcat 

values prompted us to investigate them using the vitality approach. Some interesting trends 

emerge from this study (Tables 5 and 6). For instance, mutation of residue S138, which is 

very close to the catalytic site, does not seem to affect the kcat and KM with respect to the 

WT (Table 5). Additionally, according to our calculations this mutation will result in 

resistance against asunaprevir and vaniprevir. Previous experiments have shown it to be 

resistant against danoprevir as well.60 The Q41R mutation does not seem to affect 

asunaprevir binding. F43V is a borderline case as seen from binding for all drugs and 

previous studies have shown that it marginally affects the binding of danoprevir and 

telaprevir.58,60 Several groups have delineated the mechanism of action of these inhibitors 

and their resistance to certain mutations. However, prediction of mutations that will confer 

drug resistance requires a systematic study of both the catalytic mechanism and the binding 

free energies.

In this present study we have shown that the vitality values can provide a good start to 

predict mutations. To illustrate our approach, we successfully calculated the vitality values 

that are found to be in good agreement with the relevant experimental values.

CONCLUDING REMARKS

Our approach for the calculation of activation barriers, binding free energies and vitality 

values not only reproduces experimental trends, but provides a fast way to evaluate these 

quantities. A typical EVB calculation takes around 31 h and binding free energy takes 20 h 

on an Intel Xeon (R) based compute node E5-2670v3 equipped with 16 GB RAM using a 

single processor. Furthermore, calculations for different mutations and inhibitors can be 

done simultaneously. The EVB calculations are probably as reliable as they can be, but the 

binding calculations may eventually be improved by FEP calculations, although at present 

such calculations are not giving better results than the PDLD/S-LRA/β approach for 

absolute binding free energies.

Our overall goal is to devise suitable methods to predict mutations that can confer drug 

resistance. A seemingly simple approach would be to look at the electrostatic group 

contributions of individual residues when the drug binds to the wild type protein. However, 

this approach is not reliable enough and can only be used in a very preliminary screening. 

The subsequent screening is clearly far more challenging For example, our recent study61 
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indicated that catalytic effects can involve not only the residues that are involved in the 

electrostatic preorganization but also residues that lead to the preorganization of the catalytic 

residues. This means that we may have to consider not only one mutation at a time but also 

pair of mutations. Thus, we might have to turn to some random search approach on many 

computer nodes and also combine the search with bioinformatics and other constraints. 

However, it is very encouraging that we could reproduce the observed vitality for cases 

when the drug resistance mutations are known.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Crystal structure of NS3/4A protease. The 4A cofactor is shown in pink, the P6P4′ substrate 

in blue, and NS3 in gray. The catalytic residues are shown in red whereas the substrate 

residues at the peptide cleavage site are shown in blue. Important mutations that confer 

resistance to drugs are shown in black.
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Figure 2. 
Inhibitors of NS3/4A protease investigated in the current study.
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Figure 3. 
Residues included in the EVB region. The atoms included are shown in sticks. The peptide 

bond between Ser(P1′) and Cys(P1) is cleaved in the second step.
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Figure 4. 
Comparison of observed and calculated activation free energies.
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Figure 5. 
Comparison of observed and calculated binding free energies.
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Figure 6. 
Interaction of important residues that confer resistance to binding of danoprevir to the (a) 

WT protease and (b) R155K mutant. Distances are in Å.
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Figure 7. 
Interaction of important residues that confer resistance to telaprevir binding to the (a) WT 

protease, (b) A156T mutant, and (c) D168V mutant. Distances are in Å.
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Figure 8. 
Interaction of important residues that confer resistance to vaniprevir binding to the (a) WT 

protease, (b) A156T mutant, and (c) D168A mutant. Distances are in Å.

Jindal et al. Page 22

J Phys Chem B. Author manuscript; available in PMC 2018 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Comparison of observed and calculated vitality values relative to the WT (AT = A156T, DA 

= A168A, RQ = R155Q, DV = D168V).
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Scheme 1. 
Mechanism of Peptide Hydrolysis by NS3/4A Serine Protease
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Table 1.

Activation Free Energies (kcal/mol) for Different Systems
a

total barrier

system ΔG‡(cal) ΔG‡(obs)

water
b 24.9 26.0

WT 18.3 18.0

R155K 18.3 –

R155Q. 17.8 18.9

A156T 19.0 17.8

D168A
c 18.2 18.3

D168V 18.5 17.9

a
Observed values taken from ref 54

b
Observed value taken from ref 38

c
Observed value taken from ref 55.
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Table 3.

Calculated and Observed Binding Free Energies (kcal/mol) of Protease Inhibitors
a

Drug mutation ΔGdrug(obs) ΔGdrug(cal)

telaprevir WT −10.74 −8.96

R155K −8.37 −8.93

A156T −7.16 −6.00

D168A −10.89 −9.00

R155Q. −8.81 −8.54

D168V −11.54 −10.63

asunaprevir WT −11.77 −10.47

R55K −9.39 −10.38

A156T −8.49 −8.63

D168A −7.62 −9.07

danoprevir WT −12.35 −12.02

R155K −9.34 −9.41

A156T −10.17 −8.59

D168A −9.20 −8.36

vaniprevir
b WT −12.55 −11.14

R155K −8.60 −8.41

A156T −8.35 −8.34

D168A −7.68 −6.21

a
All observed values are taken from refs 54 and 56.

b
The binding energies are calculated using the PDLD/S-LRA/β method, the rest of them are from PDLD/S-LRA calculation.
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Table 5.

Calculated Activation Free Energies (kcal/mol) and Binding Free Energies (kcal/mol) for Additional Mutants

system ΔG‡ (kcal/mol) kcat (s−1) KM(M)

WT 18.3 0.29 1.03 × 10−7

S138T 18.2 0.34 3.41 × 10−8

Q41R 17.7 0.80 5.14 × 10−6

F43V 18.2 0.34 2.68 × 10−7
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Table 6.

Binding Free Energies (kcal/mol) and Vitality Values for Different Inhibitors

system
ΔGbind

(kcal/mol)
ΔΔGbind

(kcal/mol) ln(γm/γn)

asunaprevir WT −10.47 – –

S138T −8.55 1.92 4.50

Q41R −12.45 −1.98 −6.22

F43V −10.96 −0.49 −1.61

danoprevir WT −12.35 – –

S138T −10.29 1.73 4.18

Q41R −8.20 3.82 3.51

F43V −10.96 1.75 2.15

vaniprevir WT −11.14 – –

S138T −10.08 1.06 3.05

Q41R −8.72 2.42 1.16

F43V −11.22 −0.08 −0.92
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