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ABSTRACT: Double electron-electron resonance (DEER),
a pulsed electron paramagnetic resonance (EPR) spectro-
scopy technique, was utilized to characterize conforma-
tional population shifts in HIV-1 protease (HIV-1PR)
upon interaction with various inhibitors. Distances be-
tween spin-labeled sites in the flap region of HIV-1PR
were determined, and detailed analyses provide population
percentages for the ensemble flap conformations upon
interaction with inhibitor or substrate. Comparisons are
made between the percentage of the closed conformer seen
with DEER and enzymatic inhibition constants, thermo-
dynamic dissociation constants, and the number of hydro-
gen bonds identified in crystallographic complexes.

The experimental characterization of conformational changes,
population shifts, dynamics, and allostery in biological macro-
molecules has recently received great attention (1, 2). Site-
directed spin labeling (SDSL) is a method well suited to the
study of the structure, flexibility and mobility, and conforma-
tional changes in a wide range of macromolecular systems,
including soluble proteins, membrane proteins, natively unstruc-
tured proteins, and nucleic acids (3-5). Because the method does
not require fast isotropic tumbling in solution, there is no upper
size limit to the types of complex assemblies to which thismethod
can be applied. However, SDSL does require an EPR active
probe at a desired site in the macromolecule.

The pulsed EPR method of DEER, also called PELDOR, has
been growing in popularity andmaturing in its applications (3, 6).
This experiment measures the strength of the dipolar coupling
between spins, which is proportional to 1/r3, where r is the
interspin distance. Hence, via measurement of the strength of the
dipolar interaction, distances of 20-60 Å between spin labels can
readily be experimentally determined. The most commonly used
pulsed EPR experiment cited in the literature for protein samples
is four-pulse DEER (7, 8).

We have been applying the DEER method to characterize
conformations of the β-hairpin turns (also known as the flaps),
which cover the active site of HIV-1PR (9-11). HIV-1PR is an
aspartic protease that processes the gag-pol polypeptide of the
HIV-1 virus. Inhibition of the enzymatic activity of HIV-1PR
results in the buddingof immature noninfectious virus particles (12),
and several antiretroviral inhibitor cocktails target this enzyme.

Investigations into the conformational sampling of HIV-1PR
have appeared in the literature, and of particular interest are

results from molecular dynamics (MD) simulations that propose
that HIV-1PR samples a series of conformations in solution
consisting of “closed”, “semi-open”, and “wide open” states
(13, 14). Via SDSL DEER measurements with a spin label
incorporated at an aqueous solvent-exposed site in the flap
region (Figure 1A), distances consistent with the presence of all
three of these proposed conformers have been obtained (9, 15)
andMD simulations have accurately regenerated the experimen-
tallymeasured distance profiles (16). However, our earlierDEER
data for apo HIV-1PR (9) lacked a sufficiently high signal-to-
noise ratio (SNR) for discerning the presence of distinct popula-
tions of conformations within the distance profile. Figure 1B
compares our earlier and newer time domain data for apo HIV-
1PR. The solid lines through the experimental data are the best
solutions using Tikhonov regularization (TKR) analysis (17),
and Figure 1C plots the corresponding distance profiles. Note the
greater detail in the shape of the distribution profile when data
are collected with a higher SNR (24:1) compared to the feature-
less broad distance profile (gray curve) which results from a low
SNR (8:1).

The TKRmethod, a priori, does not assume a given shape for
the distance distribution profiles (18). Here, we have recon-
structed the TKR distance profile for apo HIV-1PR using a
series of Gaussian distance populations (shown in Figure 1D).
The four populations shown were combined to regenerate the
TKR distance profile, and the average distance of each popula-
tion corresponds well with a given structural conformation
predicted from MD simulations or seen with X-ray crystal-
lography. The average distance and relative percentage for each
population are 24.7 Å and 4%, 33 Å and 3%, 36.4 Å and 86%,
and 41 Å and 7% and assigned to conformations where the flaps
are curled (19), closed, semi-open, and wide open, respectively
(details of sample preparation, amino acid sequence, data
collection and analysis, and error analysis are given as Support-
ing Information).

Most often, the DEER method is used to obtain values of
distances to confirm that a conformational change has occurred.
Often, these distances are also used as constraints in structural
models. Here, we are showing that with detailed data analysis of
experimental DEER echo curves with a sufficiently high SNR,
along with results from MD simulations and X-ray models, the
shape of the profile can be scrutinized to reveal populations of
conformations contained within the ensemble. Given the numer-
ous crystallographic structures available for HIV-1PR and
results from MD and SDSL DEER, we describe the interaction
of inhibitors withHIV-1PRas inducing a population shift among
the conformers that the enzyme samples.

Furthermore, we find that the DEER method can be used to
discriminate the mode or strength of interaction that the various
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inhibitors and substrate analogues make with HIV-1PR. Panels
A and B of Figure 2 plot distance profiles determined for HIV-
1PR with nine FDA-approved inhibitors (see Table 1 for names
and abbreviations) (20). Data are also shown for interaction with
a nonhydrolyzable peptide substrate mimic, Ca-P2. The DEER
distance profiles differ among the various inhibitors. The data are
plotted into two groups; those shown in Figure 2A are char-
acterized as “strongly” interacting and close the flaps (DRV,
TPV, LPV, RTV, SQV, APV, and Ca-P2). The inhibitors plotted
in Figure 2B (ATV,NFV, and IDV) have “moderate” to “weak”
interactions with the enzyme with the flaps remaining mostly
semi-open. Definitions of “strong”, “moderate”, and “weak” are
defined by how much the inhibitors shift the conformational
population to the closed state. Just as the TKR distance profile
for the apoenzyme was regenerated using a series of Gaussian-
shaped populations, the same analyses were performed for data
in panels A andB of Figure 2. Inhibitors defined as having strong
interactions have g70% of the conformers in the closed flap
conformation. For the remaining inhibitors, moderate inter-
actions are seen for ATV, where ∼40% of the population has
shifted to the closed state, whereas IDV andNFVweakly interact
with HIV-1PR, with <20% of the closed conformation found.

Table 1 compares the relative percentage of the closed con-
formation determined for each inhibitor with published values of
enzyme inhibition constants, Ki (21, 22), and of thermodynamic
dissociation constants,KD, determined from isothermal titration
calorimetry (ITC) measurements (22, 23). Also listed is the
number of non-water-mediated hydrogen bonds each inhibitor
makes with protease, excluding those to the active site aspartic
acid residues, as determined from structures of enzyme-inhibitor
complexes (24-27).

No strong correlation is seen between the percentage of the
closed conformation and values of Ki. A moderate correlation
is obtained for KD values; when KDe 300 pM, the inhibitors
strongly shift the population g70% closed. A strong correlation
is seen with the number of hydrogen bonds the inhibitors make
with the protein. For IDV and NFV, defined as weakly inter-
acting, two or three non-water-mediated hydrogen bond contacts
are made. Typically, when four or more non-water-mediated
hydrogen bonds occur, the DEER results show strong interac-
tions with g70% of the population in the closed state.

Note, the construct used for DEER measurements does not
contain the active site aspartic acid residue. The mutation to
asparagine (D25N) was made to prevent autoproteolysis, which

can affect the quality of the data and ease of data collection. This
mutation is important to consider when making the previous
comparisons. With the active enzyme, all of the inhibitors have
subnanomolar dissociation constants (KD values reported in
Table 1 were collected for the active enzyme). The D25N
mutation is likely to alter the values of KD but not the rank
order trend. Hence, given our construct has the D25N mutation,
it is not surprising that the best correlation is obtained between
the population shifts seen with DEER and the number of non-
water-mediated hydrogen bonds, excluding those to the active
site aspartic acid residues, identified in crystallographic protease-
inhibitor complexes.

This work is significant because it demonstrates the sensitivity
of the SDSL DEER method in interrogating population shifts
and possible allostery in macromolecular complexes. It also
demonstrates that careful analysis of the shape of the distance
profile can provide detailed information about conformational
sampling of the ensemble structures, which is significantly more
information than either just a value of themost probable distance
or confirmation of distance changes upon protein-small mole-
cule interactions.

These findings also address a concern previously expressed
about the DEER method. The pulsed EPR data are collected at
cryogenic temperatures, because at room temperature, the spin
memory time is too short for detection of the spin echo.Often, the
question of whether the conformations trapped at 40-80 K
accurately represent the thermodynamic conformations sampled

FIGURE 1: (A)Ribbondiagramof theHIV-1PRhomodimerwith spin labels at sitesK55CandK55C0. Arrows show the expected distance change
between spin labels in the closed and semi-open conformations. (B) Background-subtracted dipolar modulation echo curves for spin-labeled apo
HIV-1PR. Newer data are shown in black with older data in gray. Solid lines are TKR regenerated echo curves using DEERAnalysis 2008 (17).
The older data are offset vertically for the sake of easy comparison. (C) Distance profiles of time domain data in panel B showing how the SNR
impacts the shape of the distance profile. (D) Reconstruction of the distance profiles in panel C using a series of Gaussian-shaped population
curves. Each population is assigned to a given structural conformation, discussed in this paper. The asterisks indicate populations questionable
within the SNR. Details of data analyses, including error analyses, are given as Supporting Information.

FIGURE 2: DEERdistance profiles forHIV-1PR in the apo state and
upon interaction with inhibitors. Those in panel A have strong
interactions and are seen to induce >50% closed conformation,
whereas in panel B, the inhibitors interact more weakly, with<50%
of the conformers in the closed state. The asterisks indicate popula-
tions questionable within the SNR.
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under physiological temperatures arises. Given the correlation
observed for the relative trends of interactions of inhibitor
with HIV-1PR by DEER analysis to values obtained for
thermodynamics parameters measured with solution ITC, it
is likely that the conformations detected for HIV-1PR under
cryogenic conditions adequately represent the solution ensem-
ble for this particular protein system. Finally, the DEER
results show a trend for the relative ability of the inhibitors
to close the flaps of HIV-1PR that strongly correlates with
non-water-mediated hydrogen bonding of the inhibitor with
the protease.
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Table 1: Comparison of Percentage Closed Populations for Each FDA-Approved InhibitorObtained fromDEERAnalysis to PublishedValues ofKi,KD, and

the Number of Non-Water-Mediated Hydrogen Bonds Observed in Crystallographic Complexes

inhibitor abbreviation percentage closed ((5%) Ki
a,b (nM) KD

b,c (pM) # hydrogen bondsd,e

Nelfinavir NFV 14 1.2a 670 2d

Indinavir IDV 14 3.9a 590 3d

Atazanavir ATV 41 0.48a NAh 3b

Lopinavir LPV 84 0.05a 36 3f

Amprenavir APV 76 0.17a 220 5d

Darunavir DRV 87 0.010b 10b 6d

Tipranavir TPV 91 0.019b 19b 6g

Ritonavir RTV 90 0.7a 100 7e

Saquinavir SQV 93 1.3a 280 7d

aData taken from ref 21. bData taken from ref 22. cData taken from ref 23. dData taken from ref 24. eData taken from ref 27. fData taken from
ref 25. gData taken from ref 26. hData not available.


