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Drug resistance mutations in response to HIV-1 protease inhibitors
are selected not only in the drug target but elsewhere in the viral
genome, especially at the protease cleavage sites in the precursor
protein Gag. To understand the molecular basis of this protease–
substrate coevolution, we solved the crystal structures of drug
resistant I50V/A71V HIV-1 protease with p1-p6 substrates bearing
coevolved mutations. Analyses of the protease–substrate interac-
tions reveal that compensatory coevolved mutations in the sub-
strate do not restore interactions lost due to protease mutations,
but instead establish other interactions that are not restricted to the
site of mutation. Mutation of a substrate residue has distal effects
on other residues’ interactions as well, including through the induc-
tion of a conformational change in the protease. Additionally, mo-
lecular dynamics simulations suggest that restoration of active site
dynamics is an additional constraint in the selection of coevolved
mutations. Hence, protease–substrate coevolution permits muta-
tional, structural, and dynamic changes via molecular mechanisms
that involve distal effects contributing to drug resistance.
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Resistant pathogens evolve under the selective pressure of
drug therapies, commonly by acquiring mutations in the drug

target (1–4). Most of these mutations cluster around the drug-
binding site and alter key interactions between the drug and its
target. Strikingly, mutations in other off-target proteins have also
been reported to contribute to drug resistance (5–8) where the
mechanism of resistance is not as straightforward to rationalize.
In the case of HIV-1, mutations in the target protease gene confer
resistance to protease inhibitors (PIs) and correlate with emer-
gence of mutations elsewhere in Gag. There are currently nine
protease inhibitors (PIs) that are US Food and Drug Adminis-
tration (FDA) approved for clinical use including in highly active
antiretroviral therapy (HAART) (9), and all are competitive in-
hibitors binding at the active site.
HIV-1 protease is a key antiviral drug target due to its essential

function of processing Gag and Gag-Pol polyproteins in viral
maturation (10–12). Under the selective pressure of PI-including
therapy regimens, viral variants carrying mutations in the pro-
tease gene impair the inhibitor efficacy. Although the PIs be-
come weaker binders of these resistant protease variants, the
substrates are still hydrolyzed (13, 14), skewing the balance be-
tween inhibitor binding and substrate processing in favor of the
latter. Earlier work from our group revealed the molecular
determinants of this fine balance and formulated the substrate
envelope hypothesis to effectively explain the molecular mech-
anism of resistance due to primary active site mutations (15).
Among primary protease mutations, I50V is commonly observed
in patients failing therapy with the PIs amprenavir (APV) and
darunavir (DRV) (16–18). Residue 50 is located at the flap tip of
the flexible loop (50s loop) that controls the access of substrates
and competitive inhibitors to the protease active site. In addition
to conferring resistance to PIs, the I50V mutation also impairs
substrate processing (19). The loss of catalytic efficiency due to
I50V is compensated by secondary mutations, in particular A71V

(20), which is observed in more than 50% of patient sequences
bearing I50V (14).
Several mutations in Gag both within cleavage sites and else-

where coevolve with primary protease mutations contributing to
viral fitness and possibly drug resistance (5, 7, 21–25). Particularly,
mutations in the p1-p6 cleavage site are statistically associated with
I50V protease mutation in the viral sequences retrieved from
patients (Fig. 1) (26). The Gag L449F mutation rescues the pro-
tease activity by 10-fold, whereas P453L, despite being distal from
the catalytic site, causes a 23-fold enhancement (19). However, the
molecular basis for the selection advantage of these correlated
mutations and the mechanism by which the compensatory muta-
tions restore substrate recognition in drug resistance is not clear. In
this study, we report the structural basis for the coevolution of
I50V/A71V protease with the p1-p6 substrate. Through a series of
cocrystal structures, the Gag mutations L449F and P453L were
shown to enhance van der Waals (vdW) interactions between the
substrate and mutant protease, whereas R452S results in an addi-
tional hydrogen bond. Unexpectedly, the P453L substrate mutation
causes a conformational change in the protease flap loop, revealing
the molecular mechanism by which this distal substrate mutation is
able to enhance substrate–protease interactions. In addition, mo-
lecular dynamics simulations suggest that coevolution restores the
dynamics at the active site, a key aspect of substrate recognition
and turnover that is largely uncharacterized.

Results
To understand how HIV-1 protease–substrate coevolution alters
binding interactions, a series of cocrystal structures of catalytically
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inactive (D25N) WT and I50V/A71V protease with p1-p6 sub-
strate variant peptides (WT, L449F, R452S, and P453L) was de-
termined. All structures were solved to resolution 1.50–2.14 Å
(Table S1). In addition to an overall structural comparison, the
alterations in coevolved substrates’ fit within the substrate enve-
lope and details of molecular interactions between the protease
and substrate were analyzed. Whereas the D25N mutation to
prevent substrate cleavage may have minor effects on the struc-
tures (27), this change has been incorporated in all complexes;

therefore, observed changes are expected to be the direct result of
the coevolution mutations. Finally, molecular dynamics (MD)
simulations initiated from these crystal structures were performed
to reveal any dynamic changes in coevolved complexes relative
to WT.

The Overall Structure and Substrate Envelope Is Conserved in Coevolved
Complexes. The overall backbone conformation of substrate–pro-
tease complexes is conserved in all coevolved structures. When the
structures are superposed onto the WTWT complex (based on
the structurally conserved regions, residues 24–26 and 85–90) (28),
the root mean square deviation (RMSD) of Cα atoms is within
0.48 Å. Minor structural changes in some coevolved structures
are located mainly at crystal contact surfaces (Fig. S1). One notable
exception is in the I50V/A71VPP5′L structure, where a peptide bond
flips to change the flap loop conformation relative to the WT
structure in one monomer. Similar to the protease, all substrate
residues from P4 to P4′ overlap well, with the exception of P4′
arginine having an altered orientation in the WTWT complex (Fig.
S2). The distal P5 and P5′ residues are more flexible; P5 is often
disordered, whereas P5′ has altered conformations in both LP1′F
and PP5′L substrates as detailed below.
The protease and substrate mutations were evaluated for their

effect on the substrate’s fit to the substrate envelope, which is
key to recognition by the protease (Fig. 2 A and B). The substrate
volume within the envelope, Vin, is the largest in the WTWT
complex, indicating that the WT substrate fills the substrate
envelope better than the other substrate variants. The I50V/
A71V protease mutations worsen the fit of the WT substrate
within the substrate envelope, resulting in a 53-Å3 reduction in
Vin. The LP1′F substrate partially restores this loss in Vin and the
coevolved substrate better fills the substrate envelope by 25 Å3.
Overall, the coevolved substrates maintain a comparable fit
within the substrate envelope regardless of whether the protease
carries the I50V/A71V mutations or not, supporting that the
substrate envelope is the recognition motif, and coevolved muta-
tions at the cleavage site do not drastically alter the fit within the
substrate envelope.

Fig. 1. HIV-1 protease and p1-p6 cleavage site coevolution with I50V
primary drug resistance mutation. (A) p1-p6 cleavage site sequence and
the most common coevolution mutations at P1′, P4′, and P5′ sites. (B)
Residues 50 and 71 are indicated as spheres on the homodimeric HIV-1
protease structure. (C ) Frequency of mutations in the p1-p6 cleavage
site without (dark blue) and with (gray) any mutations at position 50 of
the protease. The difference is statistically significant for LP1′, RP4′,
and PP5′. Data from ref. 26. (D) Side chains of the substrate residues
LP1′, RP4′, and PP5′ and the protease residue I50 are shown as sticks. Mono-
mers of HIV-1 protease are in light purple and green, and the substrate is red
in B and D.
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Fig. 2. HIV-1 protease–p1-p6 substrate interactions at the active site. The fit of HIV-1 protease substrates within the substrate envelope evaluated by (A) volume
within the envelope (Vin), and (B) volume protruding outside the envelope (Vout). (C) The change in total vdW contacts between the substrate and protease
relative to the WT complex. Negative values indicate enhanced interactions. (D) The change in vdW contacts of substrate residues relative to the WT complex. (E)
The difference between vdW contact changes depicted on the substrate structure. (Upper) For the changes in the coevolved complex relative to I50V/A71VWT

(difference between the red and gray bars in D). (Lower) Relative to WT protease with the corresponding mutant substrate (red and blue bars in D).
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Substrate Mutations Have Distal Effects and Enhance Packing at the
Active Site. To investigate the alterations in substrate packing at
the active site, the vdW interactions were quantified between the
protease and substrate. The changes in substrate packing relative
to WTWT structure are displayed in Fig. 2C, where negative values
indicate enhanced packing. The LP1′F substrate has more vdW
contacts with I50V/A71V protease compared with those in either
I50V/A71VWT or WTLP1′F. Similarly, for the PP5′L substrate, the
coevolved I50V/A71VPP5′L complex makes more vdW contacts
than either the I50V/A71VWT or WTPP5′L complexes. Hence, the
coevolution of HIV-1 protease and p1-p6 substrate may rescue
the loss of binding interactions caused by mutations on either
protease or substrate alone. The enhanced interactions of I50V/
A71VLP1′F was partially due to the LP1′F mutation (Fig. 2D),
which has more interactions with residues that surround the S1′
pocket Arg8, Leu23, Pro81, and Val82 compared with I50V/
A71VWT and more interaction with Val82 compared with
WTLP1’F (Fig. S3). In addition, the LP1′F mutation causes a distal
change at the substrate P5′ proline (Figs. 2 D and E and 3A),
which is in an alternative position in the WT complex (Fig. S2).
This change increases the P5′ proline’s vdW contacts, specifically
with Lys45′ and Met46′ instead of Phe53′. Hence, the effect of
LP1′F mutation is not localized solely to the site of mutation. This
alteration of the structure and vdW contacts of residues at a distal
position illustrates the adaptability and interdependency of in-
teractions when HIV-1 protease recognizes substrates.
The RP4′S substrate has more overall vdW contacts in the

coevolved I50V/A71VRP4′S complex relative to WTRP4′S but less
than the WT substrate in I50V/A71VWT. Because P4′ serine is
a smaller residue compared with arginine, the mutated serine
makes less vdW contacts when bound to either WT or I50V/
A71V protease compared with arginine with the corresponding
protease (Fig. 2C). However, the mutation at the P4′ residue
actually influences the interactions at other positions: P3′ Ser
and P2′ Gln have enhanced vdW contacts in I50V/A71VRP4′S
compared with either I50V/A71VWT or WTRP4′S. Specifically,
P3′ Ser makes more contacts with Asp29′ compared with I50V/
A71VWT, whereas P2′Gln–Asp30′ and P3′Ser–Arg8/Ile47′
interactions are enhanced compared with WTRP4′S (Fig. S3). As

with the LP1′F mutation, the RP4′S mutation impacts the
interactions of other substrate residues with the protease.
The PP5′L mutation increases the P5′ residue’s interactions

with the I50V/A71V protease as the leucine packs closer to the
50s loop in one monomer while influencing the residues closer in
the active site, P2 Asn and P1 Leu, to also form more extensive
contacts. In addition, the coevolved structure makes more con-
tacts at the P1′ residue compared with WTPP5′L. Interestingly,
the major structural change due to this substrate mutation is
observed within the protease (Fig. 3B). The peptide bond be-
tween Gly51 and Gly52 in the I50V/A71VPP5′L structure is flip-
ped compared with the other structures, and this flipped peptide
bond pushes the 50s loop toward the substrate, causing increased
vdW contacts between protease residues Gly48, Gly49, Ile50,
Phe53, and the substrate. Hence, the coevolved site not only
impacts its own fit within protease active site but also alters the
interactions of distal residues in the substrate by stabilizing alter-
native conformations of the protease.
In conclusion, the detailed analysis of vdW contacts between

the protease and substrates shows interdependent distal effects
in binding interactions where the alterations are not localized at
the mutated residue itself but also occur at other residues. These
distal alterations are caused by structural changes in the pro-
tease, the substrate, or both.

The RP4′S Substrate Has Fewer Packing Interactions but an Additional
Hydrogen Bond. The intramolecular hydrogen bonds between the
protease and the substrates are conserved across all complexes,
with two exceptions (Fig. 4 and Table S2). First, the P4′ arginine
in the WTWT structure orients in the opposite direction com-
pared with the other complexes, making a hydrogen bond with
the side chain of Asp30′ instead of Asp29′. Second, the RP4′S
substrate forms an additional hydrogen bond with both WT and
I50V/A71V protease through the P4′ serine side chain (Fig. 4).
This extra hydrogen bond may compensate for the loss of vdW
contacts due to the smaller size of serine in these two complexes.

Active Site Dynamics Is Restored by Coevolution. Resistance muta-
tions, in addition to altering the molecular interactions, affect the
conformational dynamics at the active site. Specifically, the dis-
tance between the two 80s loops, which reflects the overall size of
the protease active site, varies between protease–substrate com-
plexes during the MD simulations (Fig. 5). In crystal structures,
the 80–80′ distance is similar in all of the structures and varies
between 17.1 and 18.0 Å. In the dynamic conformational en-
semble of the WTWT structure, the distance between these two
loops is around 17.5 Å and expands to 19–19.5 Å with mutations
in either the protease or substrate. Strikingly, in all three cases,
coevolution brings this distance back to 17.5–18.0 Å, which is
similar to the WT interloop distance (Fig. 5). Hence, mutation of
either the protease or the substrate alone disturbs the dynamics of
the protease active site, whereas coevolution of both restores the
active site dynamics and possibly the protease activity.

Discussion
The HIV-1 I50V/A71V protease is commonly observed in patients
failing therapy with APV and DRV, and substrate mutations in
Gag cleavage sites coevolve with these primary protease mutations
to contribute to inhibitor resistance. Gag L449F mutation rescues
the protease activity by 10-fold, whereas P453L, although located
distal from the catalytic site, causes a 23-fold enhancement (19).
The mutated substrates are cleaved more efficiently than the WT
substrate by the I50V/A71V protease (19). Interestingly, the WT
protease also processes the WT substrate less efficiently than the
mutant substrates. This suboptimal cleavage efficiency at the p1-
p6 site should be important for temporal regulation of Gag pro-
cessing preventing premature viral maturation (11, 29). Under
drug pressure, the resistance mutations I50V/A71V are populated,

A

B

Fig. 3. Distal effects of substrate mutations on I50V/A71V protease inter-
actions. (A) The vdW contacts of residues in HIV-1 protease–substrate co-
crystal structures colored blue to red for increasing contacts. The substrate
mutation at P1′ position enhances contacts at P5′. (B) The distal substrate
mutation PP5′L causes a conformational change in the protease flap and
alters substrate–protease interactions. The protease flaps are in cyan and
yellow in complex structures with WT (navy blue) and P5′L (orange) sub-
strates, respectively.
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and the impaired protease activity on the WT Gag may interfere
with the ordered processing of Gag. Coevolution of substrates
possibly restores proper Gag processing by getting more efficiently
cleaved by the protease.
The molecular basis of such protease–substrate coevolution

was investigated in this study by solving the crystal structures of
the complexes of WT and I50V/A71V protease with the p1-p6
substrate variants combined with molecular dynamics simulations.
Although all complexes have similar overall backbone structures,
vdW contacts and hydrogen bonds between the protease and
substrate are altered. In fact, although the overall vdW inter-
actions with the WT substrate increase in the I50V/A71V com-
plex, a key intramolecular hydrogen bond is lost, and the active
site dynamics of this complex are disturbed. The coevolved com-
plex structures display restored active site dynamics and enhanced
overall substrate interactions, due to either more vdW contacts or
hydrogen bonds, compared with complexes with mutations in ei-
ther the protease or the substrate alone.
Coevolving mutations in the substrate are not selected to re-

store the specific interactions lost due to drug resistance mutations

but instead enhance substrate–protease interactions through a va-
riety of molecular mechanisms. P1′ and P5′ mutations enhance
substrate packing at the active site, whereas P4′ contributed an
additional hydrogen bond with the protease. A similar compen-
sation of interactions is observed in substrate coevolution with
nelfinavir resistant D30N/N88D protease, where lost interactions
were compensated for by new interactions particularly at the site
of substrate coevolution mutation (30, 31).
In I50V/A71V protease coevolution, the effects of substrate

mutations are not local, but propagate to distal parts of both the
substrate and the protease. The mutated P4′ serine affects the
interactions at other positions, particularly at P3′ Ser and P2′Gln,
which has enhanced vdW contacts in I50V/A71VRP4′S compared
with I50V/A71VWT and WTRP4′S. Substrate positions P1′ and P5′
mutually influence each other’s interactions with the protease.
Mutation at either residue results in enhancement of vdW con-
tacts at both sites: In the presence of the LP1′F mutation the P5′
residue and in the presence of the PP5′L mutation, the P1′ res-
idue’s packing is altered. Apart from these synergistic effects
within the substrate, the P5′ mutation in the substrate stabilized
an unexpected structural change within the protease. The pro-
tease structure accommodated this mutation by flipping the
peptide bond between Gly51 and Gly52 in one of the flaps. This
backbone flip brings the flap closer to the substrate and increases
vdW contacts at the P2, P1, and P1′ positions. Hence, the
HIV-1 protease adopts a conformational change to favor the
substrate’s binding in the coevolved complex. This ability of
mutations to have distal effects explains why a coevolution mu-
tation at the P5′ position, which is away from the core region of
the substrate at the active site, may be selected and how this
distal mutation is able to alter substrate–protease interactions.
HIV-1 protease is a highly dynamic protein, and conformational

dynamics, especially around the active site, is crucial to substrate
binding and enzymatic activity (32–36). Although crystal structures
provide key insights, alteration of dynamic behavior, not captured
by static structures, is emerging as an additional contribution to
mechanisms of drug resistance (37, 38). We found that drug re-
sistance mutations in the protease or in the native substrate dis-
turbed the active site dynamics, which was restored in all coevolved
complexes bearing complementary mutations in both the protease
and the substrate. These results suggest that, in addition to the
specific 3D shape adopted and shared by all substrates when bound
to the HIV-1 protease, as defined by the substrate envelope,
a conserved dynamic behavior around the active site may be an
additional substrate recognition and selection constraint. This dy-
namic constraint may contribute to the selection of these specific

Fig. 4. The hydrogen bonds between p1-p6 substrate (orange) and HIV-1 pro-
tease (cyan and magenta monomers), including those mediated by a conserved
water molecule (red sphere). Bonds shared in all substrate variants are in black,
whereas the additional hydrogen bond formed by RP4’S variant is indicated in red.

Fig. 5. The distance (in angstroms) distribution between T80 and T80′ across the active site during MD simulations of substrate–protease complexes. Counts
refer to the number of MD snapshots for a given distance. (A) Mutations in only protease or only substrate increase the distance sampled (lighter shades),
whereas coevolution of both together (darker shades) brings the distance back to that in the WT–WT complex (black). (B) The T80–T80′ distance across the
active site depicted on the protease with a view from the top of the flaps. The colors are the same as in Fig. 1.

15996 | www.pnas.org/cgi/doi/10.1073/pnas.1414063111 Özen et al.

www.pnas.org/cgi/doi/10.1073/pnas.1414063111


substrate coevolution mutations in response to the disturbed dy-
namics in mutated drug resistant protease.
Previously, we showed that the I50V/A71V protease has de-

creased vdW interactions with the protease inhibitors APV and
DRV compared with WT (0.61 and 1.98 kcal/mol, respectively),
mainly due to the loss of a methyl group interacting with the
sulfonyl moiety in APV/DRV (39). The coevolved I50V/A71VLP1′F
and I50V/A71VPP5′L structures have more vdW contacts, and
I50V/A71VRP4′S has more hydrogen bonds compared with WTWT
complex. Unlike substrates, the inhibitors cannot adapt to con-
formational changes in the drug-resistant protease, such as the
peptide bond flip in the flap of I50V/A71VPP5′L protease. Hence,
the structural adaptability of the protease–substrate system allows
drug resistance to evolve by selecting mutations in the protease
that decrease inhibitor affinity and additional compensatory mu-
tations in the substrate to enhance any inadvertently lost substrate
interactions through various molecular mechanisms, including
propagating distal effects.
Coevolution causes distal changes both in the substrate and the

protease, and adaptability of the complex permits mutational,
structural, and dynamic plasticity to confer drug resistance.
Therefore, the resistance mechanism is an interdependent pro-
cess whereby multiple residues act in concert on both sides. The
molecular rationale, reported here, for the distal effects of
mutations in the nontarget polyprotein under HIV-1 PI treat-
ment should provide insights into allosteric events in a wider
range of coevolving systems where function is maintained by
complex interdependent protein interactions.

Materials and Methods
Nomenclature. The HIV-1 protease (WT or I50V/A71V) complexes with dif-
ferent p1-p6 substrate variants [WT, L449F (LP1′F), R452S (RP4′S), and
P453L (PP5′L)] are distinguished with subscripts. For example, the WT pro-
tease in complex with LP1′F p1-p6 substrate is denoted by WTLP1′F and I50V/
A71V protease in complex with the WT p1-p6 substrate is denoted by I50V/
A71VWT. The HIV-1 protease functions as a homodimer, and residues in
monomer A are simply indicated by residue number, whereas residues in
monomer B are marked with the residue number with a prime. For example,
arginine 8 in monomer A is Arg8, and valine 50 in monomer B is Val50′.

Substrate Peptides. Substrate peptides of the p1-p6 processing site within the
Gag polyprotein (amino acids 444–453) and its variants were purchased from
Quality Controlled Biochemicals. The substrate sequences of WT and coevolved
substrates are (i ) p1-p6WT–RPGNFLQSRP, (ii ) p1-p6LP1′F–RPGNFFQSRP, (iii )
p1-p6RP4′S–RPGNFLQSSP, and (iv) p1-p6PP5′L–RPGNFLQSRL.

Protease Gene Construction. The synthetic protease gene was constructed
using codon optimization for protein expression in Escherichia coli, and the
Q7K mutation was introduced to prevent autoproteolysis (40). For protease–
substrate cocrystallization purposes, the D25N mutation was introduced to
prevent substrate cleavage; this mutation has a negligible impact on protease
structure (27). I50V/A71V protease mutations were introduced sequentially
by using the QuikChange site-directed mutagenesis kit (Stratagene).

Protein Expression, Purification, and Crystallization. The gene encoding the
HIV protease was subcloned into the heat-inducible pXC35 expression
vector (ATCC) and transformed into E. coli TAP-106 cells. Protein expression
and purification were performed as previously described (41). Protease
purified from size exclusion column (equilibrated with gel filtration buffer
containing 0.05 M sodium acetate at pH 5.5, 5% (vol/vol) ethylene glycol,
10% (vol/vol) glycerol, and 5 mM DTT) was concentrated to 2 mg/mL using
an Amicon Ultra-15 10-kDa device (Millipore) for crystallization. The con-
centrated samples were incubated with 10 molar excess of substrates
overnight at 4 °C. The concentrated protein solution was then mixed with
either precipitant solution [126 mM sodium phosphate buffer pH 6.2,
63 mM sodium citrate, 20–32% (wt/vol) ammonium sulfate; or 0.1 M cit-
rate phosphate pH 5.5, 0.5–3.0 M ammonium sulfate] at a 1:1 ratio in 24-
well VDX hanging-drop trays (Hampton Research) at room temperature.
Diffraction quality crystals were obtained within 1 wk.

Data Collection and Structure Solution. Diffraction quality crystals were flash-
frozen in liquid nitrogen for storage. A constant cryostream was applied
when mounting the crystal, and X-ray diffraction data were collected at the
Advanced Photon Source LS-CAT 21-ID-F or at our in-house Rigaku_Saturn
944 X-ray system. The substrate complexes’ diffraction intensities were
indexed, integrated, and scaled using the program HKL2000 (42). The
number of molecules in the asymmetric unit was determined by the Mat-
thews coefficient calculation. The structure solutions were generated using
simple isomorphous molecular replacement with PHASER (43). WT protease–
DRV cocrystal structure was used as the starting model [Protein Data Bank
(PDB) ID code 1T3R]. Initial refinement was carried out in the absence of
modeled substrate, which was subsequently built in during later stages
of refinement. On obtaining the correct molecular replacement solutions,
ARP/wARP or Phenix (44) was applied to improve the phases by building
solvent molecules (45). Crystallographic refinement was carried out using
the CCP4 program suite or PHENIX with iterative rounds of translation–
libration–screw and restrained refinement until convergence was ach-
ieved (46). MolProbity (47) was applied to evaluate the final structures
before deposition in the PDB. Five percent of the data were reserved for
the free R-value calculation to limit the possibility of model bias
throughout the refinement process (48). Interactive model building and
electron density viewing were carried out with COOT (49).

Structural Analysis. Hydrogen bonds were determined using Maestro (Suite
2012: Maestro, version 9.3, Schrödinger). A hydrogen bond was defined by
a distance between the donor and acceptor of less than 3.5 Å and a donor–
hydrogen–acceptor angle of greater than 120°.

The vdW contacts between the protease and substrate were estimated
using a simplified Lennard-Jones potential V(r) = 4e[(σ/r)12 – (σ/r)6], with the
well depth (e) and hard sphere diameter (σ) for each protease–substrate
atom pair. V(r) for all protease–substrate atom pairs was computed within
6 Å, and when the distance between nonbonded pairs was less than e, V(r)
was considered to be equal to –e. The rationale for this modification to the
original 6–12 Lennard-Jones potential was previously described in detail (28).
Using this simplified potential for each nonbonded pair, ΣV(r) was then
computed for the protease–substrate complex.

The HIV-1 protease substrate envelope was defined using a 3D grid, and
the fit of a substrate within this substrate envelope for a given cocrystal
structure was evaluated using Vin and Vout (volumes of the substrate within
and outside the substrate envelope, respectively), as previously described in
detail (28). Only the P4 to P4′ residues of the substrates were modeled in the
substrate envelope, because the substrate residues beyond these positions
do not share a significant consensus volume.

Molecular Dynamics Simulations. The crystal structures were prepared for
simulations by keeping the crystallographic waterswithin 4.0 Å of any protease
or substrate atom but removing the buffer salts from the coordinate file. The
structures were further processed with the Protein Preparation Tool from
Schrodinger by adding hydrogen atoms, building side chains with missing
atoms, and determining the optimal protonation states for the ionizable
side chains. The hydrogen bonding network of the initial structures was
optimized by flipping the terminal chi angle of Asn, Gln, and His residues
and sampling hydroxyl/thiol polar hydrogens with the exhaustive/water
orientational sampling options. Before solvation, the structures were
minimized in vacuum with restraints on heavy atoms using the Impact
refinement module with the OPLS2005 force field until the RMSD reached
0.3 Å, allowing the hydrogens to be freely minimized while relaxing the
strained bonds, angles, and potential clashes. The prepared systems were
solvated in a truncated octahedron solvent box with the SPC water model
extending 10 Å beyond the protein in all directions, using the System Builder
utility. The overall charge was neutralized by adding the necessary number
of counter ions (Na+ or Cl–).

Desmond was used in all simulations with the OPLS2005 force field. Each
system was first relaxed using a protocol consisting of an initial minimization
restraining the solute heavy atoms with a force constant of 1,000 kcal·mol−1·Å−2

for 10 steps with the steepest descent and with the limited-memory
Broyden–Fletcher–Goldfarb–Shanno (LBFSG) method up to 2,000 total
steps with a convergence criterion of 50.0 kcal·mol−1·Å−2. The system was
further minimized by restraining only the backbone and allowing the free
motion of the side chains. At this stage, the restraint on the backbone was
gradually reduced from 1,000 to 1.0 kcal·mol−1·Å−2 in 5,000 steps (250
steepest descent plus 4,750 LBFSG) for each value of force constant (1,000, 500,
250, 100, 50, 10, and 1.0 kcal·mol−1·Å−2), and finally an unrestrained energy
minimization was performed.
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After energy minimization, each system was equilibrated by running a
series of short MD steps. First, a 10-ps MD simulation at 10 K was per-
formed with a restraint (50 kcal·mol−1·Å−2) on solute heavy atoms and
using a Berendsen thermostat in the constant-temperature, constant-
volume (NVT) ensemble. MD steps were integrated using a two time-step
algorithm, with 1-fs steps for bonded and short-range interactions within
the 9-Å cutoff and 3 fs for long-range electrostatic interactions, which
were treated with the smooth particle-mesh Ewald (PME) method. Time
steps were kept shorter at this first MD stage to reduce the numerical
issues associated with large initial forces before the system equilibrates.
This equilibration was followed by another restrained MD simulation
for 10 ps at 10 K with a 2-fs inner and 6-fs outer time step in the constant-

temperature, constant-pressure (NPT) ensemble. The temperature of the system
was slowly increased from 10 to 300 K over 10 ps, retaining the restraint on the
system, and 10-ps MD was performed without the harmonic restraints. Pro-
duction MD simulations were carried out at 300 K and 1 bar for 20 ns using
the NPT ensemble, a Nose-Hoover thermostat, and a Martyna-Tuckerman-Klein
barostat. The long-range electrostatic interactions were computed using a
smooth PME approximation with a cutoff radius of 9 Å for the transition be-
tween the particle–particle and particle–grid calculations, and vdW interactions
were truncated at 9 Å. The coordinates and energies were recorded every 5 ps.
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