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ABSTRACT: Enzyme targets in rapidly replicating systems,
such as retroviruses, commonly respond to drug-selective
pressure with mutations arising in the active site pocket that
limit inhibitor effectiveness by introducing steric hindrance or
by eliminating essential molecular interactions. However, these
primary mutations are disposed to compromising pathogenic
fitness. Emerging secondary mutations, which are often found
outside of the binding cavity, may or can restore fitness while
maintaining drug resistance. The accumulated drug pressure
selected mutations could have an indirect effect in the
development of resistance, such as altering protein flexibility or the dynamics of protein−ligand interactions. Here, we show
that accumulation of mutations in a drug-resistant HIV-1 protease (HIV-1 PR) variant, D30N/M36I/A71V, changes the
fractional occupancy of the equilibrium conformational sampling ensemble. Correlations are made among populations of the
conformational states, namely, closed-like, semiopen, and open-like, with inhibition constants, as well as kinetic parameters.
Mutations that stabilize a closed-like conformation correlate with enzymes of lowered activity and with higher affinity for
inhibitors, which is corroborated by a further increase in the fractional occupancy of the closed state upon addition of inhibitor or
substrate-mimic. Cross-resistance is found to correlate with combinations of mutations that increase the population of the open-
like conformations at the expense of the closed-like state while retaining native-like occupancy of the semiopen population. These
correlations suggest that at least three states are required in the conformational sampling model to establish the emergence of
drug resistance in HIV-1 PR. More importantly, these results shed light on a possible mechanism whereby mutations combine to
impart drug resistance while maintaining catalytic activity.

The inhibition of enzymes through small molecules that
compete with a substrate for the active site is a common

clinical method for effective treatment of disease. However, the
development of drug resistance in rapidly proliferating cells or
pathogenic organisms through selective pressure, where the
incorporation of random genetic mutations leads to the
generation of an enzyme with amino acid substitutions, renders
the drug molecule less effective.1,2 The emergence of primary
mutations often results in a change in an amino acid whose
structure interacts less favorably with the inhibitor by
introducing steric hindrance or by removing essential molecular
interactions, such as charge stabilization or van der Waals
contacts.1,2 In the case of competitive inhibition, these primary
mutations also tend to alter the interactions of the enzyme with
the substrate or product, thus negatively impacting enzyme
efficiency and compromising fitness. The observed pattern of
continued evolutionary mutations shows that secondary
mutations (also referred to as compensatory mutations)
recover fitness while maintaining drug resistance.3

An understanding of the molecular mechanism by which the
accumulation of mutations imparts these effects is important for
the rational design of future generations of drugs.4 In some
enzymes, a clear rationale is illuminated through structural
changes induced by the pattern of mutations, while in others,
indirect effects such as changes in enzyme dynamics or
protein−ligand dynamics are evoked.2 Here, we elucidate
how shifts in equilibrium conformational sampling can act as an
“indirect” mechanism by which drug pressure accumulated
mutations alter enzyme kinetics and inhibitor susceptibility.
Some proteins are known to sample multiple conformations,
where interaction with a ligand or an inhibitor simply shifts the
population to an already accessible state.5−7 Specifically, our
work focuses on mutation-induced changes in the fractional
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occupancy of the conformational sampling ensemble as an
“indirect” mechanism for drug resistance in HIV-1 protease
(HIV-1 PR).
HIV-1 PR, an aspartic protease that processes the gag and

gag-pol viral polypeptides, is an attractive target for AIDS
antiviral therapy8 because of its central role in viral maturation.9

Protease inhibitors (PIs) that target HIV-1 PR prevent the
formation of infectious virions by blocking viral replication. PIs
bind in the protease active site where the two flexible β-hairpin
turns (aka the f laps) are folded over the inhibitor, giving a
stable complex that prevents substrate access to the active site
and subsequent processing.10 The efficacy of currently available
PIs is limited by the rapid emergence of mutations in HIV-
1 PR, where changes in at least 38 out of 99 amino acid
residues occur under the selective pressure of PI therapy,
leading to lowered drug susceptibility.11

In HIV-1 PR, structural evidence clearly explains the effects
that primary mutations in the active site pocket have on
lowering inhibitor efficiency.12 Secondary substitutions, on the
other hand, often appear at locations outside the active site
pocket and function to compensate for the viral replication
impairment due to the primary mutation1 or through natural
polymorphisms prior to PI exposure.13 Oftentimes, secondary
polymorphisms influence inhibitor binding but crystal
structures reveal that these amino acid changes are typically
located in regions that do not make physical contact with the
PIs.4,13−15 The mechanisms by which distal mutations transmit
their effects to the active site pocket and confer drug resistance
are unclear, but they have been implicated in altering protein
flexibility16 through the hydrophobic sliding mechanism,17 or in
restoring protein stability.18 Recently, the transition states of
native and drug-resistant HIV-1 PR were shown to be the
same.19 Because both primary and secondary mutations are
present in multidrug-resistant HIV-1 PR constructs that we
previously analyzed by double electron−electron resonance
(DEER) spectroscopy,20,21 where flap conformation and
flexibility are altered, we hypothesize that these mutations
individually and in combinations can modify HIV-1 PR flap
conformational sampling.
Site-directed spin labeling (SDSL) DEER spectroscopy (also

called pulsed electron double resonance, PELDOR) is a pulsed
electron paramagnetic resonance (EPR) technique that
measures the strength of the dipole interaction between
unpaired electrons.22−24 This method has been applied
extensively in distance measurements to study conformational
changes in biomolecules.25−30 We, and others, have previously
utilized SDSL-DEER to monitor flap conformational sampling
in HIV-1 PR.20,21,30−35 Because HIV-1 PR is a homodimer,
labeling a single amino acid residue in the polypeptide
incorporates two spin labels into the holoenzyme (Figure
1A). Specifically, a site-specific cysteine residue is incorporated
into the aqueous solvent-exposed flap sites (e.g., K55C and
K55C′) for chemical modification with an EPR-active spin
probe30 (Figure 1B), where interspin distance in the 20−60 Å
range can readily be studied by DEER.22,36 Previous DEER
studies on HIV-1 PR have shown sampling of flap conformers
consistent with conformational ensembles described as closed
(or closed-like), semiopen, curled/tucked, and wide-
open,20,21,31,32 where as discussed within, the curled/tucked
and wide-open conformations are considered to be “open-like”
states. Both X-ray diffraction and molecular dynamics (MD)
simulation models37−42 were used when assigning the

conformational populations observed in our DEER distance
profiles.
For PI-naiv̈e protein sequences (i.e., from patients infected

with HIV-1 that have not taken any PI therapy), MD
simulations show a predominant semiopen flap conformation
for the apo HIV-1 PR, with only a small percentage of the
conformers found in either closed-like or wide-open
state.37,42,43 Ligand-bound protein is shown to adopt the
closed conformation, consistent with enzyme−inhibitor crystal
complexes.4,44−46 Additional MD studies of apo protein reveal a
curled/tucked conformation of the flaps, which is proposed to
be a conformational trigger for flap opening.41,43 X-ray
structures have also revealed curled flap conformations.40 In
these conformations, the flap tips curl in toward the active site
and depending on the study may or may not limit substrate and
inhibitor access to the binding pocket, revealing a high degree
of variability in this conformation. Upon the basis of these
studies and our analysis presented here, we hypothesize that the
curled/tucked state we detect in DEER distance profiles of
HIV-1 PR is a state whereby the inhibitor can escape from the
pocket, making it an “open” state. “Open-like” states are
defined as conformers where inhibitors are likely able to escape
from the binding cleft. Thus, we refer to both the wide-open
and curled/tucked conformers collectively as “open-like” states.
Both DEER studies and MD simulations of two drug-

resistant variants, MDR769 and V6 HIV-1 PR, have shown that
the conformational sampling and average structure of the flaps
are altered compared to the native protease.20 Additional
experiments have reported HIV-1 PR conformational sampling
shifts attributed to subtype polymorphisms.21 In this study, we
investigate effects of individual amino acid substitutions and
specific combinations of amino acid changes, as well as addition

Figure 1. (A) Ribbon diagram of HIV-1 PR (PDB ID: 1HHP)
rendered using PyMol modeling software. The spin probes (K55R1)
are incorporated in-silico via MMM 2011.1 and shown as capped sticks.
Mutation sites D30, M36, and A71 are shown as red, green, and blue
spheres; respectively. (B) The sulfhydryl-specific spin-labeling reaction
yielding the disulfide-linked MTSL spin label at K55C, referred to as
K55R1 after labeling.
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of inhibitor or substrate-mimic, on flap conformation and
flexibility. In particular, SDSL-DEER was used to understand
the effects of the accumulation of primary, D30N, and
secondary mutations M36I and A71V on the flap conforma-
tional sampling of WT subtype B HIV-1 PR. D30N occurs
specifically in response to nelfinavir treatment,1,3 whereas M36I
and A71V, along with other nonactive site substitutions, appear
as a result of selective pressure of treatments using various
protease inhibitors.1,3,11 The locations of these sites in HIV-1
PR are shown in Figure 1A.
The effects that these combined mutations have upon the

enzymatic parameters (kcat, Km, kcat/Km) was investigated
previously13 and serve as the basis for our correlation studies.
DEER data analyses show that secondary mutations alter the
fractional occupancy of HIV-1 PR conformational sampling
profiles. By comparing the fractional occupancy of various
conformational states with enzyme kinetic parameters and
inhibition constants, we find that drug resistance correlates to
effects of mutations such that they combine to stabilize the
open-like states at the expense of the closed state. These
findings also suggest that a predominantly large occupancy of
the semiopen state is a likely, but maybe not sufficient,34

requirement for catalytic efficiency. This work shows a direct
link between equilibrium conformational sampling and enzyme
kinetic/inhibition parameters in HIV-1 PR, and forms the basis
of a hypothesis for a possible mechanism of how secondary
mutations combine to elicit drug resistance. Namely, mutations
combine to shift the fractional occupancy of the conformational
sampling ensemble whereby the “open-like” states are stabilized
at the expense of the closed-state, while retaining a sufficiently
high population of the semiopen conformation for the enzyme
to maintain viral fitness.

■ EXPERIMENTAL PROCEDURES
Materials. The spin label (1-oxyl-2,2,5,5-tetramethyl-Δ3-

pyrroline-3-methyl) methanethiosulfonate (MTSL) was pur-
chased from Toronto Research Chemicals (North York, ON,
Canada). The QuikChange site-directed mutagenesis kit was
acquired from Stratagene (La Jolla, CA). The pET23a vector
was bought from Novagen (Gibbstown, NJ). The subtype B
HIV-1 PR DNA was purchased from DNA2.0 (Menlo Park,
CA). Deuterated materials, such as D2O, NaOAc-d3, and
glycerol-d8 were bought from Cambridge Isotope Laboratories
(Andover, MA). Ritonavir was obtained through the AIDS
Research and Reference Reagent Program. The nonhydrolyz-
able substrate mimic, CA-p2 (H-Arg-Val-Leu-r-Phe-Glu-Ala-
Nle-NH2, r = reduced) was acquired from the University of
Florida Protein Chemistry Core Facility. Unless otherwise
indicated, all reagents were purchased from Fisher Scientific
(Pittsburgh, PA) and were used as received.
Cloning and Site-Directed Mutagenesis. DNA that

encodes Escherichia coli codon-optimized subtype B HIV-1 PR
(DNA 2.0) was cloned into pET-23a vector (Novagen) under
the control of a T7 promoter. Seven stabilized (Q7K, L33I,
L63I) and inactive (D25N) constructs (Bsi) with engineered
labeling sites (K55C) were made using the QuikChange site-
directed mutagenesis kit by Stratagene: D30N, M36I, A71V,
D30N/M36I, D30N/A71V, M36I/A71V, and D30N/M36I/
A71V. Note that this procedure renders all mutations
symmetrically applied to both subunits of the homodimer.
Moreover, natural cysteine residues (C67 and C95) in these
constructs are mutated to alanine to prevent nonspecific
disulfide bridge formation and to ensure site-specific labeling at

C55. The C67A and C95A mutations have been utilized in
numerous X-ray crystallography studies and do not alter kinetic
parameters, protein stability, or dimer dissociation compared to
the unmutated sequence.47,48 The fidelity of HIV-1 PR DNA
sequences was confirmed by Sanger DNA sequencing (ICBR
Genomics Facility, UF).

Protein Expression, Purification, and Spin Labeling.
Protein expression, purification, and spin-labeling were carried
out as previously described20 with the following modification:
the inclusion bodies resuspension buffer pH used for anion
exchange depends upon the isoelectric point (pI) of a given
construct. The buffer pH used for wild-type (WT) subtype B
(Bsi), D30N, M36I, A71V, D30N/M36I, D30N/A71V, M36I/
A71V, and D30N/M36I/A71V are 8.85, 9.00, 8.82, 8.80, 8.95,
8.98, 8.85, and 8.88, respectively. Methanethiosulfonate
(MTSL) spin-label (Toronto Research Chemicals) was added
in 3−4-fold molar excess to 8 μM HIV-1 PR homodimer in 10
mM Tris-HCl, pH 6.9, and the reaction was allowed to proceed
in the dark for 12 h at 25 °C, 150 rpm. Homogeneous spin-
labeling was verified via electrospray ionization time-of-flight
mass spectrometry (ESI-TOF-MS), as shown in the Supporting
Information.

Sample Preparation and DEER Data Acquisition.
Protein samples were prepared as 100 μM HIV-1 PR
homodimer in 20 mM NaOAc-d3/D2O, pH 5.0, 30%
glycerol-d8 (Cambridge Isotope Laboratories). For substrate
or inhibitor-bound samples, 4:1 molar excess of substrate or
inhibitor was added, and the sample was allowed to sit for at
least 30 min to ensure sufficient time for binding. Samples were
transferred to a 4-mm quartz EPR tube and were flash frozen in
liquid nitrogen before insertion into the resonator, nominally at
65 K. All pulsed EPR data were collected in a Bruker EleXsys
E580 spectrometer equipped with the ER 4118X-MD-5
dielectric ring resonator at 65 K using a four-pulse DEER
sequence,36 described in detail previously.20

DEER Data Processing. The DEER dipolar modulation
curves were background-subtracted, long-pass filtered, and
converted to distance distribution profiles via Tikhonov
regularization (TKR) using DeerAnalysis2008,49,50 a free
software from the Swiss Federal Institute of Technology Zurich
Web site (http://www.epr.ethz.ch/software/index). Back-
ground subtraction level was determined using a self-consistent
analysis procedure.32 The optimal regularization parameter was
used for the conversion of the dipolar modulation curve to a
TKR distance profile. Zero time was determined by fitting the
−300 to 300 ns region of the dipolar modulation curve with a
Gaussian function, where the center of the Gaussian fit is equal
to the zero time. Details on background subtraction, zero time
calculation, optimal regularization parameter selection, and the
corresponding error analyses are provided in the Supporting
Information.
A series of Gaussian-shaped populations representing the

nominal conformations of HIV-1 PR21,32 with estimated
relative percentage, full width at half-maximum (fwhm), and
most probable distance were summed to reconstruct the
distance profile via DeerSim. Using this software, the dipolar
evolution curve was regenerated from the summed Gaussian
profile for comparison to the experimental background-
subtracted data and TKR fit. DeerSim is a MATLAB-based
software created by our laboratory and is available upon
request. χ2 error analysis51,52 was performed for populations
<20% by sequentially suppressing these populations and their
linear combinations. The regenerated echo curve after
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population suppression was compared to the TKR fit, and the
χ2 value was calculated. When χ2 was less than the critical value
at P = 0.05 (χ20.95) for certain degrees of freedom (df), the
questionable populations were discarded (see Supporting
Information).
Pearson Criteria and Error Analysis. Pearson correlation

coefficient calculation and the criteria for its interpretation have
been previously established.53 The following criterion was used:
0.8−1.0, strong; 0.5−0.8, moderate; 0.2−0.5, weak; 0.0−0.2, no
association. The same criterion held true for negative
correlations. Meanwhile, errors associated with percent relative
populations were determined using χ2 error analysis.51,52

■ RESULTS
Effect of Mutations on Conformational Sampling. The

effects that accumulated primary and secondary mutations have
on flap conformational sampling were determined from a series
of single, double, and triple mutation constructs containing
amino acid substitutions D30N, M36I, and A71V (all sequence
details given in Supporting Information). Distance profiles
between the two spin probes incorporated into the flaps at site
K55C/K55C′ were determined from DEER spectroscopy (also
referred to as PELDOR). Figure 2A shows time-domain,
background-subtracted dipolar modulation curves for HIV-1
PR constructs studied here. Note, wild-type (WT) HIV-1 PR is

referred to in our previous publications as subtype B, PMPR, or
Bsi.

20,21,32,33,52 The rate of decay and frequency of the
oscillations of the dipolar modulation curves are directly
related to the breadth and most probable distance of the
distance profiles.50,54 The secondary mutation, A71V alone or
in combination with either D30N or M36I (i.e., A71V, D30N/
A71V, and M36I/A71V), results in a steeper echo decay at τ <
0.50 μs (solid line), indicating that shorter distances consistent
with a closed conformation, as seen previously upon inhibitor
binding,32,33,52,55 dominate in the corresponding distance
profiles. For the other constructs investigated, the slope of
the initial echo decay is similar to WT, signifying most probable
distances consistent with a predominant semiopen conforma-
tion or comparable closed and semiopen populations (e.g.,
D30N/M36I) as seen for other apo HIV-1 PR constructs.21,33

Figure 2B shows the distance profiles obtained from
Tikhonov regularization (TKR) of the background-subtracted
time domain dipolar modulation echo curves. For WT, D30N,
M36I, and D30N/M36I/A71V, the most-probable interspin
distance occurs near 35−37 Å (dashed line), corresponding to
occupancy of the semiopen conformation. For A71V, D30N/
M36I, D30N/A71V, and M36I/A71V the most probable
distance occurs at a shorter distance of ∼33 Å (solid line),
which is a distance consistent with a closed-like or closed
conformation. Previously, this distance was only observed in
DEER measurements when inhibitor was added.31,32 Hence,
here, we distinguish between the “closed conformation” defined
as a ligand-bound state and a “closed-like conformation”
defined as a conformer that resembles the distance of the
ligand-bound closed state but is populated in the apoenzyme.
Additionally, these constructs show a marked increase in the
fractional occupancy of a distance range of 26−31 Å. We
hypothesize that this distance is consistent with a curled/tucked
(ct) conformation of the flaps41,43 where the β-hairpin would
be arranged in a manner that the spin labels would point
toward one another, leading to a shorter distance between the
spin-probes, but where the backbone conformation may
produce an opening to the active site pocket allowing for
inhibitor to escape. For A71V, D30N/M36I, M36I/A71V, and
D30N/M36I/A71V, a small but distinct peak in the distance
range of 40−45 Å is observed. This distance is assigned to a
wide-open (wo) flap conformation.42,43,56,57

In a self-consistent analytical technique for background
subtraction of the dipolar modulated echo curves, a series of
Gaussian-shaped populations is used to regenerate the TKR
distance profile and fitted to the time-domain data.21,32 For this
data analysis, we assume that the ensemble of protein/spin-
label conformers can be modeled by a Gaussian-shaped
function. An example of the Gaussian reconstruction of the
distance profile for M36I/A71V is shown in Figure 3A. The
complete details for the population analyses are given in the
Supporting Information. By combining model structures
obtained from MD simulations and X-ray models, we assign
the predominant Gaussian distance populations to four distinct
ensembles of HIV-1 PR conformers.38−45 Gaussian populations
with average distances in the range of 26−31 Å are defined as
curled/tucked ensembles. Meanwhile, populations centered
near 33 Å are defined as closed-like conformations, whereas
those near 35−37 Å are referred to as semiopen conformations.
Finally, distances within 40−45 Å are described as wide-open
populations. The bar graph in Figure 3B summarizes the results
from the Gaussian reconstruction analyses.

Figure 2. (A) Background-subtracted and long-pass filtered dipolar
modulation curves in the time domain for WT subtype B and for
constructs with D30N, M36I, and A71V single and combined
mutations overlaid with Tikhonov regularization (TKR) fits. The
solid and dashed vertical lines mark the local minimum and maximum
of the WT echo curve, respectively. (B) Stack plot of the
corresponding TKR distance profiles. The dashed line corresponds
to the semiopen conformation, and the solid line indicates the peak
position of the closed-like state. Peaks marked with ct indicate an
increase in the curled/tucked population while those marked with wo
signify an increase in the wide-open population.
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Inhibitor-Induced Conformational Sampling Shift. To
monitor the effect of inhibitor-binding to the flap conforma-
tional sampling of HIV-1 PR containing single point mutations,
4-fold molar excess of inhibitor or substrate mimic was added
to MTSL-labeled D30N, M36I, A71V, and D30N/M36I/A71V
subtype B HIV-1 PR constructs. The area-normalized distance
profiles in the presence of the nonhydrolyzable substrate mimic
(CA-p2) and ritonavir (RTV) overlaid with the apoenzyme
(apo) reveal a shift of the most probable distance from 35−37
Å to 33 Å in D30N and M36I constructs (Figure 4A,B),
indicating a conformational shift in favor of the closed state.
The bar graphs in the figure insets show 60% and 66% increase
of the closed population percentage for CA-p2 or RTV-bound
D30N and M36I, respectively. The distance distribution widths
narrowed substantially upon adding a substrate-mimic or
inhibitor.
In contrast, the most probable distance for the A71V DEER

distance profile (Figure 4C) remains unchanged at 33 Å upon
addition of substrate mimic or inhibitor, suggesting that the
most probable distance of 33 Å for the apoenzyme is consistent

with a high occupancy of a closed-like conformer in the absence
of a ligand. Noticeably, the distance distribution widths are
narrower for A71V in the presence of substrate mimic or
inhibitor, with a 33% and 27% increase in the percentage
occupancy of the closed state for CA-p2 and RTV, respectively.
For the triple mutation construct, D30N/M36I/A71V, upon
addition of CA-p2, a shift of the most probable distance
occurred from 35 Å to 33 Å, similar to those observed for
D30N and M36I constructs bound to CA-p2. However, in this
case, addition of RTV did not induce flap closure in D30N/
M36I/A71V (Figure 4D), and the most probable distance was
seen to remain at 35 Å. This result is not surprising as the triple
mutant shows cross-resistance to various inhibitors, including
RTV, and our previous DEER investigations show trends or
correlations between the relative shift to the closed state, and
changes in Ki

55 and IC50 values.52 Note that the relative
populations of the curled/tucked and wide-open conformers
decreased or disappeared upon binding of CA-p2 or RTV to
the triple mutant construct, suggesting that these peaks are not
artifacts of analysis or misfolded/nonfunctional protein in our
samples.

■ DISCUSSION
Effects of Mutations to Percentage Occupancies of

Flap Conformational Populations. Several conclusions
regarding the effects of sequential mutations on the fractional
occupancy of the HIV-1 PR equilibrium conformational
ensemble can be made. When compared to WT, incorporation
of the D30N primary mutation does not significantly alter the
conformational sampling profile, where roughly 65−70% of the
conformers populate a semiopen state (Figure 3B). Strikingly,
on the other hand, when either A71V or M36I is combined
with D30N, a closed-like conformer dominates the ensemble,
with less than 35% occupancy of the semiopen conformation.
Additionally, the closed-like conformation dominates with
A71V alone or in combination with M36I.
Previous X-ray crystal structure and MD investigations of the

A71V polymorphism58 show that this substitution requires a
local structural adjustment in the cantilever region, particularly
amino acid residues 67−71, to accommodate the bulkier valine
side-chain.58 Because the loop formed by residues 68−71 is
highly mobile during flap opening and closing upon substrate/
inhibitor binding,16 it is not surprising that this single mutation
can markedly shift the flap conformational sampling profile.
Recent MD simulations also indicate that A71V may stabilize
the dimeric form of the enzyme, which could be essential to
offset effects of other mutations that alter β-hairpin

Figure 3. (A) Gaussian reconstruction profile for M36I/A71V. (B) Results from Gaussian reconstruction analysis of the TKR distance profiles for
the various HIV-1 PR constructs. Error bars represent 3−6% relative population uncertainty determined by χ2 analysis of DEER distance profiles
with suppressed populations and comparison of the resultant echo curve with that from TKR (more details in Supporting Information).

Figure 4. Area-normalized distance profiles for apo (black), CA-p2-
bound (red), and RTV-bound (blue) (A) D30N, (B) M36I, (C)
A71V, and (D) D30N/M36I/A71 V HIV-1 protease constructs. Inset
shows a bar graph of the relative percentage of the closed population
from DEER analysis (DEER % closed) for apo and with CA-p2
substrate mimic or RTV.
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conformation and destabilize the dimer interface.59 Additional
experimental studies of others have also upheld the insights
from MD simulations, showing an increase in protein stability
after combining A71V to a primary mutation.18 Perhaps the
thermodynamic stabilizing effects of A71V come about by a
structural shift to a closed-like state as the predominant
conformer of the equilibrium ensemble.
The M36 substitution with isoleucine is the most common

mutation seen in the hydrophobic core of HIV-1 PR60 and is
proposed to alter flap conformation via the hydrophobic sliding
mechanism.17 Additionally, MD simulations have shown that
M36I decreases the binding cavity volume.61 However, we find
herein that the M36I mutation alone has only a minimal effect
on the conformational sampling ensemble compared to the
native enzyme. The population of the semiopen ensemble
slightly decreases with an increase of the closed and curled
conformations. The small increases in these two conformations
may uphold insights from MD simulations, which suggest that
the decrease in the binding cavity volume results from the
increase of closed-like population.
When M36I and A71V secondary polymorphisms are

combined with primary mutation D30N, the fractional
occupancy resembles that of native enzyme in that the
semiopen state now becomes the most predominant con-
formation in the ensemble. However, in contrast to native
enzyme, the conformational sampling profile of the triple
mutation construct shows a synchronized increase in the
percentage of the wide-open and curled conformations with a
decrease in the closed population percentage. The D30N/
M36I/A71V construct has been reported to have weaker
inhibition (higher Ki) for nelfinavir, indinavir, and ritonavir, and
better catalytic efficiency with respect to WT.13 The recovery of
a major semiopen population via accumulation of primary and
secondary mutations suggests a mechanism by which mutations
combine in HIV-1 PR to recover catalytic efficiency while
eluding inhibitors.
Correlation of DEER Conformational Sampling with

Enzyme Kinetics and Inhibition Parameters. Statistical
correlations, via Pearson product moment correlation,62 were
made between the fractional occupancies of conformational
states determined from DEER distance profiles, and published
kinetics and inhibition data. Note that our EPR constructs differ
from those used in enzymatic investigations (sequences given
in Supporting Information). DEER samples contain the K55R1
spin-label site and the catalytic residue substitution D25N. This
substitution is often used in spectroscopic studies63−68 because
of the relative ease of sample preparation, and sample stability
and homogeneity. The D25N mutation has been shown to not
significantly change the protein structure, although it does
increase inhibitor dissociation (Kd)

63 by up to a factor of ∼106.
The experimental ease of using the D25N constructs has been
validated in our earlier SDSL EPR investigations showing
correlations among inhibitor-induced flap closure with NMR-
investigated ligand-exchange dynamics and with IC50 values for
a multidrug resistant HIV-1 PR construct.52,55 Although NMR
investigations reveal differences in D25 versus D25N dynamics
and monomer/dimer dissociation constants,63 our data for the
D25N constructs do show strong correlations among DEER
distance profiles and in vitro kinetic/inhibition data. Slight
differences in our results may be anticipated for the active D25
construct, but due to autodegradation, our DEER signal
intensities from apo active enzymes are too weak for the data
analysis required within.

Pearson product moment correlation coefficient values (r) of
−0.84, −0.73, and −0.19 were obtained for the fractional
occupancy, i.e., the relative percentage, of the closed
conformation (%C) with kcat, kcat/Km, and Km,

13 respectively
(correlation plots in Supporting Information). Note that when
the magnitude of the Pearson’s r is >0.80, the correlation is
considered significant, i.e., “strong,” because the two-tailed
critical value for r at P = 0.05 for a sample size of 8 is 0.707.69

As shown in Figure 5A, a “strong” inverse trend (r = −0.84) is

obtained between %C and reported values for kcat
13 meaning, a

higher percentage closed-like population coincides with lower
catalytic rate. This finding appears reasonable given that
substrate entry requires flap opening, and mutations that
stabilize a closed-like conformation could have reduced
turnover rates. NMR studies of substrate binding in HIV-1
PR suggest that in order for substrate uptake to occur, the flaps
would have to open first, followed by slow flap closure and
concomitant positioning of the substrate into a reactive
geometry in the binding cleft.67 Thus, if HIV-1 PR is initially
in the closed-like state, the protease would need to adopt an
open conformation for substrate entry; then a rate-limiting flap
closure and concurrent positioning of substrate in the active site
would ensue prior to catalysis, which can explain the observed
correlation between the lowered catalytic rate in constructs that
have high closed-like population. Meanwhile, we find little to
no correlation with Km (r = −0.19), thus explaining the slightly
weaker correlation (r = −0.73) seen between %C and kcat/Km.
The lack of correlation between %C and Km is not surprising
given only D30N occurs within the active site pocket and
crystal structures show that the incorporation of A71V along
with D30N does not alter the shape of the substrate binding
pocket (Supporting Information).58

Stronger correlations are observed when values of inhibition
constants (Ki)

13 for inhibitors were plotted against the ratio of
the closed-like conformation to the open-like states, as
demonstrated in Figure 5B for the inhibitor ritonavir. The
rationale for combining the population of the wide-open
conformers (distance ∼43 Å) with the curled/tucked con-
formers (distances ∼25−30 Å) comes from the mathematical
model that best correlates our data. When only single
populations were considered as the models for obtaining
correlations, lower correlation coefficients (r) were obtained
(Table 1). Hence, the model that best fit correlations among

Figure 5. Correlation plots for trends of DEER population
percentages with kinetic and inhibition parameters. The Pearson
product moment coefficient (r) is reported for each plot. (A)
Percentage of closed-like population is inversely correlated to kcat. (B)
Percentage ratio of closed-like to open-like populations is inversely
correlated to the inhibition constant (Ki) for ritonavir. Similar
correlations are demonstrated using Ki of other inhibitors (see
Supporting Information).
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the data combines these two states and suggests that the
curled/tucked population seen in our DEER distance profiles
may correspond to a state where inhibitor can easily escape. In
fact, Table 1 shows strong Pearson correlation coefficients of
−0.98, −0.91, and −0.95 were calculated for this model of
combining the open-like populations in the ratio of %closed-
like/open-like and Ki when all three inhibitors, nelfinavir
(NFV), ritonavir (RTV), and indinavir (IDV), were examined
(correlation plots in Supporting Information). These findings
suggest an interpretation of how cross-resistance is elicited by
the combination of primary and secondary mutations,
specifically, that an increase in the population of “open-like”
states, where inhibitor can escape, with a concomitant decrease
in the population of the closed state, where inhibitor binding is
stabilized, leads to larger values of inhibition constants,
indicating weaker inhibitor binding strengths and thus,
resistance.
Furthermore, these correlations show that enzymatic activity

is compromised when the combination of mutations increase
the fractional occupancy of the closed-like conformation
relative to WT subtype B protease. The correlations between
inhibitor binding and conformational sampling also show that
alternative flap opening modes that could promote weaker
inhibitor interactions, like the curled and tucked states, need to
be considered when discussing drug resistance mechanisms.
This point was recently demonstrated via X-ray crystallography
of an extremely drug-resistant variant found in an open-like
conformation.70 Therefore, drug resistance appears when co-
evolving mutations destabilize the closed state in favor of open-
like conformations to elude inhibitor binding, while maintain-
ing a semiopen population similar to wild-type so as to sustain
catalytic efficiency.
Inhibitor-Induced Flap Closure and Drug Resistance.

The ligand-bound DEER distance profiles in Figure 4 suggest
that both the substrate mimic, CA-p2 and ritonavir could
efficiently induce a shift in the conformational ensemble to the
closed state of D30N, M36I, and A71V single point mutation
constructs. Unlike D30N and M36I, the A71V construct has a
predominant closed-like population in the apo state. The same
flap distance of ∼33 Å observed for the closed-like state in the
apoenzyme and the closed conformation upon inhibitor
binding suggests that these states are indistinguishable and
validates that the incorporation of a single point A71V
mutation results in promoting the closed flap conformation.
Moreover, open-like states (i.e., curled/tucked and wide-open

populations) almost disappeared completely after adding a
ligand to all single-point mutation constructs (≤5%),
suggesting that inhibitor or substrate-binding imposes a steric
strain onto the flaps, making open-like conformations less
probable. Also note that the distance distribution widths were
narrower after ligand-binding, as previously observed,32,52

implying that binding to the substrate-mimic or inhibitor
confers conformational rigidity as the flaps are locked-in onto
the ligand in the binding cleft. Interestingly, for the drug-
resistant construct, D30N/M36I/A71V, the substrate mimic
CA-p2 induced flap closure, but not RTV. Since this construct
is known to be resistant to RTV based on Ki measurements,

13 it
is not surprising that flap closure was not observed after adding
this inhibitor. Although flap closure was not observed, the
presence of the ligand prevented the flaps to adopt open-like
conformational states and promote the semiopen conforma-
tion, suggesting that the inhibitor may be loosely bound within
the pocket but not interacting strongly enough for a fully closed
conformation to be seen in the DEER distance profile. This
finding is consistent with results seen for a multidrug resistant
variant MDR76952 that showed disappearance of the wide-open
population and displayed no substantial flap closure after
adding RTV.

Hypothetical Thermodynamic Profiles. We hypothesize
that the distance population near 26−31 Å, a distance range
seen in almost all DEER distance profiles of single point mutant
constructs, drug-resistance constructs and various subtypes or
circulating recombinant forms investigated by our lab to
date,20,21,32,33,52,55 to be representative of a conformational
ensemble where the flaps adopt a curled/tucked geometry.
Inhibitor-bound DEER data reveal that the addition of CA-p2
or RTV results in the simultaneous disappearance of the wide-
open and curled/tucked populations, suggesting that these
distances correspond to “real” conformational states of HIV-1
PR and do not necessarily represent signals from misfolded or
nonfunctional protein contaminants in our samples. We
hypothesize that this conformational state may represent an
alternative flap opening mechanism, suggested previously by
others,41,43 where the β-hairpin would be arranged in a manner
that the spin labels would point toward one another, leading to
a shorter distance between the spin-probes, but where the
backbone conformation may produce an opening to the active
site pocket allowing for inhibitor to escape.
Figure 6A,B provides a graphical interpretation of the results

of our population analyses for WT subtype B and D30N/
M36I/A71V constructs, respectively, in terms of hypothetical
thermodynamic profiles. In these figures, the relative energy of
the semiopen states is aligned. The probability distribution
profiles are directly converted to the thermodynamic energies
via the relationship ΔG = −RT ln Pi, where T was taken as
300 K (because we assume that freezing traps the equilibrium
conformational sampling at room temperature prior to
freezing)71 and Pi determined from the normalized population
probability. Because we are suggesting that the curled/tucked
state is an alternate conformer where inhibitor can escape,41 the
curled/tucked and wide-open ensembles are combined into the
single open-like state for these energy landscapes. Note that in
these thermodynamic profiles, the heights of the barriers
between the states are unknown from DEER investigations.
Only the relative free energies of the states can be obtained
from the population analyses. Compared to the WT construct,
the combined mutations act to stabilize the free energy of the
open-like conformations while concurrently destabilize the free

Table 1. Summary of Pearson Product Moment Coefficients
(r) for DEER Relative Percentages Correlated to Inhibition
Constants (Ki)

a

R

relative percentage of conformation from
DEER

Ki
(NFV)

Ki
(RTV)

Ki
(IDV)

% semiopen 0.39 0.22 0.39
% wide-open 0.30 0.46 0.04
% open-like 0.28 0.44 0.24
% curled/tucked 0.12 0.17 0.32
% (semiopen/open-like) −0.06 −0.23 −0.04
% (closed-like/semiopen) −0.43 −0.31 −0.55
% (closed-like/wide-open) −0.52 −0.55 −0.35
% closed-like −0.59 −0.44 −0.58
% (closed-like/open-like) −0.98 −0.91 −0.95

aAll Ki values are from Clemente et al., 2003.13
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energy of the closed-like conformation relative to the free
energy of the semiopen state. This effect can be seen clearly in
Figure 7, where the relative percentage change of the

population of each conformation for each variant is compared
to WT. It is clear that most of the variants have a destabilized
semiopen conformation but have increased curled/tucked and
closed-like populations. The triple mutant, however, has a
destabilized closed state, a semiopen population similar to WT,
and increased populations of both the curled/tucked and wide-
open conformational states.

■ CONCLUSIONS
Using DEER, we have shown that both primary and secondary
mutations alter conformational sampling in HIV-1 PR. The
secondary mutation A71V promotes a closed-like conformation
of the protease except when both D30N and M36I mutations
are present. The recovery of a predominant semiopen
population in D30N/M36I/A71V after the stepwise incorpo-
ration of these mutations suggests the importance of the
semiopen conformation in maintaining turnover rate and

catalytic efficiency. On the other hand, the “strong” inverse
Pearson correlation for the percentage of closed conformation
vs kcat implies that certain mutations that promote the closed-
like conformation (i.e., A71V) could hamper substrate entry
resulting in lowered catalytic rate. However, a more closed-like
conformation may also stabilize protease-inhibitor interactions,
as demonstrated by “strong” correlations among the ratio of
closed-like to open-like population percentages with Ki values
for NFV, RTV, and IDV. This result implies that drug
resistance emerges when the mutations combine to increase the
population of “open-like” states at the expense of the closed-
like conformation, while maintaining a semiopen population
similar to WT. This is corroborated by the lack of flap closure
upon adding RTV to D30N/M36I/A71V, a construct that
exhibited resistance to this inhibitor based on Ki measurements.
We have previously demonstrated using a multidrug resistant
HIV protease variant MDR769 that the lack of inhibitor-
induced flap closure is correlated to drug resistance based on
IC50 measurements.

52 These correlation measurements with kcat
and Ki show that by accumulating mutations, HIV-1 PR could
recover close to WT catalytic efficiency while eluding inhibitors.
These results indicate a possible mechanism for drug

resistance where the population of a thermodynamic state is
altered. Alternative hypotheses for how drug resistance is
affected in HIV-1 PR also evoke the idea that protein dynamics,
hydrophobic core flexibility,72 or the exchange rates among
conformational states73 are altered by secondary mutations,
which in turn modulates enzyme function. In fact, numerous
MD simulations provide insights into hypotheses where protein
backbone dynamics and flexibility are altered.72−74

From an experimental approach, NMR investigations of
protein conformational exchange and dynamics have a strong
hold.75,76 Although the backbone dynamics of the native
subtype B construct have been explored extensively,64,65,67,68,77

the exchange rates in native HIV-1 PR are difficult to
characterize due to the fast dynamics of the flaps and relatively
slower time scale of the exchange process.74 Recently, exchange
dynamics were measured on a synthetic tethered HIV-1 PR
construct revealing that mutations may alter the rate of
exchange among the states, thus impacting catalysis.34 It is
likely that a combination of effects is at play to generate drug
resistance, and possibly, a combination of all these aspects of
the protein is changing as drug pressure selected mutations
arise.

■ ASSOCIATED CONTENT

*S Supporting Information
Characterization of MTSL-labeled HIV-1 protease by mass
spectrometry and circular dichroism, along with complete
DEER data processing and χ2 error analysis are provided as
supporting material. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Tel.: + 1 352 392 2345; fax: + 1 352 392 0872; e-mail:
fanucci@chem.ufl.edu.

Funding
This work was supported by NSF MBC-0746533 (GEF), NIH
R37 AI28571 (BMD), UF Center for AIDS Research, and
NHMFL-IHRP.

Figure 6. Hypothetical thermodynamic profiles for (A) WT subtype B
and (B) D30N/M36I/A71 V variants. For each, the energy of the
semiopen conformations are set equal and the relative free energy
differences are calculated with respect to the semiopen conformation.
Free energies were calculated directly from the relative percentages of
DEER conformational populations, where the open-like percentage is
the sum of the wide-open and curled/tucked states.

Figure 7. Relative percentage change in the population of each
conformation for the variants studied. The relative percentage change
is calculated with respect to WT subtype B, % (Pi − PWT).
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