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Abstract

Drug resistance of HIV-1 protease alters the balance in the molecular recognition events in favor
of substrate processing versus inhibitor binding. To develop robust inhibitors targeting ensembles
of drug-resistant variants, the code of this balance needs to be cracked. For this purpose, the
principles governing the substrate recognition are required to be revealed. Previous
crystallographic studies on the WT protease—substrate complexes showed that the substrates have
a conserved consensus volume in the protease active site despite their low sequence homology.
This consensus volume is termed as the substrate envelope. The substrate envelope was recently
reevaluated by taking the substrate dynamics into account, and the dynamic substrate envelope
was reported to better define the substrate specificity for HIVV-1 protease. Drug resistance occurs
mostly through mutations in the protease, occasionally accompanied by cleavage site mutations. In
this study, three coevolved protease—substrate complexes (AP2YNC-plygoa, “PX Fp1-p6pson/nsso.
and SP¥'Np1-p6p3on/nssp) Were investigated for structural and dynamic properties by molecular
modeling and dynamics simulations. The results show the substrate envelope is preserved by these
cleavage site mutations in the presence of drug-resistance mutations in the protease, if not
enhanced. This study on the conformational and mutational ensembles of protease—substrate
complexes validates the substrate envelope as the substrate recognition motif for HIV-1 protease.
The substrate envelope hypothesis allows for the elucidation of possible drug resistance mutation
patterns in the polyprotein cleavage sites.

1. Introduction

Human immunodeficiency virus type-1 (HIV-1) protease (PR) is a key enzyme in the viral
life cycle that processes the Gag and Gag-Pro-Pol viral polyproteins at 12 cleavage sites,
yielding mature, infectious virions.! HIV-1 PR, a 99 residue, homodimeric aspartyl PR,23 is
essential for viral maturation! and hence is a main drug target. The United States Food and
Drug Administration (FDA) has approved nine PR inhibitors (PlIs) for clinical use. These
Pls, used as part of highly active antiretroviral therapy, have significantly improved the
management of disease condition by lengthening the life span and increasing the quality of
life of HIV-infected patients.* However, the high rate of viral replication® combined with
the lack of proofreading mechanism in viral reverse transcriptase® generate massive amounts
of genetically distinct viral variants. Within these viral quasispecies, the selective pressure
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of drug therapy populates the viral variants that are not completely inhibited by antiviral
drugs targeting viral enzymes.

At a molecular level, drug resistance reflects a subtle change in the balance of enzyme
recognition events, in favor of natural substrate processing versus inhibitor binding. Drug-
resistant PR variants have mutations that significantly alter inhibitor binding but do not
drastically change substrate processing. In addition, emergence of resistance to PR inhibitors
does not always depend solely on PR mutational plasticity. The natural substrates can also
mutate in association with drug therapy.’~10 Two examples of this PR—substrate coevolution
are NC-p1 and p1-p6, two cleavage sites on the Gag polyprotein that coevolve with the viral
PR to confer resistance to PR inhibitors. In the NC-p1 cleavage site, Ala in the P2 position
mutates to a Val in response to the V82A multidrug-resistance PR mutation (AP2YNC-
plygoa). 81112 The p1-p6 cleavage site mutates predominantly at the P1/ or P3’ positions13
associated with the PR double mutation D30N/N88D (-PFp1-p6pzon/nssp and SP3Npi-
P6p30n/N8sD). Which is a signature of nelfinavir treatment.1415 Replicative capacity assays
showed that the D30N/N88D viruses with the compensatory mutations in p1-p6 do not have
improved fitness relative to viruses with mutations in the PR alone.16 VV82A virus has an
even lower replicative capacity in combination with mutations at Gag 431, which
corresponds to Ala-P2 of NC-p1 cleavage site, compared to those without this mutation.16
However, these co-occurring PR—substrate mutations were shown to significantly affect the
PR inhibitor susceptibilities.16

The structural basis for PR—substrate coevolution in AP2YNC-p1y/goa variant came from
analyzing the crystal structures of inactive D25N WT (WT) and V82A HIV-1 PR in
complex with their respective WT and AP2V mutant NC-p1 substrates.1” The crystal
structures revealed that WTNC-p1 binds to HIV-1 PR less optimally than AP2YNC-p1 with
fewer hydrogen bonds and fewer van der Waals (vdW) contacts. In addition, Ala-P2 was
observed to incompletely fill the P2 pocket. For PR—substrate coevolution in LP1Fp1-
P6p3on/NasD OF SP3Np1-pbpson/nssp Variants, however, no experimentally determined
structures have been reported so far.

Completely understanding the molecular basis of substrate recognition is crucial to develop
robust inhibitors that better compete with natural substrates of highly resistant PR variants.
Co-evolution of PR and the natural substrates allows for the study of the interdependency
between HIV-1 PR and its natural substrates, which facilitates the substrate recognition. The
principles underlying substrate recognition by HIV-1 PR are not sequence specific because
the amino acid sequences of the cleavage sites on the Gag and Gag-Pro-Pol polyproteins do
not have an obvious sequence homology. These nonhomologous substrates, however,
occupy a conserved consensus volume in the binding site of the PR in crystal structures.18.19
This conserved three-dimensional shape, describing the “substrate envelope”, was recently
redefined by incorporating the substrate dynamics within the PR binding site.20 In that
previous study, the dynamic substrate envelope was shown to better define the substrate
specificity for HIV-1 PR, compared to the static substrate envelope.

In the present study, the dynamics of three separate examples of HIV-1 PR—substrate
coevolution were investigated, to elucidate the interdependence of substrate recognition with
mutations in the PR. The molecular interactions of each set were analyzed, including with
respect to the dynamic substrate envelope.2? The compensatory mutations in the cleavage
sites were shown to fit within the substrate envelope better than WT substrates. This was
achieved by a variety of changes in interactions but not in one conserved manner for all
three substrates. Thus, the substrate envelope is preserved by the cleavage site mutations in
the presence of drug-resistance mutations in the PR, validating the substrate envelope as the
substrate recognition pattern for HIV-1 PR, whether or not the substrate evolves. The
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dynamic substrate envelope is potentially a powerful tool to predict the coevolution of the
cleavage sites of HIV-1 PR.

2. Results and Discussion

The three separate cases of HIV-1 PR—substrate coevolution investigated in this study are
listed in Table 1. The variants of the PR and the cleavage site are denoted by a subscript and
a superscript, respectively. Details of the nomenclature used throughout the paper are
described in the Methods Section.

2.1. Fit within the Dynamic Substrate Envelope

Substrate fit within the binding groove was compared over the course of molecular
dynamics (MD) simulations with and without the effect of drug resistance by first
calculating the substrate volume within and outside the dynamic substrate envelope and the
overall vdW interactions of the substrate with the PR (Figure 1). Substrate volume in the
binding groove can be analyzed in two components: the substrate volume protruding beyond
the substrate envelope (Vqy), and the substrate volume lying within the substrate envelope
(Vin). A high degree of protrusion beyond the substrate envelope (quantified as high Vgt
values) was shown in our earlier work to indicate substrates susceptible to drug-resistance
mutations in the PR, e.g., both p1-p6 and NC-p1 substrates have higher Vg, values than
expected based on their molecular volume.20

The current study shows that compensatory mutations in the cleavage sites optimize the
portion of the substrate volume that stays within the substrate envelope. This observation is
quantified in Figure 1A—C, where Vi, is plotted for three cases of coevolution (AP2YNC-
plyvgza, SPYF pl-p6pson/nssn, @nd SP3Npl-p6pson/nssp) With reference to their respective

WT complex structure (AV;, =V, MYT — /W), In each case, the substrate mutation
compensates for the decrease in Vi, as a result of primary PR mutation.

In coevolution of NC-p1 cleavage site, AV;, increases from —26.3 = 1.9 A3 in WTNC-
plygoa complex to 4.2 + 1.8 A3 in AP2VNC-plygoa (Figure 1A), while in coevolution of
p1-p6 cleavage site, AVi, increases from —122.2 + 1.5 A3 in WTp1-p6p3on/nesp 10 8.2 +
1.3A3 in LPYFp1-p6pson/nssp (Figure 1B) and to —48.5 + 1.8 A3 in SP3'Np1-p6pson/nssD
(Figure 1C).

AP2VNC-p1 is slightly larger than WTNC-p1 because of two additional methyl groups on the
side chain. Despite 2.5% larger volume, AP2YNC-p1 fills the dynamic substrate envelope
better than WTNC-p1, i.e., the improvement in V;, (30.5 + 2.6 A3, Figure1A) is more
pronounced than the increase in Vgt (6.9 + 2.8 A3, Figure 1D) in AP2YNC-p1ygya compared
to WINC- plygoa. Similarly, in the presence of D30N/N88D mutations in the PR, LP1’'F
and SP3’N substitutions in p1-p6 improve Vi, by 130.4 + 2.0 and 73.7 + 2.3 A3 (Figure 1B
and C, respectively), making the substrate better fill the substrate envelope. On the other
hand, the reduction in Vy,; is 96.2 + 2.8 and 11.8 + 3.3 A3 (Figure 1E and F, respectively)
upon LP1’F and SP3’N occurs in the context of D30N/N88D PR variant. These
compensatory mutations in p1-p6 optimize the substrate fit within the envelope by both
increasing Vi and decreasing Vgt

Preservation of substrate envelope upon compensatory cleavage site mutations in drug-
resistant PR variants is visualized in Figure 2 in the case of LY Fp1-p6p3on/nssp. The
altered fit of p1-p6 within the dynamic substrate envelope in WTp1-p6pson/NgsD

and “PYFp1-p6pson/nasp (Figure 2A and B, respectively) complexes is illustrated by
mapping the AVjy, grid matrix onto the cocrystal structure. The negative values of the
difference matrix AVj, shown in cyan, correspond to the regions where the substrate in
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mutant complex fits poorly within the dynamic substrate envelope compared to WTp1-p6yT.
The positive values of the difference matrix AVj,, shown in orange, correspond to the
regions where the substrate in mutant complex fits better within the dynamic substrate
envelope compared to WTp1-p6yy,1. The improvement in AVj, upon the compensatory
mutation in the p1-p6 cleavage site shown in Figure 1B is reflected by the complete loss of
negative regions in Figure 2B.

2.2. Molecular Interactions between the Protease and Substrates: Analysis of vdW

Contacts

Protease and/or cleavage-site mutations conferring drug resistance do not drastically alter
the overall vdW contact potential between the PR and the substrates (Figure 1G—I). This
result is consistent with our earlier observation?0 that a conserved consensus overall vdw
interaction potential might be a prerequisite for a sequence to be recognized by the PR. This
observation, combined with the ability of drug-resistant PR variants to still process cleavage
sites, leads to the expectation that cleavage sites in the resistant viruses will naturally
maintain this optimal overall interaction potential. In fact, this optimal vdW potential is
preserved by all the drug-resistant PR—substrate complex variants investigated in this
study, with overall AvdW on the order of ~2.5 kcal/mol within the range of WT contact
potential (Figure 1G—I, middle bars). For example, the PR— substrate vdW interaction
potential of WTp1-p6p3zon/nssp is 1.9 + 0.2 keal/mol (Figure 1H) less favorable than that

of WTp1-p6y. The loss of this interaction due to D30N/N88D PR mutations is restored
with LP1T and SP3 N substitutions in the cleavage site to a level of -1.7 £ 0.2 and -3.2 +
0.2 kcal/mol (Figure 1H and 1, respectively). In contrast, WTNC-p1y/goa has —4.6 + 0.2 kcal/
mol more favorable vdW interactions compared to WTNC-p1yt (Figure 1G). NC-p1 is
inherently a very flexible substrate due to the P3’-Gly and P4’-Lys residues. Substitution of
Val-82 to an Ala results in a larger local volume for this flexible peptide to sample. These
conformations may not be accessible to the peptide in WTNC-p1yyt complex because of the
additional methyl groups in Val-82. Providing extra volume in the variant allows the peptide
to sample conformations that have more favorable interactions with the PR, as is evident by
the change in vdW interaction potential.

AP2V mutation in NC-p1 substrate brings down vdW interactions by 1.1 + 0.3 kcal/mol but
still keeps it more favorable than the WT level. This increase in the overall vdW contact
potential might contribute to AP2YNC-p1 being better recognized than WTNC-p1 by the WT
PR.10 However, the processing efficiency of each cleavage site should be optimal for viral
fitness. A significantly lower efficiency leaves unprocessed viral polyproteins packaged in
the virion, while a significantly higher efficiency might interfere with the accurate and
precise regulation of Gag and Gag-Pro-Pol processing. NC-p1 is the rate-limiting cleavage
site in HIV-1 Gag during processing by the viral PR.21:22 Better than optimum cleavage
efficiency for this site might introduce temporal imprecision in the regulation of its
hydrolysis, leading to immature Gag processing. This may be the reason why (1) on
average, AP2YNC-plygoa variants have lower replicative capacity than WTNC-plygoa, 18
and (2) the more efficiently cleaved AP2YNC-p1 is not highly populated in the absence of
drug resistance mutations in the PR.17

Although drug resistance does not severely impact the overall PR—substrate contact
potential, the vdW contact potential profiles of substrate residues with any PR atom
significantly deviate from the WT substrate behavior (Figure 3). The nature of this
deviation, however, is not shared by all substrate variants. The loss of interactions on the
primed side of the NC-p1 cleavage site is compensated by the gain of interactions on the
unprimed side (Figure 3A). This compensation supports that the substrate amino acid
residues are interdependent despite the very short substrate sequence. Consequently, this
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interdependence among the amino acid residues helps maintain the overall vdW interaction
potential at an optimal level within /3 kcal/mol of the WT range.20

In contrast, the compensatory mechanism is more symmetric in the p1-p6 cleavage site than
in NC-p1 (Figure 3B and C). WTp1-p6p3on/nssp 10ses 4.3 = 2.0 kcal/mol vdW interactions
at the P4’ position and gains comparable interactions at the P2 position (4.0 £ 0.9 kcal/mol,
Figure 3B, blue bars). This severe deviation from the WT profile at these two positions is
moderated with either LP1’F or SP3’N substitutions in p1-p6. LPYFp1-p6pson/nsp has more
favorable P4’ interactions than WTp1-p6pson/ngD, although the loss of interaction potential
at this position is considerably higher than WTp1-p6yT. Loss of interactions at P4’ position
in LPYFp1-p6pson/nssp With respect to WTp1-p6yT (2.3 + 0.1 keal/mol, Figure 3B, green
bars) is compensated by the gain of interactions at two other substrate residues, P1 (-2.3 =
0.1 kcal/mol) and P2’ (-1.1 + 0.1 kcal/mol).

In addition, P2 in “PYFp1-p6pson/nssp does not interact with the PR as favorably as P2

in WTp1-p6p3on/nssp (AvdW = —4.0 + 0.1 kcal/mol), even though P2 is invariant. The
dramatic change in the vdW contacts of this invariant position is caused by the side-chain
rearrangements within the substrate and the binding site upon LP1’F. The conformational
flexibility of the substrate combined with the interdependency within the substrate sequence
allows for the altered vdW interactions in an invariant position (Asp P2) as a result of a
mutation in another position, LP1’F (Figure 4), within the cleavage site. Thus, a single
mutation manages to alter the whole vdW interaction profile along the sequence.

In addition, SP3’N has a similar impact on the per residue vdW interaction profile of p1-p6.
Compared to the WTp1-p6yy,t complex, P1 and P1’ in SP¥Np1-p6p3on/masp have slightly less
favorable interactions with the PR, on the order of total ~1 kcal/mol (Figure 3C). This
decreased interaction, however, is compensated by the improved contact potentials of the
surrounding residues, P3, P2, P2’ and P3’. Overall, the vdW contacts are preserved, however
through a different interaction profile, likely facilitated by the interdependence within the
substrate sequences.

2.3. Molecular Interactions between the Protease and Substrates: Analysis of Hydrogen

Bonds

The hydrogen bonds formed between the PR and substrates were analyzed in two groups:
hydrogen bonds formed by the substrate (1) backbone and (2) side chains. The backbone
hydrogen bonds are conserved among various natural substrates, while no single side-chain
hydrogen bond is shared by all or most of the substrates.18:20 Therefore, hydrogen bonds
between the side chains and any PR atoms are more likely than the backbone hydrogen
bonds to contribute to substrate specificity.29 The less specific backbone hydrogen bonds are
not altered by drug-resistance mutations in the PR and/or substrate despite remarkable local
conformational rearrangements (Figure 5A-D). The three complexes of WTp1p6yT, WTp1-
P6p3on/NssDs and LPYFpl-p6pnsonnssp are superimposed to highlight these rearrangements
(Figure 5A and E.). The percentage of time the hydrogen bonds existed throughout the
simulations is listed in Table 2. The most stable NC-p1 backbone hydrogen bonds are
formed between P2 and G48, P3’ and G48’, and P2’ and G27’, existing more than 90% of the
time in most variants. These hydrogen bonds should contribute to stabilizing the substrate
when bound to the PR active site. The hydrogen bonds formed by NC-p1 side-chains, on the
other hand, are more variable (second main column, Table 2). The bonds formed in WTNC-
plwT between the side chain of P1 and 150, N25’ and G27 were not stable throughout the
MD trajectories. However, both AP2YNC-p1yy1 and AP2YNC-plygoa have more consistent
hydrogen bonds formed by P1 and 150 and G27. These presumably stronger hydrogen bonds
might be important for the increased substrate affinity in both AP2YNC-p1yt and AP2YNC-
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plysoa Variants, consistent with AP2YNC-p1 being more efficiently cleaved than WTNC-p1
by the WT HIV-1 PR.10

WTh1-p6y T forms substrate backbone hydrogen bonds at P1 and P3’ positions (Figure 5B).
The majority of these bonds are preserved in drug-resistant WTp1-p6p3on/nssD, although the
bond between backbone nitrogen of P1 and backbone oxygen of G27 no longer exists

in WTp1-p6pson/nssp (Figure 5C). This loss of a hydrogen bond, however, is compensated
by the hydrogen bonds newly formed by substrate P3 and P2’ positions. LP1Fp1-
P6p3on/NgsD has almost the same pattern of hydrogen-bonding network as WTp1-p6yt
(Figure 5D). In addition, the P1, P2/, and P3’ positions make backbone hydrogen bonds with
the PR in SP¥Np1-p6pson/nssp (Table 2). In complex with the WT PR, these mutant
substrates have more backbone hydrogen bonds with decreased percent time of existence.
Drug resistance, conferred by mutations in the PR and/or the substrate, does not alter the
backbone hydrogen-bonding pattern drastically. Even though the side chains vary by drug
resistance, the substrates can still form these less specific hydrogen bonds with the PR,
presumably stabilizing the substrates in the binding groove.

WTn1-p6p3on/nssp has consistent PR—substrate side-chain hydrogen bonds formed by P2
and P2’ residues (Figure 5G). P2 side-chain hydrogen bond is not affected by drug resistance
(Figure 5F and H). However, both SP3’N and LP1’F substitutions weaken P2 hydrogen
bonds from ~85 to 60% and less than 50%, respectively. These three P2 bonds (P2---N25,
P2---D30, and P2---185) do not occur in the WT complex, either. The viral advantage of
weakening highly consistent hydrogen bonds formed in P2 Fp1p6p3on/nssp could be to
optimize substrate binding for optimal viral fitness. Stronger hydrogen bonding between the
PR and the substrate could negatively impact substrate turnover, possibly resulting in
product inhibition.

In WTp1-p6\yT, the substrate side chains have very consistent hydrogen bonds between P2’-
D29, P2’-D30’, and P4’-D30’ existing more than 90% of the time (Figure 5F). These
hydrogen bonds are preserved in all mutant complexes from 75 to 96% of the time; hence,
they should be crucial for the recognition of p1-p6 substrate (Figure 5G and H).

The natural substrates, in their bound conformation, have intramolecular hydrogen bonds
that stabilize the preferred conserved consensus volume.2% The drug-resistant PR— substrate
complexes were evaluated for these intramolecular hydrogen bonds (Table 3). In WTNC-
plwT, backbone nitrogen of the P1 position makes a hydrogen bond with the backbone
oxygen of P3 position. This bond is lost upon V82A mutation in the PR but compensated by
the secondary mutation AP2V in AP2YNC-plygoa. Similarly, in LPYFp1-p6pson/nssp, LP1F
mutation restores the hydrogen bond between P2 and P1’ positions of the substrate that is
lost upon D30N/N88D PR mutations in WTpl—p6D30N/N88D. In SPS/Npl-pGDgoN/NggD
complex, on the other hand, no intramolecular hydrogen bond exists more than 50% of the
time, suggesting that these hydrogen bonds are not necessary for this variant to adopt the
required three-dimensional shape that fits the binding groove. These results point out that
maintaining a stable intramolecular hydrogen-bonding network is only one of the various
mechanisms through which the recognition motif is preserved by compensatory mutations.

2.4. Analysis of Atomic Fluctuations

The interdependency within the substrate residues was earlier shown20 to play a key role in
maintaining the balance between the conserved (i.e., their consensus volume and overall
vdW contact potential with the PR) and varied (i.e., distribution of vdW contact potential
across the substrate sequence and variations in the mean square fluctuations of the substrate
residue side chains) properties of the substrates. The dynamic cooperativity within the
substrate sequence as a way to maintain this balance was evaluated for drug-resistant
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variants by computing the cross-correlation of the atomic positional fluctuations within the
substrate. The heat maps for the NC-p1 and p1-p6 complexes are shown in Figures 6 and 7,
respectively, where the correlation coefficients are color coded as a red to blue spectrum for
full positive correlation to full negative correlation in the fluctuations. This analysis showed
that WTNC-plygoa is less cooperative compared to WTNC-p1yy (Figure 6A versus B). The
cleavage site mutation AP2V appears to improve cooperativity (increased red regions in
Figure 6C). The P4-P4’ residues of AP2YNC-p1yT are even more interdependent. This
enhanced intrinsic cooperativity in AP2YNC-p1 should cause better communication within
the substrate residues. The fact that NC-p1apoy is a better processed substrate for even the
WT PR supports that this interdependency within the substrate residues is a critical aspect of
efficient substrate processing.

The p1-p6 substrate appears to be highly cooperative in both “PYFp1-p6p3on/nssD

and SP¥'Np1-p6p3on/nssp complexes compared to WTp1-p6yt (Figure 7). In the WTp1-p6yr
complex, the regions P4-P2” and P3’-P4’ fluctuate almost like two independent domains,
while the residues in each region are highly correlated with other residues in the same region
(Figure 7A). The same substrate sequence behaves slightly differently in WTp1-p6p3on/NasD
(Figure 7B), where the P4-P1 and P1’-P4’ residues define the two regions that fluctuate
independently. Upon cleavage site mutations, these two distinct regions in the heat maps
(Figure 7C and E) become less obvious. The cooperativity is evenly distributed across the
substrate sequence through neighboring residues. These results show that correlated motion
of the peptide sequence may be important to maintain the interdependent nature of the
cleavage sites. In principle, both the substrate structures and PR—substrate interactions
should have an impact on this interdependence. The alterations in the substrate
conformations and PR—substrate interactions are not independent but rather highly
interdependent.

3. Conclusions

Drug-resistant HIV-1 PR variants maintain substrate specificity, although they do not bind
as tightly to PR inhibitors as the WT enzyme, which the inhibitors were designed to target.
Resistance against these inhibitors is usually conferred by mutations in the PR gene.
However, cleavage site mutations are also associated with resistance to certain PR
inhibitors. Some of these substrate mutations co-occur with the primary drug resistance
mutations in the PR. In this study, structural properties of two drug resistant PR variants
(V82A and D30N/N88D) and the substrates that coevolved with these two variants
(AP2VNC-p1 and LPYFp1-p6/SP3'Np1-p6, respectively) were investigated in conformational
ensembles obtained from MD simulations. We found that the substrate envelope is preserved
by the cleavage site mutations in the presence of primary drug-resistance mutations in the
PR. These compensatory mutations make the substrate fit better within the envelope in the
context of drug-resistant PR by increasing Vj,. Consistency of these results ensures our
understanding of the specificity determinants of substrate recognition. Protease— substrate
coevolution validates the substrate envelope as the substrate recognition motif for HIV-1
PR.

The results of substrate coevolution and flexibility can potentially predict what other
cleavage sites may be susceptible to coevolution. The increase in Vj, is achieved by a variety
of mechanisms: recovery of PR—substrate hydrogen bonding, vdW interactions, or the
dynamic cooperativity within the substrate sequence. For each substrate we studied this
increase in Vjy is achieved by a different mechanism, but in every case upon mutation, the
amino acid side chain becomes larger (Ala to Val in NC-p1 and Leu to Phe or Ser to Asp in
pl-p6) resulting in substrate variants that better fill the substrate envelope. Thus we would
expect that other compensatory mutations in the cleavage site would likely involve
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mutations to larger residues. Our results also highlight the importance of the substrate
conformational plasticity in the binding site. The mutant substrates that are intrinsically
more flexible undergo local conformational rearrangements that assist a better fit within the
substrate envelope. However this flexibility also can cause a larger Vg, making the
sequence more susceptible to coevolution.

The exact effect of the substrate flexibility on the fit within the substrate envelope cannot be
predicted solely on the cleavage site sequence. Our approach of combining the dynamic
substrate envelope with the MD simulations of model structures of the mutant complexes
can assist in this prediction. Theoretically, AVi, upon a single amino acid substitution could
be estimated by combining in silico mutagenesis followed by energy minimization, MD
simulations, and three-dimensional grid-based volume calculations. The substrate mutations
resulting in higher AVj, values should be beneficial for the drug-resistant PR variants.
Ultimately, the approach we present here could be useful in predicting the enzyme—
substrate mutations that will more likely be tolerated in drug-resistant viral variants.

Being able to accurately predict the substrate coevolution is critical to avoid drug resistance
in the drug design process. Our work highlights the importance of paying attention to the
details of natural substrate recognition in designing inhibitors targeting resistant viral
variants. We demonstrate, in this study, the impact of drug resistance mutations on substrate
recognition in addition to inhibitor binding. Protease inhibitors, when designed to fit within
the substrate envelope, are less likely to elicit PR mutations that can ultimately be
compensated by mutations in the cleavage sites. In designing new inhibitors staying within
the substrate envelope, the potency of the inhibitors must be maintained. Some inhibitors
may protrude beyond the envelope to make favorable contacts with a PR residue to preserve
affinity. In those cases, accurately predicting how likely for one or more substrates to
coevolve with a potential resistance mutation in that particular PR residue is crucial. The
availability of this probabilistic information can be used to decide at which location an
inhibitor's protrusion beyond the envelope is more affordable in terms of avoiding the
emergence of drug resistance via cleavage site mutations.

Researchers have so far used evolutionary information to predict the structural and
functional features of proteins and their complexes. Sequence conservation allows for
modeling the structure of a protein based on the experimentally determined structure of a
homologous protein, while sequence variation, especially in the form of correlated
mutations, is useful to infer functional features. This study, on the other hand, proposes the
substrate envelope based on structural data as a tool to predict the evolution due to drug
pressure for a PR—substrate system. Using the dynamic substrate envelope, the substrates
can be assigned a probability of mutating in the presence of a particular PR mutation. To the
best of our knowledge, this is the first structure-based approach to predict evolution under
the selective pressure of drug therapy.

Using the Substrate Envelope in Prediction of Coevolution in Other Systems

In general, viral replication is a highly interdependent process that involves very complex
interactions between separate viral macromolecules (proteins and polynucleotides) as well
as host—virus interactions. This highly interdependent character of viral life cycle should
make the coevolution of separate viral genes inevitable. In particular, HIV is a well-studied
model system, with a massive amount of structural, biochemical, and sequence data on HIV
available in the published literature and online databases,23—2% allowing for indepth analysis
to occur. In other viral systems far less data is available, but we expect the substrate
envelope hypothesis to be applicable. For example, coevolution of individual sites within the
hepatitis B viral genome has been reported to contribute to the rate of drug resistance.2” In
addition, correlated mutations in four of the influenza proteins have been reported to be
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critical for host adaptation and pathogenicity,28 demonstrating the interdependence of the
viral genomic sites in evolution.

Hepatitis C virus (HCV) is also among these systems. The viral RNA-dependent RNA-
polymerase, just like the HIV-1 reverse transcriptase, is inherently inaccurate accounting for
a very high mutation rate.2® A very recent Bayesian network analysis of viral polyprotein
sequences has shown that the intrahost evolution of HCV is a complex process encoded in
the interrelationships among many sites along the entire viral polyprotein.30
Crystallographic studies from our group on the serine PR of this virus, NS3/4A, complexed
with its natural substrates have shown that the substrate envelope hypothesis is valid also for
HCV in explaining (1) the specificity determinants of the natural substrate recognition and
(2) the emergence of primary drug resistance mutations.3! The most severe resistance-
conferring mutations occur where the inhibitors protrude from the NS3/4A substrate
envelope, as these changes selectively weaken inhibitor binding without compromising the
binding of substrates. The high mutation rate of HCV can also impact the sequence
variability of the cleavage sites of NS3/4A, as a lesson learned from studying HIV-1 PR—
substrate coevolution. No data on substrate coevolution have been reported so far.
Nevertheless, the characteristics of the PR—substrate coevolution in HCV and other viral
systems should be investigated. Our combined approach, involving molecular modeling,
MD, and grid-based volume calculations, will better elucidate the interdependency of viral
evolution by predicting the general sequence variability of each cleavage site and the
particular cleavage site mutations that are likely to be selected in the context of a primary
drug resistance PR mutation.

4. Materials and Methods

4.1. Nomenclature

HIV-1 PR (WT, V82A, or D30N/N88D) and the cleavage site (AP2V, LP1’F, or SP3’N)
variants in a PR—substrate complex are designated by a subscript and a superscript to the
name of the cleavage site. For example, WP Fp1-p6p3gn/nssp denotes a complex of D30N/
N88D PR variant with the LP1T mutant of the p1-p6 cleavage site, where LP1’F refers to a
Leu-to-Phe mutation at P1’ position of the cleavage site.

4.2. Protease—Substrate Complex Structures

Two PR substrates and their mutant variants in complex with inactive, isosteric PR variants
were investigated for structural and dynamic properties. All of these inactive PR variants
have D25N mutation that has been shown to minimally alter the overall structure of the PR
complexes.32 This D25N mutation is not associated with drug-resistance; therefore, we refer
to D25N as WT throughout the paper for simplicity in nomenclature. The crystal structures
of WTp1-p6y 718 and WTNC-ply 117 and AP2ZYNC-plygoa variants were used as the starting
structures in the MD simulations (PDB ID: 1KJF, 1TSU, 1TSQ). The other structures were
modeled by side-chain mutations performed in PyMOLS33 by selecting the most probable
rotamer from the rotamer library followed by energy minimization as described below. The
PR—substrates complex variants are listed in Table 1.

4.3. Molecular Dynamics Simulations

The AMBERS3435 simulation package (version 8) with the ff03 force field was used in all
simulations. All structures were solvated explicitly in a truncated octahedron box using the
TIP3P water model.38 Overall charge of each system was neutralized by adding the
appropriate number of CI~ counterions using a Coulombic potential on a 1 A grid with the
preparatory program tleap of AMBER. The initial structures were first minimized at
constant volume with convergence criteria of either maximum 90 000 cycles or a root-mean-

J Chem Theory Comput. Author manuscript; available in PMC 2013 December 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ozenetal.

Page 10

square deviation (rmsd) value of 0.01 A by steepest-descent integration algorithm for 50
steps and then switched to conjugate gradient algorithm. Initial atom velocities
corresponding to a temperature of 10 K were generated from a Maxwellian distribution, and
the temperature was gradually raised to 300 K. The temperature was maintained at 300 K,
and the pressure was maintained at 1 bar by the Berendsen weak-coupling approach.3”
Constant pressure periodic boundary conditions were used with isotropic position scaling.
The particle mesh Ewald (PME) method38 was used to calculate the full electrostatic energy
of a periodic box, bypassing pair list creation and nonbonded force and energy evaluation by
calling special PME functions to calculate the Lennard-Jones and electrostatic interactions
with a cutoff distance of 9 A. Covalent bonds involving hydrogen atoms were constrained
by the SHAKE algorithm3® with a relative geometrical tolerance of 10 x 107> A. A time step
of 2 fs was employed in the Leapfrog integrator. Various system properties (total, kinetic,
and potential energies, temperature, pressure, density, and rmsd of the backbone atoms, and
Vin/out) Were monitored during equilibration to ensure the stability of the simulations.
Coordinates and energies were written every 0.4 ps during the 11 ns production phase.

4.4, Calculation of Vi and Vg

The dynamic substrate envelope was previously modeled by a quantitative approach using
the MD of seven PR-substrate WT complexes.20 This approach was based on a three-
dimensional grid with side length 10 A and grid spacing 0.2 A located in the binding site.
The occupancy of each grid cell, gjjk, Was assigned an initial value of 0. Then the number of
times that a grid cell was within the vdW volume of any peptide was counted. This value
eventually became the overall occupancy of that grid cell. The total volume of the substrate
envelope was essentially the summation over all grid cells with occupancy greater than 0
normalized by the total number of structures used. This dynamic substrate envelope was
used in this study as a basis for the conserved consensus volume that is occupied by the
substrates in the binding groove.

In this study, the substrate vdW volumes were mapped on the same grid to define
probability distributions of the volume occupied by each substrate variant. Before this
mapping, all frames from each trajectory were superimposed using the least flexible/mobile
residues 24-26 and 85-90 on the WTCA-p2\y complex structure using the rmsd trajectory
tool of the molecular visualization and trajectory analysis software, VMD.40 The effect of
residue selection on the shape of the dynamic substrate envelope was assessed by aligning
the trajectories using the C,, atoms of all PR residues, dimerization interface excluding the
flaps, catalytic triad, and finally only the flaps. The results showed that the shape of the
dynamic substrate envelope is not sensitive to the selection of the reference residues for
structural alignment as long as these reference residues are not on a highly mobile region of
the PR (Supporting Information Tables S1 and S2).

The substrates in various complexes were then compared to each other in terms of how well
they fit within (Vj,) and how much they protruded beyond the dynamic substrate envelope
(Vout)- For this comparison, the vdW volume of an individual substrate was computed from
N4 time points in the MD trajectory of that substrate as described earlier.20

4.5. Estimation of vdW Potential

Protease—substrate vdW contacts were estimated by a simplified Lennard-Jones potential
V(r) using the relation 4¢ [(alr)12} — (ofr)®], where r is the PR—substrate interatomic
distance and ¢ and o are the well depth and hard sphere diameter, respectively, for each PR—
substrate atom pair. V(r) for all possible PR—substrate atom pairs was computed within 5 A,
and when the distance between nonbonded pairs was less than &, V(r) was considered equal
to & The rationale for this modification to the original 6-12 Lennard-Jones potential was
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previously described in detail.2? Using this simplified potential for each nonbonded PR—
substrate pair, XV/(r) was then computed for each PR and each substrate residue.

4.6. Calculation of AVj,, AVqy, and AvdW

The property of interest (Vin, Vout, OF vdW) was calculated for each frame taken from an MD
trajectory as described above. These time series data were first plotted as a histogram to
ensure Gaussian distribution, and the sample mean and standard error were calculated. The

difference between two distributions (for example A V4, = VMUT — 1,WT) was computed
by subtracting the sample mean of one from the other. The corresponding error was

estimated by combining the individual standard errors (SE) in quadrature assuming v,V T
and V;MUT are independent variables.

SEaz = SE? +SE§ o)

MUT wWT

Finally, the calculated parameters were reported as A z + SE a5 in Figures 1 and 3, where
X is Vin, Vout, OF vdW. The details of the mathematical proof can be found elsewhere. 41

4.7. Evaluation of Hydrogen Bonding

The trajectory analysis program ptraj was used to calculate the percentage of time a
hydrogen bond existed during the simulated trajectories. A hydrogen bond was defined by a
distance between the donor and acceptor of less than 3.5 A and a donor—hydrogen—
acceptor angle of greater than 120°. Hydrogen bonds that existed more than 50% of the time
were analyzed.

4.8. Fluctuation Dynamics

The normalized cross-correlations of residue pairs were defined as

(AR;ARj)
1/2 /2 (
(AR (AR

ij 2)

where AR is the fluctuation in the position vector R of site i and AR 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. CO;; = 0 gives
uncorrelated atomic fluctuations.

The computer programs for calculating Vin, Vout, vdW contact potential, and the cross
correlations of the atomic fluctuations were written in FORTRAN programming language.
The vdW radii necessary for the volume and vdW contact potential calculations were taken
from the amber03 force field.42 The error analysis was performed using MATLAB.43

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Protease-substrate coevolution preserves the dynamic substrate envelope. AVj,, AV, and
overall PR—substrate AvdW interactions are shown in panels A—C, D—F, and G—I,
respectively. The difference in these three properties for each PR—substrate variant
compared to the WT PR—substrate complex is plotted as bars. Labels of the x-axes
correspond to the mutations in either the PR (V82A or D30N/N88D) or the cleavage site

(AP2V, LP1’F, or SP3’N) or both.
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(R) P1-P6;0./neep (B) P1-P6,30n/n88D

Figure2.

The compensatory mutation LP1’F in the p1-p6 cleavage site preserves the substrate
envelope in drug-resistant D30N/N88D PR variant. 8V;, is visualized for (A) WTp1-
P6p3onyNssp and (B) LPYFpl-p6psonynssp by mapping the difference matrix (VMUT —
VWT) onto the cocrystal structure. The negative values of the difference matrix AVi,, shown
in cyan, correspond to the regions where the substrate in mutant complex fits poorly within
the dynamic substrate envelope compared to WTp1-p6y . The positive values of the
difference matrix AVj,, shown in orange, correspond to the regions where the substrate in
mutant complex fits better within the dynamic substrate envelope compared to WTp1-p6yT.
To get clear images, only the grid cells with an occupancy factor of 0.5 or higher are
visualized. The PR dimer is represented as light-gray ribbon, and p1-p6 side-chains are
shown as sticks. In both panels, the substrate is oriented from N- to C-terminus (left to
right). The figure was prepared with the molecular visualization software, PyMOL.33
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Residue-based view of the effect of drug resistance on PR— substrate vdW interactions.

Substrate residual SvdW interactions with the PR for (A) NC-p1 variants (WVTNC-

plysoa, AP2YNC- p1V82A: and WTNC- PLyszn); (B) the first set of p1-p6 variants (WTp1-
P6p3on/ngsD. 7L Fpl- p6D30N/N88D and -PYFp1-p6yy7); and (C) the second set of p1-p6
3Np1-p6p3on/nssp, and SP3Np1-p6y ) with reference to

variants (WTp1-p6paon/nesn: >
their respective WT complexes (AvdW = vdWMUT — ydwWT),
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The compensatory mutation in the p1-p6 cleavage site, LP1’F, causes major structural
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rearrangements reducing vdW interaction potential of the invariant Asp P2. The side chains
of the PR residues that interact with Asp P2 at 10 ns are displayed as dotted spheres for

(A) WTp1-p6yzonsnssp and (B) LPLFpl-pbpson/nssn. The substrate residues were colored
based on the vdW interaction potential with any PR atom, and the PR residues were colored
based on the vdW interaction potential with any substrate atom. The substrate residues are

shown in italic and the mutated residues in bold.
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Substrate backbone hydrogen bonds are robust against the local conformational
rearrangements due to drug-resistance mutations. The side-chain hydrogen-bonding pattern,
however, is altered by PR mutations but restored by cleavage site mutation. Coordinates

of WTp1-p6wr, WTp1p6pson/nssn, and “PLFplp6psonngsn after 10 ns were superimposed
to reveal the local conformational rearrangements due to the drug resistance mutations (A,
E). Substrate backbone (A) and side chain (E) atoms are displayed as sticks. The backbone
and side-chain hydrogen bonds are shown as dashed lines for (B and F) WTp1-p6y, (C and
G) WTp1p6pson/nssn, @nd (D and H) LPYFp1p6nsgnnssp. The substrate residues are
labeled in italic and mutated residues in bold.
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Effect of drug resistance on intrinsic dynamic cooperativity of NC-p1 substrate variants. The
cross-correlations of the atomic positional fluctuations are color-coded (red: positively
correlated and blue: negatively correlated).

J Chem Theory Comput. Author manuscript; available in PMC 2013 December 13.

=0.

-1



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Ozenetal.

Pl

P1’

P2'

P3*

P4

P4 P3 P2 Pl

Pit P2' P

(B) "pl-p6pson/nssp.

P4
P3

Pl

P1’ b

P4
(C) *®'Fpl-p6pson/nssp

P4
P3
P2

Pl |

P1°

P2

P3"

P4

P4P3 P2 Pl

{ g2

P3"

=ty A

P4

P4 P3 P2 Pl

F1' p2' P3?

P4’

(D) "P'"Fpl-pbyr

P4 Pt

P3
P2

p1 b B

1 p1°

P2'[a

P3"

P4’

P4P3I P2 Pl

P1*' P2' P3' P4’

=i

P1' P2' P3' P4'
SP3'N SP3'N.
(E) P1l-pP6p3on/Nssp (F) Pl-pbur
P4 : P4 BE il
B3 P3 -
]
P2 - P2 " g
p1 Pl 1 M
¥
Pl' - ri Pll - - X
| ]
p2' p2' |
Psl b Pal - -
par b par |
P4 P3 P2 Pl P1' P2' P3' P4’ P4 P3 P2 Fl Pl' P2' P3' P4’
Figure7.

Page 21

-0.4

-0.6

Effect of drug resistance on intrinsic dynamic cooperativity of p1-p6 substrate variants. The
cross-correlations of the atomic positional fluctuations are color-coded (red: positively
correlated and blue: negatively correlated).

J Chem Theory Comput. Author manuscript; available in PMC 2013 December 13.



1duasnue Joyiny vd-HIN

Ozenetal. Page 22

Table 1
Protease—Substrate Complex Variants

drug-resistance mutations

protease—substrate complex variant  protease (D25N)2  Substrate  starting structure (PDB code)

WTp1-pbwr - - WTp1-p6yr (LKJF)
LPYFp1-p6yr — LPI'F WTp1-p6yyr (LKIF)
SP3/Np1-p6ur — SP3N WTD1-p6yr (IKIF)
WTp1-pBpzoningsp D30N/N88D - WTp1-pbyr (1KIF)
LPYFp1-p6psonynesD D30N/N88D LPI'F WTp1-p6yyr (LKJF)
SPIND1-pBpaoningsD D30N/N88D SP3N WTp1-p6yyt (LKIF)
WINC-Plyr - - WINC-P1yyr (1TSU)
APZYNC-plyr — AP2V WTNC-P1yr (1TSU)
WTNC-p1V82A V82A — WTNC-PLyr (1TSU)
AP2VNC-p1V82A V82A AP2V APZYNC-plygaa (1TSQ)

a . . . Lo . A .

All 10 PR variants have D25N mutation. This mutation inactivates the PR allowing for natural substrate cocrystal structure determination and is
known to hardly alter the structure.32 D25N is not a drug-resistance mutation; hence, the PR with only D25N is referred WT to simplify the
notation.
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Effect of Drug Resistance on Intramolecular Substrate Hydr ogen-Bonding Pattern2

Table 3

WINC-plwr WINC-plygoa APZYNC-plygoa APZYNC-plwt
P1(N)...P3(0) 61.8 <50 <50 <50
P1(ND2)...P3(OEL) <50 <50 78.0 816

WTpl-pbyr  WTpl-pbpsonnssp  “PYFP1-pbpaonnesp  -FYFp1-pbuwr

P2(0)...P1’ (N)
P2(ODI)...P1’ (N)
P3 (0)...P2’ (NE2)

<50 79.9 <50 <50
87.3 <50 83.7 69.0
<50 61.6 73.7 <50

WTp1-pbyr  WTpl-pbpgonmsso  SPINPL-P6psonmeso  SP¥Npl-pbyr

P2(0)...P1’ (N)
P2(ODI)...PV (N)
P3 (0)...P2’ (NE2)

<50 79.9 <50 <50
87.3 <50 <50 71.6
<50 61.6 <50 <50

Page 25

aPercent time that substrate intramolecular hydrogen bonds existed is shown for each PR—substrate complex. The table is color-coded based on
the frequency of hydrogen bonds as a spectrum; red being highest frequency and green being lowest frequency hydrogen bonds. Only hydrogen
bonds that existed more than 50% of the time were analyzed.
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