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ABSTRACT: Drug resistance continues to be a growing global problem. The efficacy of small molecule inhibitors is threatened
by pools of genetic diversity in all systems, including antibacterials, antifungals, cancer therapeutics, and antivirals. Resistant
variants often include combinations of active site mutations and distal “secondary” mutations, which are thought to compensate
for losses in enzymatic activity. HIV-1 protease is the ideal model system to investigate these combinations and underlying
molecular mechanisms of resistance. Darunavir (DRV) binds wild-type (WT) HIV-1 protease with a potency of <S pM, but we
have identified a protease variant that loses potency to DRV 150 000-fold, with 11 mutations in and outside the active site. To
elucidate the roles of these mutations in DRV resistance, we used a multidisciplinary approach, combining enzymatic assays,
crystallography, and molecular dynamics simulations. Analysis of protease variants with 1, 2, 4, 8, 9, 10, and 11 mutations
showed that the primary active site mutations caused ~50-fold loss in potency (2 mutations), while distal mutations outside the
active site further decreased DRV potency from 13 nM (8 mutations) to 0.76 M (11 mutations). Crystal structures and
simulations revealed that distal mutations induce subtle changes that are dynamically propagated through the protease. Our
results reveal that changes remote from the active site directly and dramatically impact the potency of the inhibitor. Moreover,
we find interdependent effects of mutations in conferring high levels of resistance. These mechanisms of resistance are likely
applicable to many other quickly evolving drug targets, and the insights may have implications for the design of more robust

inhibitors.

rug resistance is a growing global problem."” The

efficacy of current drugs is threatened by pools of genetic
diversity in many therapeutic targets, including antibacterials,
antifungals, cancer therapeutics, and antivirals.? Specifically,
rapid evolution in viruses can cause emergence of variants that
are not effectively inhibited by small molecule inhibitors.
Human immunodeficiency virus (HIV) is capable of
accumulating a large number of mutations in response to
antiretroviral therapy.*’

The viral enzymes coded by the HIV genome, including
HIV-1 protease, have been targets of extensive drug develop-
ment efforts. HIV-1 entry, nucleoside reverse transcriptase,
non-nucleoside reverse transcriptase, integrase, and protease
inhibitors are used in combination to curb the emergence of
drug resistance. Resistance can develop quickly against a single
agent, with mutations resulting from the high infidelity of the

reverse transcriptase’ ® and the high recombination rate of
HIV.”' Mutations may also arise from patient noncompliance
due to a number of factors, such as adverse side effects and
high pill burden."’ HIV-1 protease can tolerate a large number
of mutations, with 45 out of 99 amino acid positions able to
mutate while retaining adequate enzymatic activity to allow
replication.'” Viral variants from patients who failed therapy
and in vitro selection experiments often contain complex
combinations of multiple mutations. Especially with potent
inhibitors, a single mutation is not sufficient and many
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Figure 1. (A, B) Resistance mutations in the variants, displayed on HIV-1 protease structure in panel B, with side chain of residues mutated shown
as ball and stick and colored to match the variant added to in panels A and C. DRV depicted as yellow sticks. Mutations V32I, V82F, and 184V are
classified as proximal, while all other mutations are distal. (C) Inhibition constant, K;, of each variant against DRV. Resistance increases as
mutations accumulate. (D) Double mutant cycle of distal mutations A71V and L76V going from 8Mut to 10Mut variant with 12-fold higher
resistance. The additional IS4L mutation (11Mut) further increases resistance S-fold. (E) Mutations are interdependent (AAGoyyarv +

AAG9Mut-L76V ?é AAGlOMut)'

mutations need to accumulate to confer appreciable levels of
resistance. Under drug pressure, resistance and compensatory
mutations accumulate in the Gag and Gag-Pol viral
polyproteins, resulting in often unpredictable and complex
mechanisms of resistance.”'* Given the prevalence and
complexity of these mutations and underlying mechanisms,
HIV-1 has served as a model system to identify, analyze, and
characterize drug resistance.

Darunavir (DRV) is the latest and most potent FDA-
approved HIV-1 protease inhibitor."” The potency of DRV is
due to several factors, including a number of crucial hydrogen
bonds with the protease backbone, conservation of the water-
mediated hydrogen bonding network with the flaps, and
extensive van der Waals (vdW) contacts with active site
residues.'®"” Moreover, DRV fits well within the substrate
envelope (the consensus volume occupied by the natural
substrates'®), which explains its low susceptibility to
resistance.'”~>' DRV can effectively inhibit variants with
common single primary resistance mutations such as 184V
and IS0V/A71V.”> However, high levels of resistance are
reached as mutations accumulate, both within and outside the
active site of HIV-1 protease.

The combinations of mutations in HIV-1 protease can
utilize complex mechanisms of resistance to reach significant
levels of resistance. The primary mutations proximal to the
active site are thought to directly confer drug resistance while

distal mutations are considered compensatory and restore
catalytic function.”® However, distal mutations can also weaken
inhibitor binding, as has been reported for not only HIV-1
protease but other drug targets as well.”*™*’ Molecular
mechanisms such as reducing the coupled motions of the
protease and inhibitor’® and altering protein intramolecular
hydrogen bonds™ have all been suggested in resistance
mechanisms involving mutations distal to the inhibitor binding
site. We have previously shown that cross-correlations between
protein and inhibitor fluctuations distinguish tight binders
from weak binders in both HIV and HCV protease.”” ' In
addition to weakening inhibitor binding, mutations can alter
the dynamic ensemble of the protease—inhibitor complex and
the balance between inhibition and catalytic activity. However,
changes to the structure and dynamic ensemble along a
resistance pathway, molecular mechanisms of resistance due to
combinations of mutations, and the role of distal mutations in
conferring resistance versus restoring catalytic activity are not
well understood.

Here we investigate highly mutated and highly DRV
resistant variants of HIV-1 protease to understand the role of
distal mutations and uncover underlying mechanisms of
resistance. While DRV inhibits wild-type HIV-1 protease
with picomolar inhibition constant, a combination of 11
mutations (3 active site and 8 distal) confers near micromolar
resistance to DRV. All of these mutations have been observed



in patient isolates, although not in this specific combina-
tion.””**> Qur inhibition assays show that the active site
mutations alone do not account for this severe loss in affinity
to DRV. We generated protease variants with subsets of these
11 mutations (1, 2, 4, 8, and 10 mutant variants) and found
increased resistance with accumulation of mutations. We also
tease out the effect of two individual distal mutations on the
viral evolution pathway from 8 to 10 mutant variants, through
double mutant cycle analysis of the two possible intermediate 9
mutant variants. Using high-resolution crystal structures,
enzymatic and inhibition assays, and molecular dynamics
simulations, our findings support the role of distal mutations in
conferring drug resistance. In addition to restoring catalytic
activity, distal mutations contribute to drug resistance through
interdependent, dynamic processes propagated throughout the
protease.

B RESULTS

Viral Passaging under Drug Pressure Selected for
Highly Mutated Variants. Viral passaging experiments were
performed to elucidate drug resistance in HIV-1 protease
under increasing DRV selective pressure and identified 2 highly
abundant variants with 8 and 10 mutations.”* At the highest
drug concentration, an additional mutation was selected,
leading to a variant with 11 total mutations (11Mut) [Figure
1A,B]. Sequencing from early time points indicated that 184V
(1Mut) was the first fixed mutation. A variant with both V82F
and I84V (2Mut) was generated to investigate primary active
site mutations. A midpoint variant between 2Mut and 8Mut
was chosen to include 2 active site and 2 flap mutations (I84V,
V82F, K451, and M46I; 4Mut variant). Addition of 4 more
mutations (I113V, G16E, V32I, and I33F) to 4Mut yielded the
8Mut variant that was highly abundant in the viral passaging at
higher DRV concentrations. With increased DRV pressure, the
next highly abundant variant included additional A71V and
L76V mutations (10Mut). The possible 9 mutant intermediate
variants en route to 10Mut from 8Mut were not observed in
viral passaging. To understand the role of the additional A71V
and L76V mutations individually, 9Mut-A71V and 9Mut-L76V
variants were generated. Lastly, the addition of IS4L mutation
onto 10Mut created the 11Mut variant. For all these 8 variants
[Figure 1A] and wild-type protease, the catalytic activity, DRV
inhibition constant, and high-resolution crystal structure were
determined, and MD simulations were performed to elucidate
the molecular mechanisms of resistance.

Resistance Mutations Are Selected to Maintain
Catalytic Activity. To determine the effects of mutation
accumulation on protease catalytic activity, an established
enzyme assay for cleaving the natural MA/CA site was used to
measure the Michaelis—Menten constant (K,;) and turnover
rate (k) [Table S1]. The ratio of the two measured values
was used to calculate the catalytic efficiency (k /Ky for all
protease variants. Wild-type protease had a Ky, of 71.4 yuM and
ke of 1282.7 s7', yielding a catalytic efficiency of 17.1 uM™
s~1. 1Mut, 2Mut, and 4Mut variants had WT-like K, values.
However, k_, of these variants were 2—7-fold lower than WT
protease, resulting in decreased catalytic efficiency. The 2Mut
variant had a S-fold decrease in k,,/Ky; compared to WT (k.,./
Ky =34 +02uM"s™).

Relative to WT protease, Ky, values of the highly mutated
8Mut, 9Mut-A71V, 9Mut-L76V, and 10Mut variants increased
1.4—2.4-fold. The k_, value of the 8Mut and 10Mut decreased
2—3-fold, and the k/Ky 3—5-fold relative to WT. The most

striking loss was in the turnover rates of the 9Mut variants,
with 2 orders of magnitude slowing in the cleavage rate (k.=
16.9 + 0.3 and 17.7 + 0.3, respectively, for 9Mut-A71V and
9Mut-L76V). Combined with the increase in Ky, these
variants were extremely inefficient with k_./Ky; values 171-
fold lower relative to WT, representing a severe enzymatic
penalty for these intermediate variants that were undetectable
in viral passaging. Strikingly, co-occurrence of the A71V and
L76V mutations in the 10Mut variant restored catalytic
efficiency (k./Ky= 5.3 + 0.1 uM™' s7'). The 11Mut
exhibited restored WT-like Ky; but was 13-fold less catalytically
efficient compared to WT protease (k.,./Ky = 1.3 + 0.4 uM ™!
sfl).

This enzymatic assay uses a single cleavage site for a
relatively short amount of time. To examine how the highly
mutated variants process multiple cleavage sites in full length
Gag polyprotein (pSS) over a longer time scale, a gel cleavage
assay was utilized®>*® [Figure S1]. Wild-type protease was
extremely efficient, cleaving 100% of the pSS polyprotein after
90 min. All the mutants were able to cleave the initial p2-NC
cleavage site at varying rates. The intermediate 9Mut variants
were much slower but were still able to process the multiple
cleavage sites in the polyprotein. Overall, all protease variants
were able to process substrates, with the highly mutated and
abundant 10Mut and 11Mut variants having restored catalytic
activity.

Accumulation of Mutations Progressively Increases
DRV Resistance. The enzyme inhibition constant, K, of DRV
was measured against WT and the selected protease variants
using an established assay with an optimized fast-cleaving
substrate.”” Wild-type protease is highly susceptible to DRV
with a K] in single digit picomolar range below the assay limit
of reliable detection (K; < 0.005S nM), as we previously
reported.38 Against 1Mut, 2Mut, and 4Mut, DRV maintained
picomolar inhibition, but with K; increasing progressively 6—
80-fold relative to WT [Figure 1C]. The 8Mut variant was
significantly more resistant to DRV, with a 2560-fold increase
in resistance compared to WT (K; = 12.8 nM). Addition of
A71V mutation (9Mut-A71V) resulted in a ~2-fold further
increase in resistance (K; = 23.2 nM). In contrast, addition of
L76V (9Mut-L76V) caused an order of magnitude increase in
DRV resistance (K; = 172.7 nM), indicating that the distal
L76V mutation contributes a significant level of resistance. The
10Mut variant harboring both distal mutations exhibited 9Mut-
L76V-like inhibition (K, = 156.4 nM). Addition of I54L in
11Mut resulted in dramatic DRV resistance, with a 152000-
fold decrease in inhibition compared to WT (K, = 759.2 nM).
Active site mutations alone do not account for the high levels
of resistance seen in the highly mutated variants, as only with
the addition of distal mutations the protease was able to exhibit
nanomolar-level inhibition. The relationship between DRV
inhibition and catalytic efficiency is shown in Figure S2.

Double Mutant Cycle Reveals the Interdependency
of A71V and L76V. Only the 8Mut and 10Mut variants were
observed in viral passaging; thus the addition of A71V and
L76V mutations individually were examined in a double
mutant cycle analysis [Figure 1D] to elucidate the
interdependency of these two distal mutations, which cause
12-fold increase in resistance. The change in free energy of
inhibitor binding (estimated from AG = RT In[K;])** between
the reference variant 8Mut and 10Mut (AAGg:) Was
calculated. This was then compared to the sum of individual
changes for 9Mut-A71V and 9Mut-L76V relative to 8Mut


http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00370/suppl_file/cb9b00370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00370/suppl_file/cb9b00370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00370/suppl_file/cb9b00370_si_001.pdf

(AAGopuenrivt AAGopyei76v)- When the two mutations are
independent, the two values are equal (AAG gy =
AAGopearry + AAGopersey). The sum of free energy
changes for the 9Mut intermediates was more than that for
10Mut [Figure 1D]. AAGgppy.a71v was 0.35 + 0.07 keal/mol
and AAGgygy.176v Was 1.55 = 0.10 kcal/mol, summing to 1.90
+ 0.12 kcal/mol; however, AAG, g, was 1.45 + 0.05 kcal/
mol. Thus, the double mutant cycle analysis shows that A71V
and L76V are interdependent™ in conferring DRV resistance.

Crystal Structures Show Resistance Mutations Re-
duce vdW Contacts with DRV. To elucidate the changes in
inhibitor binding and molecular mechanisms of resistance, we
determined cocrystal structures of DRV bound to the wild-type
HIV-1 protease of the NL4-3 strain, as well as all eight mutated
variants at high resolution (1.9—2.2 A). Structure of DRV
bound to WT protease and the 184V variant were previously
determined”” and the 2Mut crystallized in the same space
group (P2,2,2,), which contained one homodimer in the
asymmetric unit and one inhibitor bound in a single
orientation, allowing direct comparison. The variants contain-
ing four or more mutations had a different preferred
crystallographic lattice and were solved in the P6, space
group. For reliable and direct comparison with these variants,
WT protease structure was also determined in the hexagonal
space group. These structures were also solved containing one
homodimer in the asymmetric unit with one inhibitor bound in
a single orientation [Table S2]. Structures of protease variants
were overall similar to that of WT protease, with 0.3—0.4 A
overall RMSD of C, atoms [Figure S3]. Following established
convention, throughout this analysis the B chain that contacts
the aniline moiety of DRV will be denoted the prime (') chain,
while the A chain will remain nonprime. The crystal structures
determined provided insights into changes in the overall
structure and protein—inhibitor interactions due to the
accumulating resistance mutations.

Resistance mutations selected under DRV selective pressure
are expected to directly or indirectly perturb inhibitor binding
and result in reduced potency. To elucidate alterations in
inhibitor packing at the active site, we calculated vdW contacts
of DRV with the protease residues from the crystal structures
[Table S3]. Compared to WT protease, the common
multidrug resistance mutation 184V resulted in a loss of 1.2
and 1.8 kcal/mol in vdW contacts of residue 84 and 84/,
respectively [Figure S4A, Table S3]. Similarly, all remaining
variants, which also contain this mutation, had 1—2.5 kcal/mol
losses in vdW contacts at these two residues. In the presence of
the single 184V mutation, the location of the other active site
mutation, V82, had a compensatory gain in vdW contacts in
chain B, which was progressively alleviated as the mutations
were added. Overall, V82F exhibits a minor gain in vdW
contacts (0.2 kcal/mol on average), but the larger nonpolar
side chain significantly shifts Arg8’ away from DRV resulting in
0.6—1.1 kcal/mol loss in vdW contacts. Addition of flap
mutations K451 and M46I caused reduced vdW contacts of 150
in 4Mut variant and a net loss in total vdW contacts, which
correlates with reduced potency [Figure S4B, Table S3]. The
highly resistant 8Mut variant structure continued the trend,
exhibiting a net reduction in vdW contacts. Notably, although
the V32I mutation results in a larger amino acid at the edge of
the active site, vdW contacts with DRV were reduced 0.4—0.6
and 0.5—1.0 kcal/mol due to the orientation of the additional
methyl group away from the inhibitor [Figure S4A, Table S3].
The combination of 113V, L33F, and V321 exacerbated losses

of vdW contacts at residues 184V and 184V’ by 0.2 and 0.7
kcal/mol, respectively. Each mutation, both proximal and
distal, either directly or indirectly reduced vdW contacts with
the inhibitor, thereby destabilizing inhibitor binding.

Although the 9Mut variants were not observed in viral
passaging, determining the structures of these complexes
highlighted the interdependent structural changes of the
mutations at residue 71 and 76 connecting the 8Mut and
10Mut variants. The A71V mutation, located on the distal
“70’s loop”, is a well-known compensatory mutation that
restores catalytic activity of protease variants containing 150V
mutation. The differences in internal C, distances [Figure SS],
also known as distance difference matrices, were calculated to
quantify the structural alterations. Comparing the 8Mut and
9Mut-A71V structures, the A71V mutation pushes the flexible
“70s loop” outward up to 0.61 and 0.63 A for residues 67 and
68’, respectively. This outward shift can perturb the f strand
(residues 69—76) that directly interacts with the neighboring f
strand extending up to the flaps (residues $3—65). Although
there are very few changes in the internal C, distances of 8Mut
and 9Mut-L76V, when we compare 8Mut and 10Mut the
changes in distances reflect an additivity of the differences
between the 8Mut versus the two 9Mut structures [Figure SS].

Comparing the complexes of 10Mut and 11Mut helps
explain the 5-fold reduction in potency. The longer side chain
resulting from the IS4L mutation pushed against Pro79
creating a mean difference of 0.36 A at residues 54 and 54’
and 0.20 A at residues 79 and 79’ [Figure S5]. This widening
at the active site may destabilize flap closing, and most notably
resulted in reduced vdW contacts at residues 49 and 50 of 0.9
and 0.8 kcal/mol, respectively. 11Mut—DRV cocrystal
structure had the lowest total intermolecular vdW contacts,
correlating with the highest DRV resistance.

Resistance Mutations Perturb Packing in the Hydro-
phobic Core. Many of the mutations observed were changes
from one hydrophobic side chain to another, located in the
hydrophobic core of the protein, that considerably change the
packing between hydrophobic side chains. K451 results in a
side chain rotamer that increases hydrophobic packing with
residues 147, V56, and L76 at the base of the flaps [Figure
S4B]. While 184V may only bridge the gap between V82F and
V321 [Figure S4A], V321 is involved in both the L76V cluster
(also including K4SI, 147, and V56) [Figure S4C] and the
IS4L cluster (also including 147, 150, and V56) [Figure S4D].
Mutations that perturb the packing of these clusters may also
affect “hydrophobic sliding” and thus conformational dynamics
of the protease.””*!

Resistance Mutations Increase Protease Fluctuations.
Despite 5 orders of magnitude increase in the inhibition
constant (K;) of the 11Mut variant relative to WT protease,
DRV displayed only minor conformational differences in the
cocrystal structures, and MD simulations were performed to
better interrogate these structures. Starting from the cocrystal
structures of the DRV complexes with WT protease and the
resistant variants, three replicates of fully hydrated 100 ns MD
simulations were performed for each complex. All simulations
reached convergence [Figure S6]. The protein backbone
dynamics were compared via root-mean-square fluctuations
(RMSF) of C, atoms [Figure S7]. In WT—DRV complex, the
entire backbone was stable, including the flaps (S0s region)
that close upon the bound inhibitor. In 184V variant, the flaps
wre slightly more mobile but the active site remained stable.
Relative to 184V, the 2Mut (I84V/V82F) protease had
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Figure 2. Mean internal C, distance differences between (A) 8Mut and 9Mut-A71V, (B) 8Mut and 9Mut-L76V, (C) 8Mut and 10Mut, (D) 9Mut-
A71V and 10Mut, (E) 10Mut and 9Mut-L76V, and (F) 10Mut and 11Mut protease variants from MD simulations plotted onto protease structure.
In all panels, DRV is shown as sticks in the active site. Putty thickness and color indicate distance difference where hot colors indicate large changes.

reduced flap fluctuations [Figure S8]. The addition of flap
mutations K451 and M46I in the 4Mut resulted in higher
fluctuations at chain A flap and residues 79—82. Chain B flap
and residues 79'—82’ had WT-like fluctuations, remaining
stable throughout the MD simulations. Overall, the backbone
flexibility of the highly mutated 8Mut, 9Mut-A71V, 9Mut-
L76V, and 10Mut variants were similar to WT complex, except
increased fluctuations at residue 65’ in 10Mut. 11Mut variant,
bearing flap mutation IS4L, displayed extremely large
fluctuations at both flaps (residues 42—S5 and 45'—52),
increasing more than 0.6 and 0.5 A in chain A and B,
respectively, relative to WT protease. In addition, 11Mut
protease had increased fluctuations at residues 79—82 and
78"'—80" as well as residues 26—28 in the active site. Thus, the
addition of I54L mutation resulted in considerable increase in
protease backbone fluctuations at the active site and flaps.
To compare the dynamic ensemble of DRV-bound variants,
mean internal C, distances from MD simulations were
compared, similar to the comparison of crystal structures
[Figure 2]. In this analysis, the internal distances between all
C, carbons were measured for every frame of the trajectory
and an average was taken. Comparing 8Mut to 9Mut-A71V,
changes were mostly localized to the 70s -sheets and residues
15—20 in both chains, with small changes at the flap elbows
[Figure 2A]. Comparing 8Mut to 9Mut-L76V, changes were
located in both flaps and the flap elbows. The 80s loop
(residues 78 to 82) also had slight changes. In addition, the B
chain 70s f-sheet was affected while the A chain f-sheet
showed very little change [Figure 2B]. As was observed with
the crystal structures, alterations in the two 9-Mut variants
were additive when 10Mut was compared to 8Mut. The
exception was that changes at residues 78—82 were attenuated
when A71V and L76V were simultaneously present [Figure
2C]. To complete the cycle, the two 9Muts were compared
with 10Mut. Similar to the effects noted earlier, A71V induced
changes at the 70s f-sheets and residues 15—20, while L76V
distally affected the flaps and flap elbows [Figure 2D,E]. These
alterations in the dynamic ensemble were consistent with the
comparison of crystal structures [Figure SS]. However,
alterations in the 11Mut variant were accentuated in the
conformational dynamics in the MD simulations, with large
structural changes at both flaps and the active site [Figure 2F].

Compared to other variants, the flaps of 11Mut were more
open as indicated by the increasing distance between the C,
atoms of 150—V84' and 150'—V84 [Figure S9]. Thus, 154V
mutation in 11Mut resulted in destabilization and increased
fluctuations of the protease, particularly in the flaps.

Inhibitor Fluctuations Increase and Interactions Are
Destabilized Due to Resistance Mutations. In the
cocrystal structures, conformation of DRV was highly similar,
with the most notable alterations occurring at the P1’ moiety
[Figure S10]. To investigate how the dynamics of DRV may
vary, the RMSF of every DRV heavy atom from the MD
simulations was calculated and grouped according to the four
DRV moieties [Figure 3]. In complex with WT protease DRV
was stable, with RMSF below 0.75 A except for the P1’ moiety.
In 1Mut, 2Mut, and 4Mut variants, fluctuations of DRV
moieties were similar to those in WT complex, with few minor
exceptions at the P1’ and P1 moieties (data not shown). When
bound to all the highly mutated variants, DRV had increased
flexibility, especially at the P1 and P2 moieties [Figure 3]. In
10Mut complex, the P2 bis-THF moiety had high RMSF
compared to WT and all other variants. This moiety makes
several hydrogen bonds to protease active site residues and
contributes significantly to the high potency of DRV. In
complex with the 11Mut variant, the entirety of DRV
experienced significant flexibility with the P1 moiety showing
the greatest RMSF. Overall, resistance mutations in the
protease variants resulted in increased flexibility and higher
fluctuations of DRV, suggesting that inhibitor binding and
intermolecular interactions are destabilized.

Underlying the high potency of DRV against WT HIV-1
protease is an extensive hydrogen bonding network and strong
vdW interactions with active site residues. In highly mutated
variants, these interactions may be perturbed, as suggested by
increased DRV fluctuations. The vdW packing around DRV in
complex with 8Mut, 9Mut-A71V, 9Mut-L76V, and 10Mut
decreased slightly around the P2 bis-THF moiety compared to
WT [Figure 3B]. In 11Mut variant, packing around DRV was
significantly reduced at the P1 phenyl, P1’ isobutyl, and P2’
aniline moieties. In the cocrystal structure bound to WT
protease, DRV makes a number of hydrogen bonds with the
protease backbone and a water-mediated hydrogen-bonding
network with the flaps [Figure 4A]. All these hydrogen bonds
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Figure 3. (A) Root-mean-square fluctuation (RMSF) of DRV atoms
grouped by moiety monitored during MD simulations bound to WT
and resistant HIV-1 protease variants (color scheme as in Figure 1).
(B) Packing around DRV in complex with WT protease and resistant
variants. Total per atom protease—DRV vdW contact energies
mapped onto the respective DRV crystal structure, with red indicating
more contacts.

were stable and highly conserved throughout the MD
simulations [Figure 4B]. In the highly mutated variants,
frequency of hydrogen bonds during the MD simulations
decreased relative to WT complex, with a severe loss in the
hydrogen bond between D25’ and the central hydroxyl of
DRYV. In 8Mut and 9Mut-A71V variants, DRV hydrogen bonds
with P2 bis-THF and flaps destabilized 8—17%, and frequency
of the hydrogen bond between P2’ aniline and backbone
nitrogen of D30’ decreased 18%. In 9Mut-L76V and 10Mut
variants, there was a further decrease in the frequency of these
hydrogen bonds. In 11Mut variant, water-mediated hydrogen
bonding network with the flaps was severely impacted, where
two hydrogen bonds were completely lost and the other two
maintained only 25% during the MD simulations. The
hydrogen bond between D25 and the central hydroxyl was

reduced to 62% where it was previously maintained at 83—99%
for WT and all other resistant variants. Additionally, the P2’
aniline hydrogen bond with D30’ was significantly reduced to
only 9%, an 85% decrease compared to WT. Thus, the impact
of distal mutations in these highly mutated and resistant
variants propagated to the active site to destabilize inhibitor
vdW and hydrogen bonding interactions with the protease.

Protease—DRV Cross-Correlations of Fluctuations Are
Lost with Increasing Resistance. Cross-correlation of
collective motions between a ligand and target protein can
distinguish tight and weak binders, as we previously
reported.”**>** For HIV-1 protease, tight binding inhibitors
have greater correlation of fluctuations with proximal protease
residues, namely, the active site and flaps. Contrary to tight
binders, weak binding inhibitors lose correlations with these
residues corresponding to disrupted intermolecular interac-
tions.”® Cross-correlations between the fluctuations of DRV
and protease residues were calculated from the MD simulation
trajectories. As expected, DRV fluctuations were highly
correlated with catalytic residues especially at chain A, flap
tips (49—51/49'—S51"), and residues 26—31 adjacent to the
catalytic D2S [Figure SA]. DRV also had moderate
correlations with residues 81—87, while the flap elbows and
70s p-sheets were anticorrelated. In 8Mut, DRV maintained
correlation with residues 49'—50" but decoupled from chain A
flap tip and the active site residues [Figure S11]. While 9Mut-
A71V restored the lost correlations of DRV with the catalytic
residues, the flap tips became further decoupled. In 9Mut-
L76V and 10Mut, DRV fluctuations were further decoupled
from the flap tips, but in both variants DRV somewhat
maintained correlation with catalytic residues [Figure S]. In
11Mut variant, positive correlations with DRV were almost
completely lost, and the inhibitor established anticorrelations
with various regions of the protein (chain B flap, S2’ subsite,
chain B 70s f-sheet and 80s loop). Disruptions in the
correlations between DRV and 11Mut fluctuations are
consistent with increased resistance and weaker intermolecular
interactions.

Distal Mutations Impact the Dynamic Ensemble to
Confer Resistance. The existing paradigm reasons that distal
mutations play a compensatory role in HIV-1 protease, acting
to restore catalytic efficiency lost by the accumulation of
mutations. However, while certain distal mutations indeed play
a compensatory role, they also confer resistance as
demonstrated above. We reported previously that distal
mutations may propagate their effects to the active site via
altering the conformational dynamics of the inhibitor—protease
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Figure 4. Resistant HIV-1 protease variants lose hydrogen bonding with inhibitor DRV. (A) Hydrogen bonds with DRV (green sticks) indicated as
black dashed lines on the WT protease crystal structure. The “flap water” molecule is depicted as a red sphere. Numbers correspond to hydrogen
bonds shown in panel B. (B) Hydrogen bonding frequencies from MD simulations. The water-mediated hydrogen-bonding network between the

protease flaps and DRV is severely disrupted in 11Mut.
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complex, via hydrophobic sliding*>*' and the internal

hydrogen bonding network.”” Here we used Jensen—Shannon
divergence (JSD) to analyze perturbations in the dynamic
ensemble in response to mutations, where protein backbone
and side chain dihedral angles were compared between variants
during MD simulations. We focused on the impact of 3
additional nonactive site mutations, from 8Mut to 11Mut,
which results in almost 60-fold increase in resistance.
Consistent with the C, distance difference analysis, A71V
caused only local perturbations in the dynamic ensemble in the
70s f-sheets [Figure 6A]. L76V also perturbed the dynamics of
the 70s loop (chain B) but also had distal effects on the
dihedrals of residues in both flaps [Figure 6B]. In combination,

the effects of A71V and L76V were mostly additive, but
together they also perturbed the side chain dihedrals of
catalytic D25/25' residues (¢) of D25 and y* of D25’) [Figure
6C]. However, the alterations in D25/D25’ were subtle and
did not significantly change the hydrogen bonds with DRV
[Figure 4]. Comparison of 9Mut variants with 10Mut
confirmed the earlier observation that addition of L76V mostly
impacted the flaps [Figure 6D], while A71V had local effects
on the proximal 70s f-sheets [Figure 6E]. Lastly, addition of
I54L in 11Mut caused considerable changes to the dynamic
ensemble compared to 10Mut, both proximal and distal. Most
noticeably, side chain dihedrals of catalytic residues were
impacted (y and y* of D25 and y* of D25’), which is



consistent with decreasing hydrogen bonding between the
catalytic residues and the central hydroxyl of DRV [Figure 4].
In addition to changes at the active site, the dynamic ensemble
of the flaps and 80s loop of chain B were affected. These results
indicate that distal resistance mutations propagate their effects
throughout the protein structure, which can be captured as
alterations to the dynamic ensemble of protein dihedral angles.

Bl DISCUSSION

Drug resistance occurs when the target evolves and gains
mutations to thwart inhibition while still maintaining biological
function. We investigated a highly evolved and mutated variant
of HIV-1 protease that accumulated 11 mutations to confer
high-level resistance to DRV. We systematically dissected the
mutations in this variant by generating 8 different subset
variants, including separating active site mutations from distal
mutations and leveraging a double mutant cycle analysis
[Figure 1A]. Integrating activity and inhibition assays, high-
resolution crystal structures, and molecular dynamics simu-
lations, we determined how active site and distal mutations
contribute to drug resistance. Our results show that resistance
progressively increased as the mutations were added, while
catalytic activity was maintained. Mutations were selected both
inside and outside the active site where the inhibitor binds. We
found that the distal mutations play a pivotal role in conferring
drug resistance, as proximal mutations alone cannot explain the
observed near micromolar resistance. Double mutant cycle
analysis revealed that two such distal mutations are
interdependent, with A71V restoring catalytic activity and
L76V decreasing inhibition. Our findings challenge the
convention that distal mutations are merely compensatory
and have secondary or minimal contribution to resistance. On
the contrary, we demonstrated that distal mutations act
interdependently through complex molecular mechanisms to
confer high levels of resistance.

In addition to avoiding inhibition, the mutated protease
needs to continue processing viral substrates to allow viral
replication. The highly mutated variants (8Mut, 10Mut,
11Mut) detected from viral passaging had somewhat
compromised enzymatic activity relative to WT protease,
although still allowed for robust viral replication. Unlike the
detectable variants, both 9Mut-A71V and 9Mut-L76V variants
had severely compromised catalytic activity. The protease must
evolve through one of the 9Mut intermediates en route from
8Mut to 10Mut variant, but the virus cannot efficiently
replicate to populate detectable levels. A71V is a well-known
compensatory mutation that is often observed together with
IS0V and was reported to restore catalytic activity lost due to
this primary mutation.*”** The 8Mut variant does not contain
IS0V, and when added to the 8Mut variant A71V actually
obliterated catalytic activity (9Mut-A71V). In the presence of
the L76V mutation though the catalytic activity was restored
(10Mut). Thus, the effect of A71V on catalytic activity is
context dependent and may be beneficial or detrimental
depending on the background mutation(s).

While resistance due to primary active site mutations are
rather straightforward to explain especially using the substrate
envelope, how combinations of mutations including distal
mutations act interdependently to confer resistance requires
further investigation. The crystal structures showed consistent
losses in protein—inhibitor vdW contacts, differences in
internal distances, and subtle alterations in the binding
conformation of DRV. However, given the high levels of

resistance and orders of magnitude change in inhibition
constants, we expected further and amplified impact on the
conformational dynamics of the protease—inhibitor complex.
MD simulations highlighted the extent of unfavorable
protease—DRYV interactions with increasing mutation accumu-
lation. Highly mutated variants resulted in increased protein
and inhibitor fluctuations and, most importantly, reduced
cross-correlated motions. We previously found that the loss in
correlated inhibitor—target fluctuations correlated with re-
duced inhibitor potency for HCV NS3/4A protease’’ and
analogous inhibitors binding to WT HIV-1 protease.”® We find
here that the same loss exists for highly mutated and resistant
variants of HIV-1 protease. In addition, the hydrogen bonds
and vdW interactions that contribute to DRV’s picomolar
potency in WT HIV-1 protease were greatly diminished.
Alterations in the dynamics of the protease—inhibitor complex
are crucial in the molecular mechanisms of resistance, and thus
the molecular dynamics need to be investigated in addition to
static crystal structures to elucidate how the effect of distal
mutations can be propagated to cause alterations in inhibitor
binding.

Here we develop an alternative approach to previously
explored methods to elucidate how distal mutations propagate
dynamic changes throu§hout the protease. Expanding upon
hydrophobic sliding'”"" and internal hydrogen bonding
networks,” quantitative comparison of protein dihedral angles
can be used to examine dynamic structural changes. As
dihedral angles from MD simulations comprise highly similar
probability distributions, a rigorous statistical analysis involving
Jensen—Shannon divergence implementation is needed to
determine distinct changes. This approach previously quanti-
fied differences in long-range dynamics of proteins with and
without a ligand bound.” Dihedral angle comparison
illustrated the propagation of dynamic effects due to distal
mutations throughout the protein, including impact of A71V/
L76V on the catalytic residues. In the most mutated and most
resistant variant 11Mut, addition of the I54L mutation
conferred many additional changes to the active site and
flaps while also propagating changes throughout the protease
structure. This analysis demonstrated how mutations cause
dynamic changes that propagate to distal regions of the
protein, and thus how considering local changes to the static
structure is not sufficient to elucidate molecular mechanisms of
drug resistance.

Our work provides evidence that distal mutations do indeed
contribute to drug resistance through complex dynamic
processes, significantly altering protease dynamics and
perturbing inhibitor binding. In other HIV-1 protease variants
and, perhaps more significantly, other drug targets where distal
mutations are observed in clinically relevant resistant variants,
the possibility that distal mutations directly confer resistance
cannot be ignored. This also has the implication that drug
design needs to consider both structural and dynamic changes
to the protein—inhibitor complex to be able to effectively
target these variants. The increasing threat of drug resistance in
many clinically relevant systems highlights the need to
characterize resistance mutations, including distal mutations
and combinations of mutations that interdependently confer
resistance through complex dynamic resistance mechanisms.

B METHODS

Protein Preparation. Protease Gene Construction. Protease
gene construction was carried out as previously described.**** In



short, the WT and 10Mut protease variant genes were purchased on a
pET11a plasmid with codon optimization for protein expression in E.
coli (Genewiz). The remaining variants were constructed using
QuikChange site-directed mutagenesis (Genewiz). A Q7K mutation
was included to prevent autoproteolysis.*’

Protein Expression and Purification. The expression, isolation,
and purification of WT and mutant HIV-1 proteases used for all
assays and crystallization were carried out as previously described.****
Briefly, the gene encoding the desired HIV protease was subcloned
into the heat-inducible pXC3S expression vector (ATCC) and
transformed into E. coli TAP-106 cells. Cells grown in 6 L of Terrific
Broth were lysed with a cell disruptor twice, and the protein was
purified from inclusion bodies.*” The inclusion body centrifugation
pellet was dissolved in 50% acetic acid followed by another round of
centrifugation at 19000 rpm for 30 min to remove impurities. Size
exclusion chromatography was carried out on a 2.1-L Sephadex G-75
superfine (Sigma Chemical) column equilibrated with 50% acetic acid
to separate high molecular weight proteins from the desired protease.
Pure fractions of HIV protease were refolded into a 10-fold dilution of
refolding buffer [0.05 M sodium acetate at pH 5.5, 5% ethylene glycol,
10% glycerol, and S mM DTT]. Folded protein was concentrated
down to 0.5—3 mg mL ™" and stored. The stored protease was used in
Ky and K; assays. For crystallography, an additional purification step
was performed with a Pharmacia Superdex 75 FPLC column
equilibrated with refolding buffer. Protease fractions purified from
the size exclusion column were concentrated to 1—2 mg mL™" using
an Amicon Ultra-15 10-kDa device (Millipore) for crystallization.

Enzyme Kinetics and Inhibition. K, Assay. K, values were
determined as previously described.”>*”*" Briefly, a 10-amino acid
substrate containing the natural MA/CA cleavage site with an
EDANS/DABCYL FRET pair was dissolved in 8% DMSO at 40 nM
and 6% DMSO at 30 nM. The 30 nM substrate was 4/5 serially
diluted from 30 nM to 6 nM. HIV protease was diluted to 120 nM,
and S pL was added to the 96-well plate to obtain a final
concentration of 10 nM. Fluorescence was observed with an
excitation at 340 nm and emission at 492 nm and monitored for
200 counts, using a PerkinElmer Envision plate reader. A FRET inner
filter effect correction was applied as previously described.’’ Data
corrected for the inner filter effect was analyzed with Prism7.

K; Assay. Enzyme inhibition constants (K values) were determined
as previously described.””*”*° Briefly, in a 96-well plate, DRV was 3/5
serially diluted from 2000 nM for 8Mut, 1000 nM for 9Mut-A71V,
5000 nM for 9Mut-L76V, 5000 nM for 10Mut, or 10000 nM for
11Mut. All samples were incubated with S nM protein for 1 h. A 10-
amino acid substrate containing an optimized protease cleavage site,””
purchased from Bachem, with an EDANS/DABCYL FRET pair was
dissolved in 4% DMSO at 120 mM. Using a PerkinElmer Envision
plate reader, 5 uL of the 120 mM substrate was added to the 96-well
plate to a final concentration of 10 mM. Fluorescence was observed
with an excitation at 340 nm and emission at 492 nm and monitored
for 200 counts. Data was analyzed with Prism7.

Crystal Structure Determination and Analysis. Crystallog-
raphy. Discovery of the condition producing hexagonal cocrystals of
DRV bound to a highly mutated variant (8Mut) without seeding was
achieved using the Protein Complex Suite Screen (Qiagen), in well
GS, consisting of 1 M ammonium sulfate and 1 M potassium chloride
and 0.1 M HEPES buffer at pH 7 with a protease concentration of 1.2
mg mL™" and 5-fold molar excess of DRV. With previously generated
orthorhombic and hexagonal cocrystals in hand, reproducible
cocrystals of DRV bound to all variants were achieved as previously
described.” Briefly, all cocrystals were grown at RT by hanging drop
vapor diffusion method in 24-well VDX hanging-drop trays
(Hampton Research) with protease concentrations between 1.0 and
24 mg mL™" with 3-, S-, or 10-fold molar excess of DRV.
Crystallization drops were set with the reservoir solution consisting
of 18—26% (w/v) ammonium sulfate and 0.1 M bis-Tris-methane
buffer at pH 5.5 set with 2 L of well solution and 1 yL protein and
microseeded with a cat whisker. Crystal morphology and space group
was entirely dependent on the microseeds. Diffraction quality crystals
were obtained within 1 week. As data was collected at 100 K,

cryogenic conditions contained the precipitant solution supplemented
with 25% glycerol. For direct structural analysis without possible
crystal lattice contact bias, structure of WT protease bound to DRV
was also generated and determined in the hexagonal space group.

Data Collection and Structure Solution. Diffraction data were
collected and solved as previously described.”>***® Diffraction quality
crystals were flash frozen under a cryostream when mounting the
crystal at our in-house Rigaku Saturn944 X-ray system. The data for
10Mut cocrystal structure were collected at the Advanced Photon
Source at the Argonne National Laboratory, beamline 19-ID. All
cocrystal dlffractlon intensities were indexed, integrated, and scaled
using HKL3000.>* Structures were solved using molecular replace-
ment with PHASER.‘“ Model bulldlng and refinement were
performed using Coot®* and Phenix.** During refinement, all crystals
utilized optimized stereochemical weights and noncrystallographic
symmetry operators. Hexagonal crystals grew as pseudomerohedral
twins and were solved with a twin law applied (h,-h-k-1). Ligands
were designed in Maestro, and the output sdf file was used in the
Phenix program eLBOW™® to generate the cif file containing atomic
positions and constraints necessary for ligand refinement. Iterative
rounds of crystallographic refinement were carried out until
convergence was achieved. To limit bias throughout the refinement
process, 5% of the data were reserved for the free R-value
calculation.®” MolProbity*® was applied to evaluate the final structures
before deposition in the PDB. Structure analysis, superposition, and
figure generation were performed using PyMOL.’ X-ray data
collection and crystallographic refinement statistics are presented in
the Supporting Information [Table S2].

Internal Distance Analysis of Crystal Structures. Distance-
difference matrices were generated as previously described®” to reveal
structural changes between inhibitor—protease pairs.

Intermolecular vdW Contact Analysis of Crystal Structures. To
calculate the intermolecular van der Waals (vdW) interaction energies
the crystal structures were prepared using the Schrodinger Protein
Preparation Wizard.®' Hydrogen atoms were added, protonation
states were determined, and the structures were minimized. The
protease active site was monoprotonated at D25. Subsequently, force
field parameters were assigned using the OPLS2005 force field.”
Interaction energies between the inhibitor and protease were
estimated using a srmphﬁed Lennard-Jones potential, as previously
described in detail.”® Briefly, the vdW energy was calculated for
pairwise interactions depending on the types of atoms interacting and
the distance between them. For each protease residue, the change in
vdW interactions relative to a WT complex in the same space group
was also calculated for each variant structure.

Molecular Dynamics Simulations and Analysis. System
Preparation. High-resolution crystal structures were prepared using
the Protein Preparation Wizard from Maestro within the Schrodinger
Suite® as previously described.* Briefly, cocrystallized phosphates
were removed, missing atoms were added using Prlme,ﬁ and
PROPKA®*®” was used to determine the protonation state of side
chains at pH 7.0. Lastly, the structure was minimized to a convergence
criterion of 0.3 A using Impref.®®

Molecular Dynamics Simulations. The prepared systems were
placed in a cubic TIP3P water box measuring 12 A on each side. MD
simulations were carried out as prevrously described®* using Desmond
software suite within Schrodinger.”” Briefly, chloride ions were used
to neutralize the system, and 0.15 M salt was added using sodium and
chloride ions. The OPLS3 force field was used to parametrize the
ligand and protein. Prior to starting the 100 ns MD simulations, the
solvated system was minimized using the stepwise procedure
described previously.®* Triplicates of 100 ns simulations for WT,
184V, 2Mut, 4Mut, 8Mut, 9Mut-A71V, 9Mut-L76V, 10Mut, and
11Mut each with a randomized velocity were started using the
protocol previously developed.®* The root-mean-square deviation
(RMSD) and root-mean-square fluctuation (RMSF) of C, atoms
were calculated by utilizing the simulation interactions diagram from
Maestro within the Schrodinger Suite.

Intermolecular vdW Contact Analysis of MD Trajectories.
Intermolecular vdW interactions were calculated using a previously
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published protocol utilizing Lennard-Jones potential.*>”® The force
field is not optimized for a sulfur violating the octet rule such as that
found in the P2’ moiety of DRV. As such, the packing around the P2’
sulfur was calculated by averaging the vdW packing of the four
adjacent atoms.

Dynamic Structural Analysis. Cross-Correlations of Protease/
DRV Fluctuations. The cross-correlation coefficients between the
protease C, atoms and DRV heavy atoms were calculated using a
previously published protocol.”® Briefly, the atom fluctuations were
determined for each MD simulation. The cross-correlation between
atom pairs, such as atoms i and j, was determined according to

(ARAR))

C,= ——
" J(ARD(ARD)

where AR; and AR; are the positional changes of atoms i and j,
respectively, and the angle brackets denote an ensemble average. The
cross-correlation coeflicient ranges from —1 to 1, where —1 represents
complete anticorrelation between the atom pair, zero represents no
correlation, and 1 represents complete correlation. The cross-
correlation values were calculated using an in-house script and
mapped onto the protease structure by replacing the B-factors in the
PDB coordinate file, using PyMOL.>

Distance Difference Matrices. The distances between all C, atom
pairs for a given structure were calculated as a 198 X 198 matrix for all
frames in the trajectory. The distance was calculated for each C, atom
pair, giving the mean distance over the trajectory. The distance
difference matrix was produced by subtracting each mean distance in
the reference structure from the corresponding mean distance in the
given structure. The overall difference for each residue was then
calculated by taking the average of the absolute values of all 198
distance differences involving that residue. PyMOL®? was used for
visualization of distance differences where the protease backbone was
represented as a cartoon-putty with increasing thickness and warmer
color for increasing deviation.

Jensen—Shannon Divergence Analysis of Dihedral Angles. Over
the MD simulations, all the ¢, y, and y dihedral angles of protease
residues were measured. These dihedral angle measurements were
used as input for the Mutlnf software package.” Utilizing this
package, the Jensen—Shannon divergence (JSD), which analyzes the
difference between two probability distributions, was calculated. An a
of 0.05 was used as a threshold to filter out nonstatistically significant
differences in distributions, where a p-value > a was considered
nonstatistically significant. In such cases, the JSD was set to zero. For
visualization purposes, using PyMOL,>” if a residue had multiple
dihedral angles with a calculated JSD, the greatest value was selected.
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