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Abstract

Hepatitis C virus (HCV), affecting an estimated 150 million people worldwide, is the leading 

cause of viral hepatitis, cirrhosis and hepatocellular carcinoma. HCV is genetically diverse with 

six genotypes (GTs) and multiple subtypes of different global distribution and prevalence. Recent 

development of direct-acting antivirals against HCV including NS3/4A protease inhibitors (PIs) 

has greatly improved treatment outcomes for GT-1. However, all current PIs exhibit significantly 

lower potency against GT-3. Lack of structural data on GT-3 protease has limited our ability to 

understand PI failure in GT-3. In this study the molecular basis for reduced potency of current 

inhibitors against GT-3 NS3/4A protease is elucidated with structure determination, molecular 

dynamics simulations and inhibition assays. A chimeric GT-1a3a NS3/4A protease amenable to 

crystallization was engineered to recapitulate decreased sensitivity of GT-3 protease to PIs. High-

resolution crystal structures of this GT-1a3a bound to 3 PIs, asunaprevir, danoprevir and 

vaniprevir, had only subtle differences relative to GT-1 despite orders of magnitude loss in affinity. 

In contrast, hydrogen-bonding interactions within and with the protease active site and dynamic 

fluctuations of the PIs were drastically altered. The correlation between loss of intermolecular 

dynamics and inhibitor potency suggests a mechanism where polymorphisms between genotypes 

(or selected mutations) in the drug target confer resistance through altering the intermolecular 

dynamics of the protein–inhibitor complex.
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INTRODUCTION

Hepatitis C virus (HCV) causes chronic liver infection that affects about 3% of the global 

population and is the main cause of hepatitis, cirrhosis, and hepatocellular carcinoma.1,2 

HCV is a highly evolved, highly diverse virus with six known genotypes (GT) and multiple 

subtypes.3,4 The two most prevalent viral species, GT-1 and GT-3, account for 46% and 30% 

of the global infections respectively,3,5 with different geographic distributions. While GT-1 

is most endemic in Northern America and Europe, GT-3 is most prevalent in South Asia. 

The remaining GTs 4, 5, and 6 span the Middle East to Central Africa, South Africa, and 

Southeast Asia.3,5 Despite high genetic viral diversity, which renders HCV infections 

difficult to treat, enormous progress has been made toward developing effective HCV 

therapeutics.

Before the recent availability of direct-acting antivirals (DAAs), the standard of care for 

HCV infection consisted of pegylated-interferon (Peg-INF) and ribavirin (RBV); however, 

this treatment had moderate to low rates of cure across genotypes and was poorly tolerated.6 

The development of DAAs against essential viral proteins NS5B polymerase, NS5A, and 

NS3/4A protease has greatly improved therapeutic options and treatment outcomes, 

especially when used in combination therapy.7–9 Three new combination therapies or 

regimens have been approved by the FDA including Harvoni (sofosbuvir and ledispasvir),10 

Viekira Pak (ombitasvir, paritaprevir, ritonavir and dasabuvir),11 and most recently in 

January 2016, Zepatier (grazoprevir and elbasvir).12 These all-oral HCV therapies are highly 

effective against GT-1 with sustained virologic response (SVR) ranging 94–100%.9 

However, currently approved DAA-based combination therapies and those in clinical 

development are significantly less effective against GT-3.9,13,14 In fact, with the exception of 

sofosbuvir, most DAAs have dramatically reduced potency against GT-3, and are susceptible 

to resistance.7,15,16 Therefore, an unmet need still exists for more robust pan-genotypic 

DAAs for the effective treatment of HCV.

The HCV NS3/4A protease is a major therapeutic target for HCV therapy with five FDA-

approved PIs, telaprevir,17,18 boceprevir,19 simeprevir,20 paritaprevir (included in Viekira 

Pak),11 and grazoprevir (included in Zepatier)12 (Figure 1). In addition, a number of PIs, 

such as asunaprevir, vaniprevir, danoprevir, sovaprevir, GS-9451 and MK-6325 are in 

clinical development. The NS3/4A protein is a bifunctional enzyme containing an N-

terminal serine protease domain (amino acids 1–180) with the classic catalytic triad (S139, 

H57, D81) of the chymotrypsin superfamily, and a C-terminal DExH/D-box helicase of 
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superfamily II with NTPase activity.21–23 The NS3/4A protease is responsible for cleaving 

the viral polyprotein and host factors involved in the innate immune response, including 

TRIF and mitochondrial antiviral signaling (MAVS).24–26 Thus, targeting the NS3/4A 

protease serves as a two-pronged attack on the virus by preventing viral maturation and 

restoring the immune response.

Currently, NS3/4A PIs represent the largest class of FDA-approved DAAs against HCV.27–35 

However, despite potent activity against wild-type GT-1, PIs suffer from a low genetic 

barrier to resistance.36 We have previously described the molecular basis for resistance to 

many of these inhibitors in terms of the substrate envelope and macrocyclization.37–41 

Disturbingly, these inhibitors lack cross-genotypic activity, especially second- and third-

generation PIs such as simeprevir, danoprevir, GS-9451, and grazoprevir, which are 

considerably less potent against GT-3 compared to GT-1 with 140- to 1500-fold loss in 

activity in viral subgenomic replicon models.15,16 Naturally occurring polymorphisms in 

GT-3 protease relative to GT-1 include drug resistance sites in GT-1 (residues 36, 123, 132, 

168 and 170), several of which are outside the active site.16 Variation at position 168, a 

major site of drug resistance mutations in the active site, has been reported to cause 

decreased activity in transient replicon assays, but is not fully responsible for the loss of 

activity in GT-3. The role of other GT-3 polymorphisms, if any, is not clear. Moreover, no 

structural information exists for GT-3 protease, and the molecular mechanisms underlying 

differential inhibitor potency between HCV GT-1 and GT-3 remain unexplored.

To elucidate the molecular basis for loss of inhibitor potency against GT-3 relative to GT-1 

HCV, we engineered a chimeric 1a3a protease construct that recapitulates PI susceptibility 

of GT-3 protease, and is amenable to crystallization for high-resolution structural studies. 

High-resolution cocrystal structures of the chimeric 1a3a protease bound to inhibitors 

asunaprevir (ASV), danoprevir (DAN) and vaniprevir (VAN) were determined. These 

structures enabled a detailed biophysical, structural and molecular dynamics analysis of the 

complexes, in comparison with the GT-1 protease. The inhibitors lost substantial 

intermolecular hydrogen bonding interactions and dynamic cross-correlations with the 

protease active site, revealing the dynamic molecular mechanism underlying lower PI 

potency against GT-3.

RESULTS

Inhibitors Are Significantly Less Potent against GT-3 than GT-1 Protease

The enzyme inhibition constants (Ki values) against GT-139 and GT-3 HCV NS3/4A 

protease for a panel of seven PIs (telaprevir, boceprevir, ASV, DAN, VAN, grazoprevir and 

MK-6325) representing the three general classes of inhibitors were determined (Figure 2, 

Figure S1, Table S1). Consistent with previous reports, GT-3 NS3/4A protease is less 

susceptible to all PIs tested.35,42 Among the first generation PIs, the reversible covalent 

inhibitors telaprevir and boceprevir have a similar Ki against GT-1 (33 nM); however, their 

inhibitory activity is decreased in GT-3. While telaprevir’s Ki increased 8 fold (266 nM), 

boceprevir’s Ki changed by only 2.2 fold (71 nM). Second-generation inhibitors (ASV, 

DAN, and VAN) have low to subnanomolar range (Ki = 2.7, 1.0, 0.7 nM respectively) 

inhibitory activities in GT-1, yet low to submicromolar Ki in GT-3. Relative to GT-1, the 
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linear ASV experienced a 975 fold change (FC) in Ki, while the macrocyclic DAN and VAN 

had a 878 and 533 FC respectively. The next generation PIs, grazoprevir and MK-6325, have 

the best inhibitory potency with 0.1 nM Ki values against GT-1 protease, but lost 2–3 orders 

of magnitude in affinity in GT-3. Still even with this substantial loss of affinity these PIs, of 

the panel, are the most efficacious inhibitors against GT-3 (Ki = 33 and 31 nM, respectively). 

The improvement in inhibition with next generation PIs is due to the synergistic effects of 

the quinoxaline moiety, which favorably stacks against the invariant catalytic residues, and 

the macrocycle.37 Nevertheless, all seven inhibitors suffer from loss in potency against GT-3 

compared to GT-1 HCV NS3/4A protease.

Design of HCV NS3/4A Protease GT-1a3a Chimera

Overall, the viral protease is highly conserved across genotypes with sequence identities and 

similarities ranging from 71–84% to 82–92% respectively (Figure S2). The various 

polymorphic sites in GT-3 relative to GT-1 are spatially distributed throughout the protease 

(Figure S3). The NS3/4A active site is highly conserved: of the 36 residues in direct contact 

with inhibitors (within 5 Å of the ligand), GT-3 differs in 3 amino acids: Thr123, Leu132 

and Gln168 (Figure S3). While these changes represent a mere 8% divergence, amino acids 

123 and 168 were previously reported for their contribution to an active site salt bridge 

formation, inhibitor binding, and resistance in the case of residue 168.37,38,40

The single D168Q mutation and triple R123T/I132L/D168Q mutation (1a3a) variants with 

polymorphisms from GT-3 were engineered into GT-1 protease, and their inhibition 

constants measured for the seven PIs (Figure 2). In the linear covalent inhibitors telaprevir 

and boceprevir, the D168Q mutation did not significantly affect inhibitor potency relative to 

GT-1 (1.2 and 0.7 FC respectively), likely due to a lack of an extended P2 moiety reliant on 

interactions with the S2 subpocket and the benefits of covalency. In contrast, this 

polymorphism caused detrimental effects on the noncovalent inhibitors. In ASV, DAN, 

VAN, and grazoprevir, D168Q resulted in a 72, 30, 44, and 102 fold loss in potency relative 

to GT-1 WT protease. However, with only a 4-fold loss in potency, MK-6325 was able to 

accommodate the Asp to Gln change and maintain a subnanomolar inhibition constant. The 

synergistic effects of MK-6325’s bis-macrocycle and cyclopentyl P4 capping may underlie 

this sustained potency in the presence of D168Q. In GT-1 HCV NS3/4A protease, amino 

acid 168 is a multidrug resistance mutation hotspot with G/A/V/E/N/Y/K substitutions 

observed both experimentally and clinically in infected patients.43 Understanding 

MK-6325’s resistance profile and binding mode against D168 variants may provide further 

insights into optimizing PIs for better GT-3 targeting.

Introducing the R123T/I132L/D168Q triple polymorphism to GT-1 recapitulates the GT-3 

activity profile for the PIs in the panel (Figure 2). ASV, DAN, VAN, grazoprevir and 

MK-6325 experienced a 2–3 orders of magnitude loss in potency relative to GT-1 WT, 

mirroring the observed loss of potency against GT-3. Even MK-6325 lost affinity when all 

three mutations are present, and has a loss similar to GT-3. Thus, introducing the three GT-3 

specific active site polymorphisms into GT-1 protease yielded a chimeric 1a3a NS3/4A 

protease with an inhibitor susceptibility profile recapitulating GT-3.
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Crystal Structures and Molecular Dynamics Simulations of Inhibitor Complexes

To gain insights into the structural basis for protease inhibitor resistance in HCV GT-3, we 

attempted to crystallize GT-3 protease; however, problems with large-scale expression and 

purification prevented extensive crystallization trials and success, in accordance with the 

lack of any crystal structure available for GT-3 protease in the database. Thus, crystallization 

was attempted with the 1a3a chimeric NS3/4A protease. Three high-resolution crystal 

structures (1.8–2.2 Å resolution in space group P212121) of ASV (PDB ID: 5EQS), DAN 

(5EGR) and VAN (5ESB) in complex with 1a3a chimeric NS3/4A protease were determined 

(Table S2), and compared to their corresponding GT-1 structures of ASV (4WF8), DAN 

(3M5L) and VAN (3SU3) which we previously determined.40,44

To complement the six crystal structures and ascertain alterations in dynamics, fully solvated 

100 ns molecular dynamics (MD) simulations were performed in triplicate. For each of the 

inhibitor complexes the simulations were started from the cocrystal structures of either GT-1 

or the GT-1a3a chimera. The structures and simulations permitted an in depth analysis of 

these complexes.

Differences in GT-3 Active Site Alter Inhibitor Packing

The overall binding modes of the three PIs were conserved when bound to 1a3a protease 

relative to GT-1. To analyze the details of inhibitor packing at the active site, van der Waals 

(vdW) contact potentials were calculated between the inhibitor and protease residues in the 

crystal structures. In agreement with the decrease in inhibitor potency (Figure 2), vdW 

contacts were moderately lost in the 1a3a complexes relative to GT-1 (ASV: −44.4 vs −45.3 

kcal/mol; DAN: −41.7 vs −43.7 kcal/mol; and VAN: −41.1 vs −41.5 kcal/mol). To capture 

the dynamic changes, these contacts were also calculated from the MD trajectories (Figure 

3), and more extensive changes were observed as in the case of ASV where the P2 

isoquinoline moiety flips onto His 57. While these changes in inhibitor packing likely 

contribute to decrease in affinity against GT-3 protease, they are moderate in comparison to 

the extent of potency loss against GT-3.

Disruption of the Active Site Electrostatic Network Correlates with Loss of Inhibitor 
Potency

In HCV protease, high-affinity ligand binding is characterized by formation of an 

electrostatic network spanning residues D81, R155, D168, and R123.37,44 Within this 

network, R155–D168 interaction is particularly key for maintaining an electrostatic surface 

that accommodates high-affinity ligand binding.40 This interaction is present in all GT-1 

complex crystal structures (Figure 4), with both carbonyl oxygen atoms of D168 oriented 

toward AR155’s Nε and Nη to form two hydrogen bonds (H-bonds) and R123’s Nε oriented 

toward D168’s Oδ for one H-bond formation. However, in the 1a3a complexes, the D168Q 

substitution resulted in simultaneous loss of the R123-Nε and R155-Nη interactions (Figure 

4B).

Disruption and rearrangements of this electrostatic interaction underlie the resistance 

mechanism of many PIs, including ASV, VAN and DAN in GT-1, to the R155K multidrug 

resistance mutation,37,40 where D168 side chain shifts toward R123 for electrostatic 
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interaction. In 1a3a chimeric structures, with D168 only engaging in one H-bond with R155, 

the possibility of a rotation of D168 toward R123 for electrostatic interaction is feasible. 

Thus, to assess the stability of the active site electrostatic network, the average time these 

intramolecular interactions were observed during MD simulations was computed (Table S3). 

The simulations revealed that, in all three GT-1 complexes, both of D168’s carbonyl 

oxygens were oriented toward R155’s Nε and Nη over 93% of the simulation duration. In 

agreement with recent reports,38 R123–D168 interaction was observed in the ASV and VAN 

complex only 30% of the time, suggesting that R123 might not be important for the 

formation of the inhibitor binding surface. Importantly, D168–R155 interaction was stable in 

all PI complexes of GT-1 protease.

In contrast, with the loss of a terminal carboxyl group at amino acid 168, all three 1a3a 

complexes had weaker Q168–R155 electrostatic interaction relative to their GT-1 

counterparts. In ASV, this interaction existed during only 47% of the simulation. This 

reduction by half relative to GT-1 is the most severe of the three complex structures and 

correlates with ASV’s weaker antiviral activity in GT-3. With DAN and VAN, Q168–R155 

interaction decreased by about 20% relative to their GT-1 counterparts, suggesting that the 

added rigidity of the macrocyclic inhibitors may help in maintaining the side chain 

interactions and the electrostatics of the surface. In addition, the location of the macrocycle 

may also affect the stability of the electrostatic surface: Comparing the three 1a3a 

complexes, Q168–R155 interaction is the most persistent in DAN (78%) where the 

macrocycle is at the P1–P3 position versus VAN (64%) and ASV (47%) representing 

respectively the P2–P4 macrocyclic and linear inhibitors.

In addition to changes within the protease active site, the polymorphisms in GT-3 protease 

relative to GT-1 resulted in the loss of at least one intermolecular H-bond at the P1′ moiety 

for all three PIs (Table S4). Overall, the molecular rearrangements in ASV lead to the most 

extensive changes in H-bonds ranging from −10 to −61%, while both DAN and VAN were 

better able to preserve their H-bond interactions. Thus, the active site polymorphisms 

severely disrupted the active site electrostatic network and consequently affected inhibitor 

binding and intermolecular H-bonding network.

Inhibitor Fluctuations Increase When Bound to GT-1a3a

To assess the overall consequences of the active site polymorphisms on protease–inhibitor 

dynamics, the root-mean-square fluctuations (RMSF) of the inhibitor atoms and protease Cα 
atoms during the MD simulations were calculated. The changes in 1a3a had little influence 

on the backbone Cα RMSF values relative to the GT-1, suggesting that the overall protein 

dynamics were conserved (Figure S4). However, the inhibitor’s atomic fluctuations changed 

depending on both the inhibitor bound and in the chimeric protein relative to GT-1. While 

the inhibitor backbone is more rigid, the relatively large and divergent P2 moieties sample 

different degrees of flexibility (Figure 5).

In ASV, the P2 isoquinoline moiety had the highest RMSF fluctuations of all the PIs (up to 4 

Å RMSF) regardless of the genotype of the protease bound. DAN’s isoindoline was more 

rigid compared to the P2 in ASV (around 1 Å RMSF when bound to GT-1) but became more 

dynamic in the 1a3a complex (~2 Å RMSF). VAN, with its P2–P4 linked isoindoline, had the 

Soumana et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



most rigid P2 of the three inhibitors and had no considerable change in fluctuations due to 

the 1a3a polymorphisms. Intriguingly, the flexibility of inhibitor P2 moiety in the 

simulations inversely correlates with inhibitor packing (intermolecular vdW contacts) and 

binding potency (Figures 2 and 4A). ASV’s isoquinoline is highly dynamic in GT-1, and 

among the three inhibitors ASV has the least contacts with the protease S2 residues resulting 

in the weakest-binding inhibitor. The isoindoline in both DAN and VAN display very low 

fluctuations, and make stronger contacts with the S2 residues, resulting in tighter-binding 

inhibitors. These results suggest a relationship between inhibitor P2 flexibility, protease-

inhibitor contacts, and potency.

Dynamic Correlations in Protease–Inhibitor Atomic Fluctuations Are Lost in GT-1a3a

In principle, tight binding inhibitors are characterized by strong intermolecular interactions 

with the protein, which persist over the dynamics of the enzyme.38 To further investigate the 

interdependency between the protease active site surface and the inhibitor P2 isoquinoline 

and isoindoline fluctuations, cross-correlation coefficients between atomic fluctuations of 

protease active site residues and inhibitor atoms were calculated. During the MD 

simulations, atom pairs either fluctuate in the same direction (positive correlation, COi,j = 1), 

opposite direction (negative correlation, COi,j = −1) or have random movements with respect 

to one other (no correlation, COi,j = 0).

In the GT-1 complexes, ASV and VAN displayed strong positive (COi,j > 0.6) correlations 

with the protease active site, specifically with protease residues 132–157 and 168 (Figure 6), 

whereas DAN had both positive and negative correlations with residues 132–168 and 41–43 

respectively (Figure S5). In addition to the conserved R155–D168 interaction revealed by H-

bond interactions, the cross correlation analysis showed high cooperativity between the P2 

moieties of ASV and DAN with R155–D168 residues in GT-1 protease complexes. VAN’s 

isoindoline had positive cross-correlations with R155 but not with D168. D168 possibly aids 

in stabilizing the R155’s conformation for stacking with the heterocyclic rings.

In the 1a3a complexes, the cross-correlations were significantly altered ranging from partial 

losses to complete disruption compared to GT-1. In ASV, the P4–P3 moieties completely lost 

correlations with 8 residues, 132 through 154 (Figure 6), constituting the oxyanion hole, S1 

pocket and the 310-helix located between β strands C2 and D2. This disruption in 

correlations with the S1 subpocket residues is in agreement with the observed loss in P1 

intermolecular interactions in this inhibitor. Similar to ASV, DAN suffered from complete 

disruptions in correlations with respect to residues 132 through 138 (Figure S5). While 

protease–P4–P3 moiety correlations were relatively maintained in the 1a3a complexes, the 

intermolecular cooperativity of the inhibitor P2 moieties was partially lost in VAN (Figure 

S6) and completely abolished in ASV and DAN (Figures 6, S5). Thus, active site 

polymorphisms in GT-3 caused substantial losses in cross-correlations between protease–

inhibitor atomic fluctuations relative to GT-1 protease, corresponding closely to the losses in 

binding affinities observed.
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DISCUSSION

HCV therapeutic efforts have greatly benefited from structure based drug design (SBDD), 

specifically in developing viral protease inhibitors. The elucidation of the structural 

mechanism for substrate binding, coupled with rational medicinal chemistry efforts, has 

spawned the current arsenal of PIs with subnanomolar potency and remarkable antiviral 

activity. Sadly, this activity is genotype dependent and current PIs fail against GT-3 protease. 

In this study, we reveal the major contributors to decreased affinity of inhibitors to GT-3 

protease, and demonstrate that three active site polymorphisms, R123T-I132L-D168Q, are 

responsible for loss of potency observed for current PIs against GT-3 HCV. In the context of 

GT-3, the R123T and D168Q mutations disrupt the R123-D168-R155 electrostatic network 

to a mere Q168–R155 interaction. Thus, our crystal structures and dynamic analysis indicate 

that active site electrostatics, which we previously reported to be critical for tight ligand 

binding,37,38,40 are disrupted by GT-3 active site polymorphisms. Notably, we discovered a 

correlation between increased P2 moiety fluctuations, disruption of the protease active site 

electrostatic network and intermolecular dynamic correlations, and binding affinity.

In viruses like HCV, due to the high replication rate (1012 new virions per day) and high 

mutation frequency during replication, every possible nonsense mutation is likely introduced 

in the viral genome on a daily basis.45 Consequently, a heterogeneous viral population exists 

in every patient. However, outside of the native GT-3 context, neither the single D168Q nor 

the simultaneous presence of the triple R123T/I132L/D168Q mutations has been reported. 

The absence of these mutations in GT-1 suggests other secondary GT-3 polymorphisms 

outside the active site may be required for maintaining protease fitness. One such candidate 

is I170V, which was frequent in GT-3 viral isolates but did not affect PI potency in replicon 

assays.16 Nevertheless, we found that these three active site polymorphisms are required and 

sufficient to recapitulate the loss of potency for most PIs against GT-3 protease.

The molecular mechanisms underlying loss of PI potency against GT-3 relative to GT-1 is 

somewhat reminiscent of drug resistance due to active site drug resistance mutations in GT-1 

protease.37,38,40,41,46 The ability of single active site mutations to confer multidrug 

resistance has been extensively studied, specifically in the context of R155 and D168 

resistance associated variants in GT-1 NS3/4A protease. Such mutations unfavorably alter or 

completely disrupt the protease active site electrostatic network required for tight ligand 

binding. Thus, inhibitors that retain potency against D168 variants of GT-1 protease may be 

better inhibitors against GT-3 protease as well. The chimeric 1a3a protease that we have 

engineered can be used as a surrogate in structural studies, enzymatic assays and potentially 

replicon assays to test inhibitors designed to target GT-3.

A thorough understanding of ligand–receptor interactions is key for rational drug design and 

further improvements in PIs to achieve broader potency. We have previously established the 

substrate envelope hypothesis to efficiently explain the molecular basis for drug resistance 

due to major active site mutations in both HCV and HIV-1 protease.38,46–49 Accordingly, 

active site residues are prone to resistance associated mutations where an inhibitor protrudes 

outside of the consensus substrate volume.50 When added as a constraint in drug design, 

staying within the substrate envelope leads to more robust inhibitors with enhanced 
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resistance barriers and improved antiviral activity.48 This principle was successfully 

implemented to design more robust HIV-1 PIs,48 and was fundamental in our understanding 

of the structural basis for HCV drug resistance.44,46 In addition to staying within the 

substrate envelope, inhibitors need to balance the rigidity required for stable target 

interactions and flexibility to adapt to changes due to resistance mutations and binding site 

dynamics.38,49 The network hypothesis explains how changes in conformational dynamics 

due to mutations, located even away from the active site, can be propagated to the active site 

to affect inhibitor binding.51 Thus, target protein and inhibitor dynamics are essential 

components of molecular mechanisms leading to the emergence of drug resistance in HCV 

NS3/4A protease.

In addition to substrate envelope constraints, we propose here that the conservation of 

inhibitor–protease dynamic cross-correlations should be incorporated into the rational design 

and computational evaluation of PIs in structure-based drug design (SBDD). The 

significance of dynamic cross-correlations with the target active site for ligand binding likely 

extends well beyond HCV NS3/4A protease to other systems as well. In such cases, 

inhibitors that are able to maintain dynamic correlations with the target active site despite 

mutations will be less susceptible to resistance. These correlations can be probed by MD 

simulations of the inhibitor-target complex structure. In the absence of GT-3 protease 

structures, the 1a3a chimeric protease structures can serve as an ideal platform to test the 

designed PIs for the preservation of cross-correlations with the protease active site in GT-3. 

For instance, inhibitor moieties could be first modeled in 1a3a and tested for their ability to 

maintain or increase cross-correlations relative to GT-1. As both the P4–P3 and P2 moieties 

of ASV, DAN, and VAN were shown to lose correlations in the chimeric complex, SAR 

studies to identify moieties with stronger cross correlations could yield more robust 

inhibitors. This hypothesis is supported by a recent report detailing a P4 capping SAR in a 

faldaprevir derivative.52

In conclusion, we demonstrated that the molecular mechanism underlying loss of PI potency 

against HCV GT-3 is associated with alterations in the active site electrostatics. We also 

demonstrated that the chimeric 1a3a protease is a useful model system for structural studies 

and future design and assessment of more robust GT-3 NS3/4A inhibitors. By incorporating 

the major polymorphisms responsible for the loss of PI activity against GT-3 into GT-1 

protease, the chimera enables understanding PI failure against HCV GT-3, and testing 

potential novel inhibitors by a direct comparison of ligand binding modes against the 

extensive repertoire of GT-1 inhibitor complexes. The commonality between mechanisms 

underlying drug resistance due to D168 active site mutations in GT-1 and loss of potency 

against GT-3 promises the possibility of designing inhibitors robust against both GT-1 

resistance mutations and GT-3 polymorphisms.

METHODS

Protein Constructs

The HCV genotype 1a NS3/4A protease domain gene37 was synthesized by GenScript and 

cloned into the pET28a expression vector (Novagen). The highly soluble single-chain 

construct consists of NS3/4A protease domain (residues 4–181) fused to a fragment of the 
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cofactor NS4A (residues 12–23) via an SD linkage. A similar protease construct exhibited 

catalytic activity comparable to that of the authentic full-length protein.53 All protease 

variants were generated using the QuikChange Site-Directed Muta-genesis Kit from 

Stratagene.

The HCV genotype 3a NS3/4A protease domain gene was constructed and synthesized 

similarly to that of genotype 1a.

Protein Expression and Purification

Protein expression and purification were carried out as previously described.37 Briefly, 

transformed BL21(DE3) E. coli cells were grown at 37 °C and induced at an optical density 

of 0.6 by adding 1 mM IPTG. Cells were harvested after 5 h of expression, pelleted, and 

frozen at −80 °C for storage. Cell pellets were thawed, resuspended in 5 mL/g of 

resuspension buffer (50 mM phosphate buffer, 500 mM NaCl, 10% glycerol, 2 mM β-ME, 

pH 7.5) and lysed with a cell disruptor. The soluble fraction was retained, applied to a nickel 

column (Qiagen), washed with resuspension buffer, and eluted with resuspension buffer 

supplemented with 200 mM imidazole. The eluent was dialyzed overnight (MWCO 10 kDa) 

to remove the imidazole, and the His-tag was simultaneously removed with thrombin 

treatment. The nickel-purified protein was then flash frozen and stored at −80 °C.

Crystallization

The above-mentioned protein solution was thawed, concentrated to 3 mg/mL and loaded on 

a HiLoad Superdex75 16/60 column equilibrated with gel filtration buffer, 25 mM 2-(N-

morpholino)ethanesulfonic acid (MES), 500 mM NaCl, 10% glycerol, 30 mM zinc chloride, 

and 2 mM 1,4-dithiothreitol, pH 6.5. The protease fractions were pooled and concentrated to 

20–25 mg/mL with an Amicon Ultra-15 10 kDa device (Millipore). The concentrated 

samples were incubated for 1 h with 1–3 molar excess of inhibitor. Diffraction-quality 

crystals were obtained overnight by mixing equal volume of concentrated protein solution 

with precipitant solution (20–26% PEG-3350, 0.1 M sodium MES buffer, 4% ammonium 

sulfate, pH 6.5) in 24-well VDX hanging drop trays.

Data Collection and Structure Solution

X-ray diffraction data were collected on an in-house Rigaku X-ray system with a Saturn 944 

CCD detector. Diffraction intensities were indexed, integrated and scaled using the program 

HKL2000.54 All structure solutions were generated using molecular replacement with 

PHASER.55 The B chain model of viral substrate product 4A-4B (PDB ID: 3M5M)46 was 

used as the starting model for all structure solutions. Initial refinement was carried out in the 

absence of modeled ligand, which was subsequently built in during later stages of 

refinement. Subsequent crystallographic refinement was carried out within the Phenix 

program suite, with iterative rounds of TLS or restrained refinement until convergence was 

achieved.56 1a3a–VAN complex was refined using the CCP4 program suite.57 The final 

structures were evaluated with MolProbity58 prior to deposition in the Protein Data Bank. To 

limit the possibility of model bias throughout the refinement process, 5% of the data were 

reserved for the free R-value calculation.59 Interactive model building and electron density 

viewing were carried out using the program COOT.60
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Enzyme Inhibition Assays

All enzyme inhibition assays were performed in nonbinding surface 96-well black half-area 

plates (Corning) in a reaction volume of 60 μL. The NS3/4A protease (2 nM) was 

preincubated with increasing concentration of inhibitors in 50 mM Tris, 2.5% glycerol, 0.1% 

OβG, 5 mM Tris(2-carboxyethyl)-phosphine, 1% dimethyl sulfoxide, pH 7.5 for an hour. 

The reaction was initiated by the rapid injection of 5 μL of HCV NS3/4A protease substrate, 

Ac-DE-Dap(QXL-520)-EE-Abu-ψ-[COO]AS-C(5-FAMsp)-NH2 (Anaspec), to a final 

concentration of 200 nM and kinetically monitored using a PerkinElmer EnVision plate 

reader (excitation at 485 nm, emission at 530 nm). At least four independent data sets were 

collected for each inhibitor with each protease construct. Each inhibitor titration included at 

least 12 inhibitor concentration points, which were globally fit to the Morrison equation to 

obtain the Ki value.39

Structural Analysis

Superpositions were performed in PyMOL61 using Cα atoms of the active site protease 

residues 137–139 and 154–160. The A chain of WT–asunaprevir complex was used as the 

reference structure for each alignment. Hydrogen bonding analysis was carried out in 

Maestro, Schrodinger suite, with bond distance and donor–acceptor angles cutoff of 3.5 Å 

and 120°, respectively. van der Waals contact energies between protease–inhibitor residues 

were computed using a simplified Lennard–Jones potential, as described previously.47

Molecular Dynamics Simulations

Molecular dynamics simulations were carried out in triplicate, following previously 

published protocols38 using Desmond61 with the OPLS2005 force field.62,63 After 

equilibration, each trajectory was run for 100 ns at 300 K and the coordinates recorded every 

5 ps. The percentage of time a hydrogen bond existed between the protease and an inhibitor 

was calculated using VMD.64 A hydrogen bond was defined by a distance between the 

donor and acceptor of less than 3.5 Å and a hydrogen–donor–acceptor angle of less than 30°. 

Only the hydrogen bonds that existed more than 20% of the time were considered in the 

analyses. Salt bridges were defined as an interaction between a side-chain oxygen atom of 

Asp or Glu within 4.0 Å of a nitrogen atom of Arg or Lys.65

Atomic Fluctuation Dynamics

The normalized cross-correlations of residue pairs were defined as

where ΔRi is the fluctuation in the position vector R of site i and ΔRj is the fluctuation in the 

position vector R of site j. The brackets represent time averages over recorded snapshots. 

The cross-correlations vary in the range [−1, 1], with the lower and upper limits indicating 

fully anticorrelated and correlated atomic fluctuations, respectively. COi,j = 0 reflects 

uncorrelated atomic fluctuations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structure of HCV NS3/4A protease inhibitors. The three broad classes of HCV 

PIs: linear covalent and noncovalent (top row); P1–P3 macrocyclic (second row); and P2–P4 

macrocyclic and P1–P3, P2–P4 bis-macrocyclic (third row).
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Figure 2. 
Effect of GT-3 active site polymorphisms on HCV NS3/4A protease inhibition. The enzyme 

inhibition constants (Ki) for seven PIs were determined for four enzyme variants: GT-1a,39 

GT-3a, GT-1a with D168Q, and GT-1a with all three active site polymorphisms (R123T/

I132L/D168Q) in GT-3a.
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Figure 3. 
Packing of inhibitors at the NS3/4A protease active site. The van der Waals (vdW) contact 

potentials, averaged from the MD simulations, of protease active site residues with the 

inhibitor: (A) GT-1 and (B) chimeric 1a3a construct complexes. The protease residues are 

colored blue to red for increasing contacts with the inhibitor mapped onto the protease 

surface of the cocrystal structures (1a/1a3a): ASV (4WF8/5EQS), DAN (3M5L/5EGR) and 

VAN (3SU3/5ESB). DAN’s isoindoline group is flipped between the two cocrystal 

structures.
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Figure 4. 
Active site hydrogen bonds. Surface representation of the active site with the bound inhibitor 

in (A) GT-1 and (B) chimeric 1a3a protease structures. The insets show the hydrogen-

bonding network between protease active site residues R155, D/Q168 and R/T123, which is 

critical for ligand binding. Catalytic triad is in yellow and active site polymorphisms in GT-3 

are highlighted in red.
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Figure 5. 
Flexibility of inhibitor moieties when bound to HCV NS3/4A protease. Root mean square 

fluctuations (RMSF values) of inhibitor atoms were calculated over MD simulations when 

bound to GT-1 or chimeric 1a3a protease.
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Figure 6. 
Effect of GT-3 polymorphisms on protease-inhibitor dynamic coupling mapped onto the 

crystal structures of ASV. Cross-correlations between atomic fluctuations of protease active 

site residues and ASV atoms in (A) GT-1 and (B) chimeric 1a3a constructs. Warm and cool 

colors in the matrices indicate positive and negative correlations, respectively. Inhibitor P4 

and P3 (magenta) and P2 isoquinoline (green) moieties are highlighted as boxes on the 

correlation matrix, and colored on the structures where protease residues with positive 

correlations with the corresponding moieties are in yellow, and those with no considerable 

dynamic correlation in gray.
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