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Abstract

Recent advances in direct-acting antivirals against Hepatitis C Virus (HCV) have led to the 

development of potent inhibitors, including MK-5172, that target the viral NS3/4A protease with 

relatively low susceptibility to resistance. MK-5172 has a P2–P4 macrocycle and a unique binding 

mode among current protease inhibitors where the P2 quinoxaline packs against the catalytic 

residues H57 and D81. However, the effect of macrocyclization on this binding mode is not clear, 

as is the relation between macrocyclization, thermodynamic stabilization, and susceptibility to the 

resistance mutation A156T. We have determined high-resolution crystal structures of linear and 

P1–P3 macrocyclic analogs of MK-5172 bound to WT and A156T protease and compared these 

structures, their molecular dynamics, and experimental binding thermodynamics to the parent 

compound. We find that the “unique” binding mode of MK-5172 is conserved even when the P2–

P4 macrocycle is removed or replaced with a P1–P3 macrocycle. While beneficial to decreasing 

the entropic penalty associated with binding, the constraint exerted by the P2–P4 macrocycle 

prevents efficient rearrangement to accommodate the A156T mutation, a deficit alleviated in the 

linear and P1–P3 analogs. Design of macrocyclic inhibitors against NS3/4A needs to achieve the 

best balance between exerting optimal conformational constraint for enhancing potency, fitting 

within the substrate envelope and allowing adaptability to be robust against resistance mutations.
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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 liver cancer.1–3 HCV has highly 

error prone replication and therefore is a rapidly evolving, highly diverse virus with six 

known genotypes and multiple subtypes.4,5 Before the recent availability of direct-acting 

antivirals (DAAs), the standard of care consisted of pegylated-interferon α and ribavirin 

with moderate to low rates of cure across genotypes and low tolerability.3,6 Current efforts 

aim to determine the best-in-class DAAs that target several viral proteins including the viral 

entry protein, the NS3/4A protease, the NS5A and NS5B non structural proteins,7 and host 

microRNAs8 either individually or in combination. Four FDA-approved HCV inhibitors 

(telaprevir,9,10 boceprevir,11 simeprevir,12 and most recently, paritaprevir13) target the 

NS3/4A protease. 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 

superfamily II with NTPase activity.14–16 The NS3/4A protease is responsible for cleaving 

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

TRIF and MAVS. Thus, targeting the NS3/4A protease achieves a two-pronged attack on the 

virus by preventing viral maturation and restoring the immune response.17–20

As the HCV NS3/4A inhibitors are a key component of combination therapy and increasing 

the cure rate across HCV genotypes, many more are currently in advanced clinical trials. 

Among these inhibitors, MK-5172 stands out with relatively high pan-genotypic potency.21 

MK-5172 shares the same peptidomimetic core P1′–P3 scaffold as several other HCV PIs 

(danoprevir, asunaprevir, and vaniprevir) but is distinct in its P4 capping, P2 quinoxaline 

moiety connected to the P2 proline via an ether linkage, and finally, its P2–P4 macrocycle 

(Figure 1A).22,23 While the majority of NS3/4A inhibitors are susceptible to single site 

mutations R155K, A156T, and D168A, MK-5172 is more robust against resistance with the 

exception of A156T in vitro.21,24 These single site mutations are able to confer resistance to 

most inhibitors, depending mostly on the inhibitor P2 moiety:21,24,25 The large P2 moiety of 

inhibitors protrude out from the substrate envelope and extensively contact R155 and D168 

residues that mutate to confer resistance.24,26 The cocrystal structure we determined showed 

that MK-5172 thwarts resistance at these sites as the P2 quinoxaline moiety largely interacts 

with residues of the catalytic triad.24 This binding mode explains MK-5172’s relatively high 

potency against R155K and D168A and provides a unique barrier to resistance, as the 

catalytic residues cannot mutate without compromising proteolytic activity.

Another distinct chemical feature of MK-5172 is the macrocycle that connects the P2 

quinoxaline moiety to the P4 capping group. Macrocyclization is a general strategy 

employed to increase inhibitor potency in a wide array of drug targets.27,28 By introducing a 

conformational constraint to the inhibitor, the structure can be preorganized in a binding-

competent conformation to decrease the entropic penalty associated with target association. 

However, the effect of macrocyclization on the energetics of binding for MK-5172 has not 

been quantified. In fact, there are no previously published data on the thermodynamics of 

binding for any active-site/competitive HCV protease inhibitor. For NS3/4A protease, we 

have previously found by enzymatic and antiviral assays that P1–P3 and P2–P4 macrocyclic 

inhibitors are more potent compared to their linear analogs and that the location of the 

macrocycle significantly affects resistance profiles.25 In particular, the P1–P3 macrocyclic 
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analog of MK-5172 is more robust against the A156T resistance mutation; however, whether 

the unique binding mode on the catalytic triad is retained and the thermodynamic and 

energetic implications of alternative macrocyclization status were not known.

To elucidate the structural basis of resistance and activity for MK-5172, its linear (5172-

linear) and P1–P3 macrocyclic (5172-mcP1P3) analogs (Figure 1A), and their susceptibility 

to A156T, we determined high-resolution inhibitor cocrystal structures with both WT and 

A156T mutant genotype 1a NS3/4A protease domain. In addition to analyzing the structures 

of the six protease–inhibitor complexes, we determined how binding energetics and 

conformational dynamics change with macrocyclization status using calorimetry and 

molecular dynamics simulations. We find that the unique binding mode of MK-5172 is 

independent of the macrocycle and that the rigidity imposed by the P2–P4 macrocycle 

prevents inhibitor rearrangement to be able to efficiently accommodate the A156T mutation. 

The flexibility of the linear analog allows subtle conformational rearrangements to 

accommodate the mutation, but the associated entropic disadvantage results in lower 

potency. Last, 5172-mcP1P3 benefits from the entropic advantage of macrocyclization while 

still allowing conformational rearrangements to reduce susceptibility to A156T. The 

preservation of the parent compound’s binding mode in the absence of the P2–P4 

macrocycle provides further opportunities to optimize this class of inhibitors, while avoiding 

known sites of drug resistance.

RESULTS

We have determined high-resolution crystal structures of MK-5172 analogs in complex with 

the WT genotype 1a NS3/4A protease and A156T variant (WT–5172-linear, A156T–5172-

linear, WT–5172-mcP1P3, and A156T–5172-mcP1P3; Table S1). Three of these structures 

are in the same P212121 space group while the A156T–5172-linear is in P21 with four 

molecules in the asymmetric unit (only one molecule was chosen for analysis; see Materials 

and Methods). These four new and the two previously determined crystal structures of 

MK-5172 (PDB IDs 3SUD and 3SUG, for WT and A156T variants, respectively)24 were 

analyzed comparatively, specifically for details of inhibitor–protease interactions.

The Unique Binding Mode of MK-5172 Is Independent of the Macrocycle

Unlike all other HCV PIs with known cocrystal structures, MK-5172 interacts with the 

catalytic triad in a unique conformation where the P2 quinoxaline moiety packs largely 

against the catalytic residues H57 and D81 (Figure 1). The P1–P4 peptidomimetic inhibitor 

scaffold spans the S1–S4 binding pockets interacting with the carbonyl oxygens of R155 and 

A157 as well as the Nε of A157. The P1′ acylsulfonamide is positioned in the oxyanion 

hole and hydrogen bonds to H57, G137, and S139. This binding mode is unchanged when 

the P2–P4 macrocycle is removed (5172-linear) or replaced with a P1–P3 macrocycle (5172-

mcP1P3). Therefore, the binding mode of MK-5172 is a function of the P2 moiety rather 

than the macrocycle.

Despite conservation of the overall binding mode, the potency of MK-5172 and its analogs 

varies greatly against WT and A156T variants.24,25 MK-5172 inhibits WT protease with a 

Ki of 0.14 nM, lower than those of linear and P1–P3 analogs (9.5 and 2.0 nM respectively), 
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but loses 74-fold potency against the A156T variant. The P1–P3 and linear analogs lose 29- 

and 230-fold potency against A156T relative to WT protease. To gain insights into the 

molecular basis of this difference, next we analyzed how the details of protease–inhibitor 

interactions are affected by the macrocyclization status and the A156T drug resistance 

mutation.

A156T Alters the Packing of the Macrocyclic Analogs at the Active Site

To analyze the details of inhibitor packing at the active site, the relative van der Waals (vdW) 

interaction energies between the inhibitor and protease residues in the crystal structures were 

calculated (Figure 2 and S1). In line with the conservation of the overall binding mode, the 

strongest inhibitor–protease interaction occurs with the catalytic H57 and D81 in all WT 

complex structures (Figure 2B), with similar total vdW interaction energies (WT–MK-5172, 

−43.2; WT–5172-linear, −42.3; WT–5172-mcP1P3, −45.1 kcal/mol). Nevertheless, there are 

subtle alterations in the details of inhibitor packing. For instance, compared to the parent 

compound, vdW interactions with D81 are 0.8 kcal/mol weaker in the linear analog, 

indicating subtle changes in the stacking of the P2 quinoxaline moiety. In addition, inhibitor 

contacts with R155, Y56, and Q41 are weaker in the analogs compared to the parent 

MK-5172, in agreement with decreased potency against the WT protease (Figure S1).

The primary drug resistance mutation A156T alters packing of MK-5172 and its analogs at 

the active site to varying extents (Figure 2C). In complexes with the mutant protease, the 

inhibitor needs to rearrange to avoid a steric clash with the larger Thr side chain. In the WT 

complex conformation, the P2–P4 macrocycle of MK-5172 would sterically clash with the 

larger Thr side chain. As a result, the entire inhibitor shifts relative to the WT complex in the 

A156T–MK-5172 structure, with the macrocycle moving away from residues R155 and 

A157 and the P2 quinoxaline away from D81 toward the catalytic histidine (Figures 2, 3). 

We have previously described this steric effect as the molecular mechanism behind 

MK-5172’s susceptibility to A156T.24 When the P2–P4 macrocycle is removed, the shift 

due to the A156T mutation is much more subtle with the 5172-linear’s P2 quinoxaline 

maintaining stacking interactions with H57 and D81. Instead, the P4 tert-butyl moiety adapts 

a different conformation to accommodate the larger Thr side chain and loses packing against 

residues 155 and 156 but establishes more contacts with residues 157–159. Similarly, in the 

A156T–5172-mcP1P3 complex, rearrangement of the P4 moiety is able to accommodate the 

larger Thr side chain to avoid a steric clash without severely compromising the stacking 

interactions of the P2 quinoxaline. Overall, 5172-mcP1P3 maintains WT-like contacts at the 

protease active site with the exception of decreased packing against D81, but to a lesser 

extent than that of the parent MK-5172. Hence, the 5172-mcP1P3 analog benefits from 

stabilization by the P1–P3 macrocyclization without paying a steric penalty due to the Thr 

mutation at position 156.

Active Site Hydrogen Bonding Pattern Is Dependent on the Macrocyclization Status and 
Gets Disrupted with A156T Mutation

Unlike in the apo state or when binding weak ligands, high-affinity substrates and inhibitors 

stabilize an extensive electrostatic network at the HCV protease active site, involving side 

chains of protease residues D81, R155, D168, and R123.24,29 Within this network, R155–
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D168 interaction is particularly key for maintaining an electrostatic surface that 

accommodates high-affinity ligand binding.30 This interaction is present in all WT complex 

crystal structures with two hydrogen bonds (H-bonds) between the side chains of R155 and 

D168 (Figures 4, S2, and S3 and Table S3). In the A156T–MK-5172 protease complex, 

however, R155 loses both these H-bonds, and D168 instead interacts with R123. A similar 

rearrangement of side chains underlies the resistance mechanism of asunaprevir to R155K 

mutation.30 Mutation of A156, while not directly part of this electrostatic network, still 

results in a similar disruption of the active site binding surface in the MK-5172 complex, 

correlating with MK-5172’s susceptibility to A156T.

To assess the stability of the active site hydrogen bonding, we calculated the average time H-

bonds were observed during the MD simulations. Although present in the MK-5172 crystal 

structure, the H-bond between D81 and R155 does not persist during the MD simulations, 

suggesting that this interaction may not be critical to high-affinity inhibitor binding. In 

contrast, the side chains of R155 and D168 form highly stable H-bonds in all WT complexes 

(present >89% of the time), consistent with its key role in optimal active site electrostatics. 

The MD simulations also revealed the persistence of protease–inhibitor H-bonds over time, 

elucidating the relative bond stability and overall contribution to intermolecular interactions. 

Most intermolecular H-bonds are at the P1–P1′ moieties (Figures 4 and S3), where the 

inhibitors also have strong vdW interactions with the active site (Figure 3A). Although the 

hydrogen-bonding patterns of the three analogs with the active site residues are very similar 

in the complex crystal structures (Table S2), the stability of specific H-bonds varies (Figures 

4 and S3 and S4). MK-5172’s P1 amide N forms a H-bond with R155 (83% time). This 

interaction is lost in 5172-mcP1P3 but present in 5172-linear (68% time). At the P1′ moiety, 

MK-5172 forms four H-bonds with H57, S139, and G137 (77%, 63%, 38% and 52%, 

respectively). 5172-linear forms the same four H-bonds as MK-5172 but at a higher 

frequency (50%, 87%, 90%, and 86%). This improved stability of H-bonds in 5172-linear 

correlates with the more favorable enthalpy of binding seen in 5172-linear relative to both 

macrocyclic analogs (Figure 5A).

The presence of the A156T drug resistance mutation considerably alters the network of 

hydrogen bonding patterns at the active site. Just as in the crystal structure, during the MD 

simulations the A156T–MK-5172 complex loses R155–D168 interactions for the less stable 

D168–R123 H-bonds (97% and 89% versus 60% and 56%, respectively; Figure 4B). In 

contrast to the parent compound, both 5172–mcP1P3 and 5172-linear analogs maintain the 

key R155–D168 H-bonds (Figure S3), which partially correlates with the lower fold-loss in 

potency due to A156T mutation.

Compared to the protease active site changes, losses in intermolecular hydrogen bonding in 

the mutant complexes are more pronounced across all three inhibitors. MK-5172 loses all H-

bonds at P3 and P1 and has a weaker P1′ amide N–H57 interaction. 5172-linear experiences 

the worst drops in H-bond stability, affecting all of its intermolecular interactions. 5172-

mcP1P3, while experiencing decreases in H-bond stability throughout the inhibitor, is able 

to maintain WT-like interactions. The A156T drug resistance mutation therefore has a 

disruptive effect on both inter and intramolecular hydrogen bonding; however, the inhibitor’s 
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macrocyclization status can differentially attenuate this effect. Overall, the P1–P3 analog is 

able to maintain a more WT-like hydrogen-bonding pattern.

Enthalpic Loss Due to A156T Underlies Differences in Inhibitor Susceptibility

The thermodynamics of protease binding for MK-5172 and its analogs were assessed to 

interrogate the underlying energetic effects of macrocyclization on inhibitor potency and 

susceptibility to A156T mutation (Figure 5A and Table S4) using isothermal titration 

calorimetry. Although a weaker binder, interestingly the linear analog had more favorable 

enthalpic interactions. While the macrocyclic analogs MK-5172 and 5172-mcP1P3 have a 

more favorable (negative) entropic contribution than 5172-linear (−TΔS of −6.6 and −6.0, 

respectively compared to −3.1 kcal/mol) in binding WT protease, presumably due to the lack 

of entropic penalty from the rigidity of the macrocyclization. This enhancement in entropy 

more than compensates for the decrease in the enthalpy of binding, underlying the increased 

potency of macrocyclic inhibitors compared to their linear counterparts.

All three inhibitors lose considerable potency in the presence of the A156T mutation 

compared to binding the WT protease. The entropic loss due to this mutation is similar for 

all inhibitors (2.2, 3.3, and 2.3 kcal/mol for MK-5172, 5172-mcP1P3, and 5172-linear, 

respectively, Table S4), suggesting the loss may be partially related to the greater loss in the 

degrees of freedom of the larger Thr side chain compared to Ala. Unlike entropy, the 

enthalpic changes vary greatly among the three inhibitors (2.7, −0.5, and 1.1 kcal/mol for 

MK-5172, 5172-mcP1P3, and 5172-linear, respectively Table S4) and largely correlate with 

the changes in inhibitor packing presented above and susceptibility to A156T. Although 

5172-mcP1P3 loses a similar amount of entropy due to the A156T mutation, unlike the 

parent MK-5172, the enthalpic contribution to binding actually is better (−5.8 and −6.3 kcal/

mol, respectively, for binding WT vs A156T protease). 5172-mcP1P3 can better 

accommodate the larger Thr side chain to enhance inhibitor packing at the active site, which 

results in maintaining the favorable binding enthalpy and hence potency against A156T. 

Thus, binding thermodynamics is consistent with the steric clash of A156T with MK-5172 

causing the greatest loss of affinity.

Enzyme and Inhibitor Conformational Dynamics Correlate with Binding Thermodynamics

To further access the impact of A156T mutation on inhibitor binding and reveal any dynamic 

changes in the complexes underlying potency loss, we carried out fully solvated and 

extensive molecular dynamics (MD) simulations of all six complexes starting from each of 

the crystal structures we determined. The dynamics of inhibitors bound to the protease were 

assessed by the dynamic inhibitor envelope,31 which can be visualized as a probability 

distribution for inhibitor occupancy at the active site during MD trajectories (Figure 5B). 

When the inhibitor is rigid, the occupancy is high (red), while more flexible moieties sample 

different conformations resulting in low occupancy values (blue). The conformational 

flexibility of the bound inhibitor can affect both the entropy and enthalpy, and we find that 

the changes in flexibility mostly correlate with the enthalpy of binding. Comparing the two 

macrocyclic inhibitors binding to the WT protease, MK-5172 is more rigid and maintains 

more stable intermolecular interactions, which correlates with its more favorable enthalpy 

compared to 5172-mcP1P3. In the presence of the A156T mutation, these interactions are 
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destabilized, resulting in a less occupied (more blue) dynamic inhibitor envelope, and worse 

enthalpy of binding for MK-5172 (−6.8 versus −4.1 kcal/mol). This destabilization is less 

pronounced for the P1–P3 analog (more rigid (or red) in Figure 5B), which maintains its 

enthalpy of binding. As expected, the linear analog is more flexible even in the bound state 

in the WT complex compared to the macrocyclic analogs. However, the linear analog pays a 

higher entropic penalty upon binding due to the lack of a macrocycle constraining 

conformational flexibility in the free state (as revealed by the smaller magnitude of favorable 

entropy than those of the macrocyclic compounds). However, although not favorable for 

entropic considerations, the lack of a macrocyclic constraint allows 5172-linear to adapt to 

the mutated surface for optimal packing. This adaptation likely results in the largely 

maintained favorable enthalpy of binding (−6.9 kcal/mol) in the presence of A156T 

mutation. Indeed, MD simulations revealed that the linear analog adapts to the A156T 

mutation by sampling a substantially different conformation than that in the WT complex or 

the starting crystallographic binding pose (Figure S6). By sampling this alternate 

conformation, 5172-linear sacrifices entropically favorable flexibility of the P2 group in the 

bound state, resulting in a high-occupancy (red) dynamic inhibitor envelope (Figure 5B). 

Hence, alterations in conformational flexibility and related changes in the entropy and 

enthalpy of binding due to A156T depend on the macrocyclization status of the analogs.

In addition to inhibitor flexibility, the backbone dynamics of the protein were assessed by 

Cα root-mean-square fluctuations (RMSF) during the MD simulations (Figures 6 and S5). 

Nine highly flexible structural regions were identified: (1) the N-terminal NS4A linker; (2) 

α0 helix spanning residues 12–15; the loops 3, 5, 7, and 8 spanning residues 37–43, 67–72, 

88–93, and 157–163 respectively; (4) α1 helix spanning residues 56–61 and containing the 

catalytic His; (6) F1 β strand spanning residues 76–82 and containing the catalytic Asp; and 

(9) the C terminal α3 helix spanning residues 173–179. These flexible regions mainly 

correspond to turns/loops or terminal portions of secondary structural elements throughout 

the protein structure. The WT protease displays similar backbone dynamics with flexible N 

and C termini and a stable core when bound to MK-5172 and the two analogs. However, the 

introduction of the A156T mutation alters these dynamic signatures. In MK-5172 (Figures 6 

and S5A), the A156T variant increases the backbone flexibility at the N-terminus as well as 

regions 2, 3, 4, 6, 7, and 8. In 5172-mcP1P3 complex (Figure S5B), the A156T mutation has 

the opposite effect of reducing flexibility, in particular at regions 1 and 3, relative to the WT 

complex. As the P1–P3 macrocycle does not sterically clash with the larger Thr side chain, 

the backbone fluctuations of the mutant complex are not considerably affected by this 

mutation. In 5172-linear (Figure S5C), the A156T mutation perturbs the backbone Cα at the 

N and C termini as well as at regions 2, 3, 6, and 7. Thus, the mutation causes disturbance to 

the protein backbone dynamics both at and away from the active site in complexes of 

MK-5172 and the linear analog, while the protease dynamics is more robust against the 

dynamic effects of the mutation when bound to the P1–P3 analog. Overall, changes in both 

inhibitor and protease dynamics underpin the observed impact of A156T mutation on the 

thermodynamics of binding and losses in inhibitor affinity.
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DISCUSSION

The high potency of MK-5172 (sub-nM for WT protease) and robustness to R155K and 

D168A mutations depend on MK-5172’s unique binding mode where the P2 quinoxaline 

moiety packs against the catalytic H57 and D81. Albeit beneficial for potency, the P2–P4 

macrocycle can be regarded as MK-5172’s Achilles heel as the rigidity of this region 

sterically clashes with the multidrug-resistant mutation A156T resulting in ~3800 fold 

change in Ki relative to WT. However, whether the macrocycle could be removed without 

affecting the binding mode was unclear. In this study, the structural and thermodynamic 

analyses were probed with the linear and P1–P3 analogs of MK-5172 we previously 

designed,25 revealing that macrocyclization does not alter the packing of the quinoxaline 

moiety but influences susceptibility to the A156T mutation.

The HCV NS3/4A protease structure has an extensive electrostatic network at the active site 

connecting the catalytic H57 and D81 with residues R155, D168, and R123.24,26,31–33 Drug 

resistance mutations such as R155K and D168A are detrimental because they (1) disrupt this 

electrostatic network reducing the protein’s binding ability and (2) weaken inhibitor binding 

by destabilizing the interaction of the inhibitor’s P2 heterocyclic moiety. PIs with P2 

moieties stacking against the electrostatic network, such as vaniprevir, danoprevir, and 

asunaprevir, experience decreases in inhibitor affinity when this subsite is altered by 

mutations at R155 and D168. MK-5172, however, has a P2 moiety that stacks against the 

catalytic residues, making the inhibitor less susceptible to the canonical resistance 

mutations. This binding mode is beneficial for the pan-genotypic activity of MK-5172, as 

the triad is invariant across genotypes. Our crystal structures show that the stacking of the P2 

quinoxaline in MK-5172 is maintained in linear and P1–P3 macrocyclic analogs. Thus, P2 

stacking against the catalytic triad is driven primarily by the quinoxaline moiety and does 

not rely on the restraint exerted by the P2–P4 macrocycle on the quinoxaline.

Macrocyclization increases inhibitor potency mostly by decreasing the entropic penalty of 

binding by constraining the unbound inhibitors’ degrees of freedom and stabilizing the 

inhibitor in a binding-competent conformation. Even without any stabilizing macrocycle, the 

5172 “core,” 5172-linear, has a Ki of 9.5 nM against WT protease (Table S4). This low 

nanomolar inhibition constant relies on the highly favorable enthalpy of binding due to the 

preservation of the parent compound’s binding mode and efficient packing of the 

quinoxaline moiety at the catalytic site. Without the macrocycle though, the linear analog is 

likely highly flexible in the unbound state. The presence of a macrocycle prearranges the 

inhibitor in binding competent conformation, favorably contributing to the entropy of 

binding to further increase the potency to 1.96 nM in 5172-mcP1P3 and 0.14 nM in 

MK-5172. In addition to contributing directly to inhibitor–protease hydrophobic 

interactions, as is the case for the P2–P4 macrocycle in MK-5172, the hydrophobic character 

of the macrocycle can increase lipophilicity and improve pharmacokinetic properties such as 

cellular permeability and stability.27,34,35

Protease inhibitors with a P2–P4 macrocycle, such as MK-5172 and vaniprevir, are 

susceptible to A156T mutation as the larger Thr side chain can engage in a steric clash with 

the macrocycle, displacing the inhibitor in the mutant complex structures.24 In the A156T–
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MK-5172 complex, the whole inhibitor including the P2–P4 macrocycle is pushed away 

from the active site due to A156T. Furthermore, the quinoxaline moiety loses critical 

stacking interactions with H57 and D81. When the P2–P4 macrocycle is not present, in the 

A156T–5172-linear and A156T–5172-mcP1P3 complexes, the inhibitor can 

conformationally adapt to accommodate the A156T mutation. Thus, the 5172-mcP1P3 

analog has the advantage of macrocyclization while still maintaining critical contacts with 

the catalytic residues.

Second generation protease inhibitors, such as MK-5172, have broader antiviral activity and 

higher barriers to resistance than first generation protease inhibitors.36 However, even these 

inhibitors are not completely robust against drug resistance. In a recent clinical trial,37 

A156T variants with an additional V36M/V or I170V mutation were detected in patients 

who failed therapy. Although the A156T viral variant is debilitated for replication in vitro,38 

coexisting compensatory mutations, as often seen in HIV-1 protease,39 may recover viral 

fitness and lead to virological failure. Therefore, the development of future NS3/4A PIs 

needs to encompass optimal strategies to best balance inhibitor potency and barrier to 

resistance. The 5172-mcP1P3 analog provides opportunities for further optimization of 

compounds with stable stacking interactions with the catalytic residues, while staying within 

the substrate envelope. As the “unique” binding mode of MK-5172 is preserved even 

without the P2–P4 macrocycle, the removal of the macrocyclic linkage at the P2 quinoxaline 

enables exploration of the chemical space to modify this group for an even more potent 

inhibitor robust against resistance.

In rational drug design, the effect of macrocyclization on the entropy and enthalpy of 

binding is not straightforward to predict, especially in the presence of resistance mutations. 

While the macrocyclic constraint is beneficial for entropy, as we have demonstrated here for 

MK-5172, the location of the macrocycle should be designed for optimal enthalpy as well, to 

preserve the desired binding mode and ideally stay within the substrate envelope.26,29 The 

protrusion of the P2–P4 macrocycle in MK-5172 outside the substrate envelope effectively 

surrounding A156 causes vulnerability to mutations at this residue. In the presence of 

A156T, while the rigidity brought about by the macrocycle is still beneficial for entropy, the 

same rigidity is detrimental to enthalpy. Design of macrocycles should not only fit within the 

substrate envelope but also consider both inhibitor rigidity and adaptability to potential 

resistance mutations, to achieve optimal entropy–enthalpy balance required for robustness to 

avoid susceptibility to resistance mutations.

MATERIALS AND METHODS

Protein Constructs

The HCV genotype 1a NS3/4A protease domain gene24 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 

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.40 All protease 

variants were generated using the QuikChange Site-Directed Mutagenesis Kit from 

Stratagene.
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Protein Expression and Purification

Protein expression and purification were carried out as previously described.29 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−1, and loaded 

on a HiLoad Superdex75 16/60 column equilibrated with gel filtration buffer (25 mM MES, 

500 mM NaCl, 10% glycerol, 30 mM zinc chloride, and 2 mM DTT, pH 6.5). The protease 

fractions were pooled and concentrated to 20–25 mg mL−1 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 volumes 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 either at Advanced Photon Source LS-CAT 21-ID-F or 

at our in-house Rigaku Saturn X-ray system. Diffraction intensities were indexed, integrated, 

and scaled using the program HKL2000.41 All structure solutions were generated using 

molecular replacement with PHASER.42 The B chain model of viral substrate product 4A–

4B (3M5M)26 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.43 The protein crystals of the A156T protease in complex with 

5172-mcP1P3 grew as pseudomerohedral twins. X-Triage was used to determine the twin 

operator, −k,−h,−l; thus refinement was carried out using twin law = −k,−h,−l. This structure 

has four molecules in the asymmetric unit with the active sites of molecules A and C 

superposed onto molecules B and D, respectively. Molecule B was used in all of the 

analysis, as it possessed the lowest B factors representing the most stable and consistent 

conformer. The final structures were evaluated with MolProbity44 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.45 Interactive model building 

and electron density viewing was carried out using the program COOT.46
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Structural Analysis

Superpositions were performed in PyMOL47 using the Cα atoms of the active site protease 

residues 137–139 and 154–160. The A chain of WT–MK-5172 complex was used as the 

reference structure for each alignment. Two conformations are observed in the A156T–

5172-linear structure, and the one with the lowest B factors within the P21 unit cell was used 

in the structural analysis. The van der Waals contact energies between protease residues and 

inhibitors were computed using a simplified Lennard–Jones potential as described 

previously.48

MD Simulations

Molecular dynamics simulations were carried out, in triplicate, following previously 

published protocols31 using Desmond49,50 with the OPLS2005 force field.51,52 After 

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

5 ps. The dynamic inhibitor envelope was calculated using the van der Waals volume of 

inhibitor conformers from the MD trajectories mapped onto the three-dimensional grid 

placed on the binding site of the enzyme and normalized by the total number of conformers 

to obtain a probability distribution, as detailed previously.31,53

Isothermal Titration Calorimetry

ITC experiments were performed as previously described.54,55 Briefly, NS3/4A protease was 

purified via gel filtration in 50 mM HEPES, 300 mM NaCl, 10% glycerol, and 1 mM TCEP 

at pH 7.4 and concentrated to 10–60 μM. Inhibitor stock was prepared in 100% DMSO and 

diluted to working conditions in the gel filtration buffer with final DMSO concentration not 

exceeding 3%. Experiments were performed with a highly sensitive Microcal ITC200 

(Malvern) at 25 °C with the protein in the sample cell and inhibitor solution in the syringe. 

The data were analyzed using Origin 7.0, and the change in enthalpy (ΔH) and 

corresponding dissociation constant (Kd) were determined via nonlinear regression, with a 

one-binding site model. Due to the potency of MK-5172, the inhibition constant from 

enzyme kinetics assay (Ki) of WT–MK-5172 from our previous work25 was used to 

calculate the Gibbs Free Energy (ΔG), as the Kd is too low to be reliably determined by ITC 

without a competing ligand,56 which we were unable to successfully attain. All other ΔG 
calculations used ITC derived Kd values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MK-5172 and analogs binding to HCV NS3/4A protease. (A) The chemical structures of 

MK-5172, 5172-mcP1P3, and 5172-linear. The P1′ to P4 moieties are indicated on the 

MK-5172 structure. Binding of the compounds at the active site in (B) WT and (C) A156T 

protease. The absence of the P2–P4 macrocycle does not disrupt the P2 quinoxaline’s 

interactions with the catalytic aspartate/histidine residues. The catalytic triad is highlighted 

in yellow, R155 in blue, D168 in green, and A/T156 in red.
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Figure 2. 
Changes in the packing of the inhibitors due to A156T at the HCV NS3/4A active site 

evaluated by the vdW contact energies. (A) Superposition of the inhibitor bound to WT and 

A156T protease. The vdW contact energy with the inhibitor mapped onto the protease 

surface in (B) WT and (C) A156T variants. The warmer (red) and cooler (blue) colors 

indicate more and less contacts with the inhibitor, respectively.
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Figure 3. 
Inhibitor packing at the active site in HCV NS3/4A protease crystal structures. (A) Relative 

van der Waals interactions of P4−P1′ inhibitor moieties. (B) Changes in vdW interactions in 

A156T relative to WT protease.
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Figure 4. 
Changes in hydrogen bonding patterns across 100 ns molecular dynamic simulations. 2D 

schematic representation of inter- and intramolecular (black and red dashed lines, 

respectively) hydrogen bonding interactions during MD simulations with (A) the percentage 

of time the bond is present in WT–MK-5172 and (B) the percent changes with respect to 

WT in the A156T–MK-5172.
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Figure 5. 
Energetic and dynamic effects of macrocyclization on inhibitor binding to HCV NS3/4A 

protease. (A) The entropy and enthalpy of binding of MK-5172 and analogs to WT and 

A156T protease variants. (B) The dynamic inhibitor envelope when bound to WT and 

A156T protease. Red and blue indicate less and more flexible regions of the inhibitor, 

respectively.
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Figure 6. 
Effects of macrocyclization status on protein backbone dynamics. (A) Root mean square 

fluctuations (RMSF) of backbone Cα during 100 ns MD simulation are shown, with regions 

in the protease displaying high Cα RMSF numbered. Residues −10 through 0 represent the 

NS4A cofactor and linker. (B) RMSF mapped onto the NS3/4A structure, with stable core 

(<0.7 Å RMSF) in white and regions with peak in RMSF in color. Numbers in parentheses 

correspond to RMSF peaks in A.
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