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Human immunodeficiency virus (HIV) encodes an aspartic protease (PR)
that cleaves viral polyproteins into mature proteins, thus leading to the
formation of infectious particles. Protease inhibitors (PIs) are successful
virostatics. However, their efficiency is compromised by antiviral resistance.
In the PR sequence of viral variants resistant to the PI nelfinavir, the
mutations D30N and L90M appear frequently. However, these two
mutations are seldom found together in vivo, suggesting that there are
two alternative evolutionary pathways leading to nelfinavir resistance.
Here we analyze the proteolytic activities, X-ray structures, and thermo-
dynamics of inhibitor binding to HIV-1 PRs harboring the D30N and L90M
mutations alone and in combination with other compensatory mutations.
Vitality values obtained for recombinant mutant proteases and selected PR
inhibitors confirm the crucial role of mutations in positions 30 and 90 for
nelfinavir resistance. The combination of the D30N and L90M mutations
significantly increases the enzyme vitality in the presence of nelfinavir,
without a dramatic decrease in the catalytic efficiency of the recombinant
enzyme. Crystal structures, molecular dynamics simulations, and calori-
metric data for four mutants (D30N, D30N/A71V, D30N/N88D, and
D30N/L90M) were used to augment our kinetic data. Calorimetric analysis
revealed that the entropic contribution to the mutant PR/nelfinavir
interaction is less favorable than the entropic contribution to the binding
of nelfinavir by wild-type PR. This finding is supported by the structural
data and simulations; nelfinavir binds most strongly to the wild-type
protease, which has the lowest number of protein–ligand hydrogen bonds
and whose structure exhibits the greatest degree of fluctuation upon
inhibitor binding.
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Figure 1. Superimposition of structures of HIV-1 PR
mutants in complex with nelfinavir. The positions of
mutations are indicated by spheres and numbered. The
protease is shown in ribbon representation. The D30N/
N88D mutant is colored red, the D30N/A71V mutant
yellow, the D30/L90M mutant green and the D30N
mutant blue. Nelfinavir is represented as a stick model
and its solvent accessible surface is colored according to
electrostatic potential: blue, positive; red, negative (calcu-
lated with DS ViewerPro 6.0 (Accelerys Software Inc.)).
Introduction

The aspartic protease encoded by the human im-
munodeficiency virus type 1 (HIV-1 PR) is required
for viral maturation, i.e. processing of Gag and Gag-
Pol polyprotein precursors into functional enzymes
and structural proteins.1 Due to its crucial role in
the HIV life cycle, PR has become one of the major
targets for anti-HIV treatment.2 Today, nine pro-
tease inhibitors (PIs) have been approved by the
FDA and are clinically available.3 Nevertheless, if
viral replication is not completely suppressed, resis-
tant viral strains rapidly appear during PI treatment,
reducing the efficacy of long-term HIVantiretroviral
therapy. It is therefore important to understand
the mechanism of drug resistance development in
order to aid the design of new generations of PIs
that will be able to maintain a low level of viral
replication.3,4

Nelfinavir (NFV) is a highly selective, competitive,
non-peptidic HIV-1 PI that was designed by protein
structure-based techniques using protein crystal-
lographic analysis.5 Resistance to nelfinavir most
often arises with selection of the D30N mutation in
HIV-1 PR. The substitution of asparagine for
aspartic acid at position 30 is very specific to NFV-
resistant PR. Thus, the evolutionary pathway lead-
ing to nelfinavir resistance has a rather low genetic
barrier.6–9 The other possible pathway to NFV resis-
tance involves the L90M mutation. L90M HIV PR is
resistant to nelfinavir and saquinavir and is partially
resistant to other PIs. The infectivity of viral particles
carrying this PR mutant is preserved, with a mini-
mal reduction in susceptibility.6,9 Clones including
both of these mutations (D30N, L90M) are rarely
found in vivo and usually bear additional mutations
(M46I, L63P, A71V, and N88D), which seem to be
compensatory. The D30N/L90M double mutant
was found to be almost incompatible with the
replication of the virus. The role of N88D mutation
for the facilitation of the co-occurrence of these two
mutations has been recently documented by Mit-
suya et al. who analyzed HIV-1 resistance develop-
ments in nelfinavir-treated patients with D30N
mutation. The combination D30N, N88D and
L90M mutations represents a stable backbone for
the accummulation of additional mutations.10

Here we investigated the parameters that drive
nelfinavir resistance along the D30N and L90M
evolutionary pathways. We also examined the effect
of compensatory mutations L90M, N88D, and A71V
alone and in combination with the primary muta-
tion D30N. The positions of these residues in the PR
structure are shown in Figure 1. Mutation of D30 to
N directly affects inhibitor binding in the S2 and S2′
sub-sites of the PR active site.11 The L90M mutation,
on the other hand, represents a mutation which does
not directly influence substrate or inhibitor binding.
L90 is located near the PR dimer interface under the
catalytic D25 residues, and it has been suggested
that this mutation affects the stability of the PR
dimer.12 Another compensatory mutation, N88D,
located in the C-terminal helix of PR, has been pro-
posed to increase PR stability and thus compensate
for the reduced catalytic activity conferred by the
D30N mutation.12 The compensatory mutation
A71V lies in a highly flexible region of the protease
whose structure is influenced in the course of flap
opening and closing during ligand binding. It has
been proposed that this secondary mutation has an
effect on flap movements and interactions during
ligand binding.13,14

We have prepared recombinant protease variants
harboring these amino acid exchanges as a single
mutation or combinations of mutations. Further-
more, the enzymatic activity and inhibitior suscept-
ibility of the mutants were analyzed and interpreted
on a structural level using the three-dimensional
crystal structures of four mutants in complex with



Table 1. Enzyme characteristics Km, kcat, and catalytic
efficiency (kcat/Km) determined by spectrophotometric
assay at the pH optimum of the protease (pH 4.7)

HIV-1 PR Km (μM) kcat (s
−1) kcat/Km (mM−1s−1)

Wild-type 15 30 1990
D30N 18 17 960
N88D 6 8 1420
L90M 11 16 1490
A71V 14 12 840
D30N/A71V 24 14 570
D30N/N88D 18 24 1320
D30N/L90M 29 22 770
D30N/L63P/
A71V/L90M

27 16 600
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NFV. Additionally, thermodynamic data on NFV
binding by PR mutants were obtained by isothermal
titration calorimetry (ITC). Finally, molecular dyna-
mics simulations were carried out to complement
the experimental data with detailed parameters
describing the structural dynamics and decomposi-
tion of ligand binding energies into contributions
originating from free energies of ligand and protein
desolvation and their mutual interaction energies.
The correlation between the structural, thermo-
dynamic, and calculated data provides us with an
understanding of the origins and molecular dev-
elopment of nelfinavir resistance.
Results and Discussion

Kinetic analyses

Enzyme kinetic parameters Km and kcatwere
determined by a spectrophotometric assay using a
chromogenic peptide substrate derived from the
CA-p2 cleavage site of HIV-1 Gag polyprotein (Table
1). The D30N mutant protease showed a twofold
decrease in kcat/Km compared to wt HIV-1 PR. This
decrease was caused mainly by a decrease in kcat.
N88D PR and L90M PR both exhibited similar
proteolytic activity, and their catalytic efficiencies
decreased by approximately one-third as compared
to the wild-type value. The most profound effect on
enzyme activity by a single mutation was observed
for the A71V mutant, which shows only 42% of the
Table 2. Ki values (nM) for the inhibition of PR mutants by
(RTV), indinavir (IDV), nelfinavir (NFV), and lopinavir (LPV)

HIV-1 PR SQV RTV

Wild-type 0.04±0.01 0.015±0.003
D30N 0.040±0.002 0.014±0.005
N88D 0.061±0.018 0.028±0.005
L90M 1.1±0.2 0.048±0.008
A71V 0.14±0.02 0.048±0.02
D30N/A71V 0.062±0.004 0.017±0.01
D30N/N88D 0.51±0.07 0.072±0.001
D30N/L90M 0.64±0.06 0.088±0.021
D30N/L63P/A71V/L90M 0.46±0.07 0.092±0.023

These inhibition constants were determined by spectrophotometric as
wild-type catalytic efficiency. The double mutant
D30N/N88D showed a predictable compensatory
effect of N88D; the efficiency of the double mutant
proved higher than the efficiency of the mutant
carrying the D30N mutation alone. The lowest
activity was observed for the D30N/A71V double
mutant, which exhibits a 73% decrease in kcat/Km
relative to wild-type. Although recombinant viruses
carrying both the D30N and L90M mutations dis-
played a dramatic loss of viral replicative capacity9

we did not observe such a dramatic effect in vitro.
This mutant maintained almost 40% of the wild-type
proteolytic activity. The catalytic efficiency of pro-
tease D30N/L63P/A71V/L90M was similar to that
of protease D30N/A71V.

Inhibition studies

The inhibition constants (Ki) were determined for
the clinically used inhibitors saquinavir, ritonavir,
indinavir, nelfinavir, and lopinavir and for the
pseudo-peptide inhibitor QF34 designed in our
laboratory15 (Table 2). Among the protease variants
harboring only a single mutation, the most signifi-
cant effect on binding of nelfinavir was observed for
the D30N mutant, as the Ki value increased 20-fold
compared to that of wild-type. The effect of the
D30N mutation on the binding of other inhibitors
was less dramatic. L90M predominantly affects the
binding of saquinavir, increasing the Ki value almost
30-fold in comparison to the wild-type value. The
same mutation also brought about a substantial
increase (ninefold) in the Ki for nelfinavir. Mutations
N88D and A71V alone produced no important
change in Ki for any of the inhibitors tested.
Of the proteases harboring double mutations,

D30N/N88D PR exhibited the largest effect on
nelfinavir binding, as the Ki value increased almost
260-fold compared to the wild-type value. However,
the combination D30N/N88D does not significantly
influence the binding of other tested inhibitors. The
combinations of D30N/A71V and D30N/L90M
have similar effects on inhibitor binding, again
nelfinavir binding is the most strongly affected.
The inhibition profile of D30N/L63P/A71V/L90M
PR is similar to those of D30N/A71V PR and D30N/
L90M PR, with the Ki value for nelfinavir approxi-
mately 120-fold higher than the value for the wild-
clinically available inhibitors saquinavir (SQV), ritonavir
and by QF34

IDV NFV LPV QF34

0.12±0.02 0.07±0.01 0.018±0.009 0.021±0.005
0.22±0.06 1.4±0.2 0.055±0.021 0.05±0.02
0.33±0.05 0.20±0.03 0.021±0.005 0.036±0.001
0.49±0.04 0.63±0.05 0.018±0.004 0.018±0.007
0.56±0.09 0.20±0.07 0.029±0.011 0.028±0.014
0.93±0.07 7.0±0.4 0.013±0.003 0.011±0.007
0.88±0.07 18±1 0.026±0.006 0.06±0.02
1.4±0.1 9.9±0.7 0.02±0.008 0.048±0.013
0.85±0.05 8.5±0.7 0.041± 0.007 0.036±0.011

say at pH 4.7.
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type, whereas no significant changes were observed
for other PIs.

Vitality values

In order to compare the relative selective advan-
tage of a given PR mutant over another in the
presence of an inhibitor, the catalytic efficiency of the
PR variant must be included in the relative inhibition
calculations. To achieve this, the term “vitality”
has been introduced as a measure of resistance.16

Vitality, v, is defined as v=(Ki kcat/Km)MUT / (Ki kcat/
Km)WT and predicts the therapeutic effect of a given
PI. Vitality values (Figure 2) were calculated for each
mutant with the corresponding inhibitor and com-
pared to wild-type pNL 4-3 PR as a reference en-
zyme. The vitality value for NFV and D30N HIV-1
PR is 10, and even higher values were observed
for the double-mutants D30N/N88D, D30N/L90M,
and D30N/A71V, indicating that these mutants are
highly resistant toNFV.No significantly high vitality
values were observed for other inhibitors/mutant
PRs, with the exception of L90M HIV-1 PR, which
exhibits a high vitality for saquinavir.

Crystal structures of HIV-1 protease mutants
with nelfinavir

Crystal structures of four HIV-1 protease mutants
(D30N, D30N/L90M, D30N/A71V, and D30N/
N88D) were determined in complex with nelfinavir
at resolutions of 2.4 Å–1.85 Å. Our primary aim was
to investigate structural differences between the
mutants as well as differences from the wild-type
enzyme that could enlighten the observed enzy-
matic and inhibition data. The X-ray data collection
statistics andmodel refinement statistics are given in
Table 3. All mutant complexes crystallized in the P61
space group with one PR dimer per asymmetric
unit. Structures were refined with two inhibitor
molecules per dimer bound in opposite orientations
with 50% relative occupancy (Figure 3(a)). Overall,
the crystal structures are very similar; they can be
superimposed with root-mean-square deviations
(RMSDs) of 0.3 Å–0.4 Å for main-chain atoms. This
value is within the range observed for structures of
identical proteins.17 When compared to the struc-
ture of the wild-type protease in complex with
nelfinavir (PDB code 1OHR),11 the main-chain
atoms of mutants can be superimposed with the
wild-type enzyme with a RMSD of 0.6 Å (Figure 1).
The largest differences in the main-chain conforma-
tion (RMSDN1 Å) of the mutants compared to wild-
type are located in the exposed loops of residues
38–43 (compare with Figure S2a in Supplementary
Data). Variation in the conformation of these surface
residues is probably caused by their inherent flexi-
bility and their involvement in intermolecular
crystal packing contacts that are different from
those in the orthorhombic wild-type structure.

Effect of the primary mutation D30N on inhibitor
binding and protease structure

The conformation of NFV bound to PR mutants is
very similar to that found in the wild-type complex,
with a RMSD for all non-hydrogen nelfinavir atoms
in the 0.19 Å–0.22 Å range (Figure 3(b)). There are
also no significant differences in either the main-
chain or side-chain position of N30 in mutant com-
plexes compared to the wild-type D30 (Figure 3(b));
the RMSD is 0.3 and 0.2 for the main chain and side-
chain atom positions, respectively. In contrast to
the structure of D30N PR in complex with the
CA-p2 substrate analog14 we did not observe any
rearrangement of the active site substrate binding
Figure 2. Vitality values for all
tested proteases with saquinavir,
ritonavir, indinavir, nelfinavir, lopi-
navir, and inhibitor QF34, which
was designed in our laboratory.15



Table 3. Data collection and refinement statistics

PR mutant variant D30N D30N/N88D D30N/A71V D30N/L90M

PDB accession code 2Q64 2PYM 2PYN 2Q63

Data collection statistics
Wavelength (Å) 0.98 0.93 0.98 1.54
Temperature (K) 100K 100K 100K 120K
Space group P61 P61 P61 P61
a=b, c (Å) 62.17, 82.18 62.22, 81.46 62.40, 83.10 62.50, 82.06
α=β, γ (°) 90, 120 90, 120 90, 120 90, 120
Resolution limit (Å) 2.5 1.9 1.85 2.2
Redundancy 7.0 7.3 7.2 6.8
Completeness (%) 100.0 (100.0) 98.5 (98.5) 98.8 (96.2) 96.1 (96.1)
Rmerge(%)a 9.0 (42.2) 5.3 (19.3) 5.7 (29.4) 8.5 (41.1)
Average I/σ(I) 7.0 (1.8) 7.2 (2.4) 6.2 (2.5) 6.3 (1.8)

Refinement statistics
Rvalue (%)b 17.9 (19.6) 19.5 (23.5) 18.7 (18.8) 18.4 (28.3)
Rfree (%)c 25.8 (31.3) 24.3 (32.8) 23.8 (21.1) 25.0 (38.9)
No. of solvent molecules 55 138 147 118
Average B (Å2) 46.7 48.6 33.7 25.1
Average B for NFV (Å2)d 37.4/37.4 31.8/31.7 18.8/18.7 22.2/22.2
RMSD bonds/angles (Å/°) 0.012/1.43 0.011/1.28 0.010/1.23 0.012/1.320

Ramachandran plot
Most favored regions (%) 93.0 94.9 96.2 94.3
Allowed regions (%) 7.0 5.1 3.8 5.7

The statistics for the highest resolution shell are in parentheses.
a Rmerge=(|Ihkl − 〈I〉|)/Ihkl, where the average intensity 〈I〉 is taken over all symmetry equivalent measurements and Ihkl is the

measured intensity for any given reflection.
b Rvalue=‖Fo|−|Fc‖/|Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.
c Rfree is equivalent to Rvalue but is calculated for 5% of the reflections chosen at random and omitted from the refinement process.
d Values for two alternative NFV conformations are given.
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pockets in our structures. The key residues of the S1
and S1′ pockets exhibited low RMSD values when
superimposed onto the wild-type structure (0.3 Å
and 0.6 Å for V82 main-chain and side-chain, res-
pectively). Thus, our structural analysis indicates
that the D30N PR's 20-fold higher Ki for nelfinavir
(compared to wild-type) is not due to structural
changes in the active site pockets or to loss of hy-
drogen bond(s) between the ligand and N30 (com-
pared to wild-type D30). Indeed, this has already
been suggested by other groups based on molecular
modeling studies.14

Effects of secondary mutations on protease
structure

To investigate the impact of secondary mutations
on the PR structure, the individual double mutant
complex structures were compared to the D30N
structure (compare also Figure 2(b) in Supplemen-
tary Data). The non-polar mutation of A71 to V
requires a local structural rearrangement of the
region spanning amino acid residues 67–71 to
accommodate the bulkier side-chain of valine.
Since the loop formed by residues 68–71 is highly
mobile during flap opening and closing upon
ligand binding,18 it is assumed that local rearrange-
ments in the region of amino acid residues 67–71
could induce conformational adjustments in the
flap region.14 Indeed, we observed differences in
the conformation of the flap elbow region (residues
37–41) upon comparison of the D30N and D30N/
A71V structures (Figure 3(e)).
Substitution of N88 by D induces no local structu-

ral changes and no significant changes in hydrogen
bonding networks with neighboring PR residues
(Figure 3(d)). The hydrogen bonding interactions
of the wild-type N88 side-chain Oδ2 and of the T31
and L89 amino groups are preserved in the N88D
mutant, and the hydrogen bond between the
carbonyl oxygen of T74 and Nδ2 of N88 is replaced
by an interaction with Oδ1 of the D88 side-chain.
Interestingly, residue 88 is in indirect contact with
the N30 side-chain Nδ2. This contact is mediated
through two tightly bound water molecules and
can be traced in all our mutant structures but not in
the wild-type PR structure (Figure 3(d)). It is not
quite obvious from the structure how the N88D
mutation stabilizes the PR variant with L90 and D30
mutations.10 Mahalingam et al.12 found that the
mutant D30N had a stability similar to the wild-type
PR in urea denaturation analysis, while L90M
mutation (and other primary mutations, such as
R8Q, G48V) decreased the stability 1.5 to 2.7-fold. On
the other hand, the N88D mutation increased
stability of the PR 1.6 to 1.7-fold, suggesting that
thismutation somehow compensates for the instabil-
ity of the overall PR structure caused by the L90
mutation.
Residue 90 is located in a hydrophobic pocket

under the catalytic residues and supports the bottom
of the active site, with its side-chain pointing toward



Figure 3. Crystal structures of PR mutants in complex with NFV. (a) Two orientations of NFV in the mutant PR active
site. The 2Fo–Fc electron density map is contoured at the 1.0σ level. The carbon atoms for the two NFV conformations are
colored yellow and light red, respectively. Oxygen, nitrogen and sulfur atoms are colored red, blue and gold, respectively.
Catalytic aspartate residues are shownwith carbon atoms colored gray. (b) Superposition of D30Nmutant with wild-type
complex structure. Top view of the PR active site. Nelfinavir with residues 30 are shown in stick representation with the
carbon atoms are colored gray and light red for the wild-type and D30N mutant, respectively. Oxygen, nitrogen and
sulfur atoms are colored red, blue and gold, respectively. (c) Close van der Waals contact of the M90 side-chain with the
main-chain of the catalytic residue. Van der Waals surfaces are shown as meshes for catalytic aspartate and residue 90 in
the D30Nmutant and the D30N/L90Mmutant. (d) Hydrogen bond network formed by residue 88 in wild-type and D30/
N88D PR. The wild-type structure is represented by gray carbon atoms, while the mutant structure is represented by
green carbon atoms. Water molecules (shown as spheres) are colored correspondingly. Hydrogen bonds are represented
by dotted lines. The water mediated contact between D88 and N30 in the mutant structure is represented by red lines. (e)
Plot showing the RMSDs for the positions of main-chain and side-chain atoms of individual residues after
superimposition of the D30N PR and D30N/A71V PR structures.
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the carbonyl group of D25. After substitution of
L with M in the D30N/L90M mutant, the longer
methionine side-chain forms a close, unfavorable
van der Waals contact with the main-chain of the
catalytic residue (Figure 3(c)). The distance between
Cε of M90 and the carbonyl oxygen of D25 in the
D30N/L90M mutant is 3.1 Å and 3.2 Å for the two
protease monomers, while the corresponding dis-
tances of L90 to D25 are in the range of 3.7 Å –3.8 Å in
both the wild-type enzyme and our mutant struc-
tures. Such unfavorable contacts made by the M90
side-chain have been reported for L90M mutant
complexes,19,20 and they are believed to destabilize
the catalytic loop at the dimer interface. The position
of the catalytic aspartate itself is not altered in the
D30N/L90M structure compared to the wild-type
structure. Also, no significant variation in the
dimeric interface for residues D25 or L90/M90 was
detected. However, destabilization of the free struc-
ture of D30N/L90M was also observed in our
molecular dynamics analysis (see below).

Thermodynamics of the inhibitor binding

Isothermal titration calorimetry was used to mo-
nitor the binding of nelfinavir to wild-type and
D30N HIV-1 PR. Since nelfinavir is a tight-binding
PR inhibitor, a simple titration experiment was
unable to provide exact values of binding affinity. To
overcome this limitation, displacement titration
experiments were performed using acetylpepstatin
as a weak inhibitor. All experimental thermody-
namic parameters are summarized in Table 4. We
determined the association constant of nelfinavir for
wild-type PR to be 3.3 nM, which corresponds to a
Gibbs energy of binding of −54.4 kJ.mol−1. Nelfina-



Table 4. Thermodynamic parameters of nelfinavir and acetylpepstatin binding to wild-type HIV-1 protease and resistant
mutants D30N, D30N/A71V, D30N/L90M, and D30N/N88D

HIV-1 protease ΔG (kJmol−1) ΔH (kJmol−1) −TΔS (kJmol−1) Ka (M
−1) Kd (nM) Kd (ratio)

Ligand=nelfinavir (NFV)
wtHIV-1 PR −54.4±0.2 7.1±0.1 −61.5±0.2 (3.3±0.3)×109 0.30±0.03 1
D30N −48.6±0.4 9.2±0.3 −57.8±0.5 (3.4±0.5)×108 3.0±0.5 10
D30N/A71V −43.1±0.4 8.8±0.3 −51.9±0.5 (3.7±0.6)×107 27±5 90
D30N/L90M −41.0±0.3 13.4±0.5 −54.4±0.6 (1.5±0.2)×107 66±8 220
D30N/N88D −38.9±0.4 16.7±0.3 −56.1±0.5 (6.8±0.9)×106 150±20 490

Ligand=acetylpepstatin
wtHIV-1 PR −39.4±0.2 32.7±0.1 −72.0±0.2 (7.7±0.3)×106 130±5 430
D30N −38.5±0.2 38.5±0.4 −77.0±0.4 (5.3±0.4)×106 190±10 630

The titrations were performed in 20 mM sodium acetate (pH 4.7), 2% DMSO, using a VP-ITC titration calorimetric system (MicroCal,
USA).
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vir binds to the protease with unfavorable enthalpic
(7.1 kJmol−1) and favorable entropic (−61.5 kJ mol−1)
contributions. Mutations D30N, D30N/A71V,
D30N/L90M, and D30N/N88D lower the binding
affinity of nelfinavir to the protease by factors of 10,
90, 220, and 490, respectively. This corresponds
well to the trend observed for Ki ratios obtained
from kinetic experiments (Table 2, above).
The binding enthalpy for D30N PR is only 2.1 kJ

mol−1 less favorable than that of the wild-type PR.
This suggests that the hydrogen bond between the
N30 side-chain and the 3-hydroxy 2-methylbenzoyl
group of nelfinavir is maintained, which can also be
seen in our crystal structures. However, the hydro-
gen-bonding interaction between N30 and nelfinavir
is probably weaker than that of the wt D30 with
NFV. The entropic contribution for D30N is more
significantly affected (3.7 kJ mol−1 less favorable).
This experimental evidence together with our
structural and modeling results thus imply that the
decrease in NFV binding strength in the D30N
mutant active site is chiefly due to a large decrease in
conformational entropy upon inhibitor binding
rather than by a structural change in the active cleft.
The thermodynamic parameters determined for

the double mutants indicate that the addition of the
A71V mutation does not cause any noticeable
change in enthalpy, but the entropic contribution is
5.9 kJ mol−1 less favorable than for D30N PR. The
A71V mutation does not directly influence the
binding of nelfinavir in the active site, and the
decrease in entropy can be attributed to conforma-
tional restrictions of the amino acid side chains in
the complex, which contribute unfavorably to the
Gibbs energy of binding.
On the other hand, the enthalpy of nelfinavir

binding is strongly affected by the N88D mutation.
The enthalpy of nelfinavir binding to D30N/N88D
PR is 9.6 kJ mol−1 and 7.5 kJ mol−1 less favorable
compared to wild-type and D30N PR, respectively.
This indicates that the N88D mutation, somehow
influences the binding of inhibitor to the active site,
although not by forming a direct contact. The water-
mediated contact between the side-chain of N30 and
residue 88 detected in our crystal structures (see
above and Figure 3(d)) could be involved.
For the D30N/L90M mutant, the binding en-
thalpy of NFV is 6.3 kJ mol−1 and 4.2 kJ mol−1 less
favorable compared to wild-type and D30N PR,
respectively, and is accompanied by an unfavorable
difference of 7.1 kJ.mol−1 in entropic contribution
(compared to wild-type).

Protein dynamics and ligand binding

Molecular simulations performed on our crystal
structures allowed us to examine protein dynamics
and permitted decomposition of ligand binding
energies. The calculated contributions to the free
energy originating from the free energies of ligand
and protein desolvation and their mutual interaction
energies of binding are shown in Table 5. The calcu-
lated free energies of binding correspond well with
the energies calculated from the experimental bind-
ing constants for nelfinavir with each of the mutants.
The direct comparison of enthalpic and entropic
terms is not possible, since the implicit solvation mo-
dels used for simulations do not allow for decom-
position of the solvation free energy into entropic and
enthalpic parts. However, a very good agreement
between the computed and experimental data (i.e.
qualitatively, all the observed trends are predicted,
and quantitatively, only wild-type and the D30N
mutant are stabilized by more than 15 kJ.mol−1,
which can be safely considered to be the margin of
error in the molecular mechanics/Poisson-Boltz-
mann surface area (MM-PBSA) procedure) enables
us to discuss the various contributions to ΔGbind.
Therefore, it can be seen that both wild-type and the
D30N mutant have the most favorable (ΔEMM+
ΔGsolv+ΔGnp) term, which is the term closest to
experimental enthalpy (in the MM-PBSA approach).
This is in qualitative agreement with the ITC mea-
surements and inhibition constants. As expected, the
conformational entropy change is negative (i.e. the
−TΔSMM term is positive), which suggests that it is
the favorable solvation entropy change that compen-
sates for the loss of conformational freedom upon
inhibitor binding. This effect is most pronounced for
the D30N/N88D mutant (−TΔSMM=151 kJ.mol−1).
The B-factors calculated from the simulations for

eachmutant in complexwithNFVand for free PR are



Table 5. Calculated free energy contributions of the overall ΔGbind compared to experimental binding energies and
inhibition constants

Free energy terms (kJ mol−1) Wild-type D30N D30N/A71V D30N/L90M D30N/N88D

EMM(LP) −3608.2 −2344.6 −2627.1 −2489.2 −3382.9
Gsolv+Gnp(LP) −9366.5 −10,608.0 −10,353.9 −10,460.5 −9648.7
EMM(P) −3286.3 −2475.4 −2435.7 −2848.7 −2686.9
Gsolv+Gnp(P) −9598.5 −10,380.2 −10,466.3 −10,060.4 −10,261.1
EMM(L) 372.9 372.9 372.9 372.9 372.9
Gsolv+Gnp(L) −269.2 −269.2 −269.2 −269.2 −269.2
ΔEMM+ΔGsolv+ΔGnp

a −193.1 −200.2 −182.2 −143.8 −186.8
−TΔSMM 88.6 104.1 122.1 104.1 151.3
ΔGbind −104.9 −97.0 −61.0 −40.5 −36.4
ΔGbind (ITC exp) −54.4 −48.6 −43.1 −41.0 −38.9
(Ki)exp [nM] 0.07 1.4 7 9.9 18
ΔGbind (exp, from Ki) −58.1 −50.6 −46.4 −45.6 −44.3

The abbreviations used are explained in Materials and Methods. All energy values are in kJ mol−1.
a The value of (ΔEMM+ΔGsolv+ΔGnp) can be used as an estimate of ΔHbind.
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shown in Supplementary Data, Figure S1a and S1b,
respectively. The wild-type protease fluctuates more
than any of the mutant variants when it is bound to
nelfinavir. However, when the inhibitor was omitted
from simulations, the D30N/L90M mutant fluctu-
ates the most. In fact, the extent of fluctuation sug-
gests that the structure is unstable and is highly
stabilized by inhibitor binding. The fluctuations for
one monomer in the unbound D30N/L90M mutant
are greater than for the other monomer due to the
asymmetry in protonation states of the two D25
residues. The change in the B-factors upon inhibitor
binding is less dramatic for other mutants.
Analysis of the nelfinavir and PR hydrogen bonds

in the simulation revealed that the wild-type protease
forms the lowest number of hydrogen bonds with the
bound nelfinavir, while D30N/L90M PR and
D30N/N88D PR boast the highest number of inter-
actions (see Supplementary Data, Table S1). Inte-
restingly, the two mutants with the highest number
of hydrogen bonds to nelfinavir in our simulations
have the lowest free energy of binding to the
inhibitor. Evidently, it is not hydrogen bonding that
helps make the binding of nelfinavir more favorable
in wild-type than in the mutants. The entropy of
binding plays a major role, and the simulations
suggest that nelfinavir binds more weakly to the
mutants than to the wild-type protease in part
because of the greater loss in conformational freedom
upon binding. However, the thorough analysis of
hydrogen bond patterns and the residential times of
specific hydrogen bonds is not the primary aim of
this work, since we assume that such an analysis
would require a longer simulation protocol (N10 ns).
The quantitative agreement between the calcu-

lated and experimental data (depicted in Figure 4) a
posteriori justifies the assumed protonation status of
nelfinavir. Similarly, the theoretical calculations of
pKa value of nelfinavir (pKa≈7) suggests that nelfi-
navir should be considered in a protonated form
when interpreting the experimental data obtained in
the acidic environment. In previous computational
studies, nelfinavir has been considered to be de-
protonated, and therefore the results were not in
quantitative agreement with the experimental data,
though qualitative trends could have been drawn
from the calculations.21,22 We consider this finding
relevant for future modeling studies of nelfinavir
and structurally related anti-HIV drugs.
Conclusions

In this work several experimental techniques with
molecular dynamics simulations were combined in
order to understand origins of HIV-1 PR nelfinavir
resistance at the molecular level. We achieved nota-
ble agreement between kinetic data, thermodynami-
cal parameters of inhibitor binding obtained by ITC
and those from molecular modeling calculations.
The factors constraining the D30N and L90M

mutational pathways in development of nelfinavir
resistance were investigated. These two mutations
are rarely found together in vivo, and recombinant
viruses carrying both the D30N and L90Mmutations
displayed a dramatic loss of viral replicative capa-
city. In our in vitro assays this mutant maintained
almost 40% of the wild-type proteolytic activity and
displayed high resistance to NFV. Our crystal struc-
ture and molecular dynamics analysis, however,
revealed unfavorable contacts made by theM90 side-
chain with crucial catalytic residue resulting in sig-
nificant instability of D30N/L90M PR structure.
We also studied effects of primary and secondary

mutations acquired on D30N mutational pathway
on NFV binding. Our crystal structures, thermo-
dynamical ITC data and modeling data showed that
the decrease in NFV binding strength in the D30N
mutant active site is mainly due to a large decrease
in conformational entropy upon inhibitor binding.
The hydrogen bond between the N30 and nelfinavir
is maintained but is weaker than that of the wtD30
with NFV. Plausible compensatory effects of sec-
ondary mutations N88D and A71V deduced from
crystal structures were corroborated by experimen-
tal ITC results and molecular dynamics calculations.
Nelfinavir binds most tightly to the PR variants with
a highest degree of fluctuations upon PI binding and
with the lowest number of protein/ligand hydrogen
bonds.



Figure 4. The correlation between the experimental (both derived from Ki values and measured by ITC) and
calculated values of the binding free energies of nelfinavir to the wild-type HIV-1 PR and its mutants. All values are in kJ
mol−1. The correlations coefficients between the calculated and experimental values (ITC) is R=0.96.
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Our findings help understanding NFV resistance
and might be thus useful in design of a new gene-
ration of protease inhibitors.
Materials and Methods

Expression and purification of recombinant PRs

Mutations in the protease coding region of HIV-1 PR
cloned into a pBluescript II vector were introduced by site-
directed mutagenesis, and these constructs were used in
an infectivity assay as described.9 To construct expression
vectors, the gene encoding PR was PCR-amplified using
the forward primer 5′-ATCCTTTCATATGCCTCAGAT-
CACTCTTTGG-3′ (containing an NdeI site, in bold) and
the reverse primer 5′-TTGAATTCGATATCATTAAAAA-
TTTAAAGTGCAGCC-3′ (containing a an EcoRI site, in
bold). The amplified genes were then ligated into pET24a
(Novagen), and the proteases were overexpressed in
Escherichia coli BL21(DE3)RIL. Protein expression and
isolation of inclusion bodies were carried out as des-
cribed.23,15 Inclusion bodies were solubilized in 67% (v/v)
acetic acid, and the protein was refolded by rapid dilu-
tion into a 25-fold excess of water followed by dialysis
at 4 °C against water, then against 50 mM Mes (pH 5.8),
10% (v/v) glycerol, 1 mM EDTA, and 0.05% (v/v)
2-mercaptoethanol.24 Protease variants were further puri-
fied by cation exchange chromatography using MonoS
FPLC (Pharmacia). The purified enzymes were stored at
−70 °C until further use.
Enzyme kinetic analysis

Enzyme kinetic parameters (Km and kcat) and inhibiton
constants (Ki) were determined by using the chromogenic
peptide substrate KARVNleNphEANle-NH2 in a spectro-
photometric assay based on decrease in absorbance at
305 nm upon substrate cleavage as described.25,26 All
assays were carried out at 37 °C in buffer containing
100 mM sodium acetate (pH 4.7), 4 mM EDTA, and 0.3 M
NaCl. In the inhibition assay, 8 pmol of protease was
added to buffer containing substrate at a concentration
near the Km of the enzyme and inhibitor dissolved in
dimethyl sulfoxide (DMSO) (various concentrations). The
final concentration of DMSO in the reaction mixture was
kept below 2.5% v/v. The data were analyzed using the
equation for competitive inhibition according to Williams
& Morrison.27

Crystallization and data collection

The enzyme–inhibitor complexes were prepared by
mixing the enzyme with a fivefold molar excess of
nelfinavir (in DMSO) and concentrated by ultrafiltra-
tion to a protein concentration of 2.5–5 mg/ml.
Crystals were grown at 19 °C using the hanging drop
vapor diffusion technique. The crystallization drop con-
tained 2 μl of protein–inhibitor complex solution and
1 μl of the reservoir solution. The optimized reservoir
solution for the PR-NFV complexes contained 0.5–
0.75M NaCl and 0.1M Mes (pH 5.0 to 6.5). Cross-seeding
and micro-seeding techniques were used for crystal
optimization.28,29

For diffraction measurement at 100 K, crystals were
soaked in the reservoir buffer solution supplemented
with 20% glycerol and cryo-cooled in liquid nitrogen.
X-ray diffraction data for the D30N/L90M PR complex
were collected on a Mar345 image plate system using a
Nonius FR591 rotating anode generator. Diffraction
data from other mutant PR complexes were collected
at ESRF Grenoble (beamlines ID14-1 and BM16). Data
were processed with the DENZO/Scalepack software
package.30
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Structure refinement and analysis

Since the hexagonal crystals obtained appeared to be
isomorphous with all other P61 crystals of HIV-1 protease
complexes, the structure determination was performed by
difference-Fourier techniques using protease from PDB
structure 1U8G as an initial model.31 Initial rigid-body
refinement and subsequent restrained refinement protocol
were performed with the program REFMAC 5.1.2432 from
the CCP4 package.33 For manual model rebuilding and
inhibitor building the program Coot34 was used. Final TLS
refinement35 was done with TLS groups corresponding to
HIV-1 PR subdomains.36
Protein Data Bank accession codes

Atomic coordinates and structure factors have been
deposited into the RCSB PDB with accession codes: 2Q64
(D30N), 2PYM (D30N/N88D), 2PYN (D30N/A71V),
2Q63 (D30N/L90M) (compare Table 3).

Isothermal titration calorimetry

Microcalorimetry experiments were performed at 25 °C
using a VP-ITC titration calorimetric system (MicroCal,
Northampton, USA). All reactant solutions were prepared
in 20 mM sodium acetate (pH 4.7), containing 2% DMSO.
The enzymes were titrated with the tight-binding inhibitor
QF34 to determine the concentration of active protease in
solution.15 The concentration of nelfinavir was identified
after titration with a standardized solution of wild-type
HIV-1 protease, and the concentration of acetylpepstatin
was determined by amino acid analysis. Typically, 9 μl
aliquots of 140 μM inhibitor were injected stepwise into a
sample cell containing 1.43 ml of a 9 μM protease solution
until complete saturation was attained. The experiment
was accompanied by a corresponding control experiment
in which inhibitor was injected into buffer alone. High
binding affinities (KaN10

8) for nelfinavir to wild-type and
D30N HIV-1 proteases were determined by using dis-
placement titrations. Acetylpepstatin was used as a
control weak inhibitor.37,38 Briefly, 10 μM protease
solution in the presence of 80 μM acetylpepstatin was
titrated with 140 μM nelfinavir solution during displace-
ment titration. The thermodynamic parameters, stoichio-
metry, and association constants were determined by
software developed by MicroCal implemented in Origin
7.0 (MicroCal, Northampton, USA).

Computational details

Protein setup

The crystal structure of the D30N/N88D mutant was
used as a template to prepare the other proteins: wild-
type, D30N, D30N/A71V and D30N/L90M. The ESP
charges for nelfinavir were calculated using Turbomole 5.8
software.39 The geometry of nelfinavir was optimized
with the PBE functional40 and TZVP basis set,41 using the
resolution-of-the-identity approximation (RI)42 and impli-
cit solvation model.43 Nelfinavir was treated as positively
charged, with the N7 nitrogen protonated. This is
supported by experiments using capillary electrophoresis
(data not shown) and the pKa Jaguar module,44 which
calculated the pKa to be 7.3±0.8. Given that the experi-
mental data were obtained at pH 4.7, we can safely
assume that nelfinavir is protonated.
For the D30N/N88D mutant, hydrogen atoms were
added using the tleap program of Amber 8.45 The
hydrogen atoms were minimized, run through a quench-
anneal process, then re-minimized. The complex was
centered in an octahedral box and TIP3 water added with
a 9.0 Å buffer between the box walls and the solute. A
short minimization was run to remove bad contacts with
the solvent. The system was equilibrated at constant
volume for 20 ps with heavy atoms restrained. Finally, a
constant pressure equilibration was run for 200 ps. Both
equilibration runs were performed at constant tempera-
ture (300 K) using the weak-coupling algorithm with a
time constant of 1.0 ps for the heat bath coupling.46

The models of other mutants were prepared by
mutating the appropriate residues of the D30N/N88D
structure from before the solvation step, assuring correct
side-chain placement. The atoms within 10 Å of mutated
residues were minimized, the structure solvated with TIP3
water, and the same equilibration procedure followed as
for D30N/N88D. Each mutant was also prepared without
nelfinavir by the same procedure, with water replacing
nelfinavir in the binding cavity.

Molecular dynamics and trajectory analysis

Molecular dynamics (MD) runs were carried out for
each mutant with and without nelfinavir. An MD run of
solvated nelfinavir by itself was also performed. The
individual snapshots were collected during the last 500 ps
of the 700 ps MD trajectory (i.e. the first 200 ps were used
for the system equilibration). Snapshots were taken every
10 ps. The NPT simulations were run at 300 K.
The MM-PBSA module of Amber was used to calculate

the free energy change upon binding. In the MM-PBSA
procedure, this energy is defined as:47

DGbind ¼ GðLPÞ � GðLÞ � GðPÞ ð1Þ
where G(X) is free energy of system X (X=LP … [ligand…
protein] complex, L … ligand, and P … free protein) in
water solution.
It is calculated according to the following formula:

G ¼ bEMMNþ bGsolvNþ bGnpN� TbSMMN ð2Þ

In equation (2), bXN is an average value of X taken from
the snapshots generated during the MD simulations, EMM
is the internal molecular mechanics energy (which
comprises the internal bonding energy terms and the
non-bonding electrostatic and van der Waals interations;
EMM=Eint+Eelstat+EvdW), Gsolv is the solvation free energy
calculated by solving the Poisson–Boltzmann (PB)
equation,48 Gnp is the non-polar part of the solvation free
energy calculated from solvent-accessible surface area
(SASA), and SMM is the entropy calculated from the
normal-mode analysis in the ideal gas approximation
using the standard formulas of statistical mechanics.
As can be seen from equation (2), we cannot directly
compare the total entropy and enthalpy contributions
with the experimental values, since the solvation entropies
cannot simply be obtained from Gsolv and Gnp. If we
denote SMM as the conformational entropy, however, this
represents the major entropy contribution to the binding
free energies.
Specifically, the average values of thermodynamic

function were obtained over the 50 snapshots for each
mutant. The solvation free energies were calculated with
Delphi. The nmode program of Amber suite was used to
calculate the conformational entropy portion of the free
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energy of binding, averaged over six fully minimized
snapshots from each simulation.
The ptraj program of Amber was used to analyze the

B-factors and hydrogen bonding for each simulation. The
B-factors (ADPs) were calculated for eachmutant, unbound
and bound to nelfinavir. For the hydrogen bond analysis,
the hydrogen bonding distance cutoff was defined as 3.5 Å
and the angle cutoff 120°. Only hydrogen bonds present in
more than 50% of the simulation were considered.
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