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Lopinavir (LPV) is a second generation HIV-1 protease inhibitor. Drug resistance has rapidly emerged
against LPV since its US FDA approval on September 15, 2000. Mutations at residues 32I, L33F, 46I,
47A, I54V, V82A, I84V, and L90M render the protease drug resistant against LPV. We report the crystal
structure of a clinical isolate multi-drug resistant (MDR) 769 HIV-1 protease (resistant mutations at res-
idues 10, 36, 46, 54, 62, 63, 71, 82, 84, and 90) complexed with LPV and the in vitro enzymatic IC50 of LPV
against MDR 769. The structural and functional studies demonstrate significant drug resistance of MDR
769 against LPV, arising from reduced interactions between LPV and the protease target.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Although neither a cure nor vaccine is currently available for
HIV infection [1], the success of highly active anti-retroviral
therapy (HAART) has made it the treatment of choice against HIV
viral replication since the mid 1990s [2]. Due to the absence of a
proofreading function in reverse transcriptase under the pressure
of drug selection [3], the drug resistance issue becomes increas-
ingly important as it limits the efficacy of HAART.

Protease inhibitors are often included as one of the components
of HAART. Currently, there are nine FDA approved HIV-1 protease
inhibitors on the market. Most of these drugs contain a hydroxyeth-
ylene core and are peptidomimetic competitive inhibitors against
the HIV-1 protease by mimicking the natural substrates [4–6]. Tipra-
navir, however, has a dihydropyrone ring as a central scaffold rather
than a peptidomimetic hydroxyethylene core [7].

Lopinavir (LPV), approved by the FDA in 2000, is formulated
with a low dose of ritonavir and is the first line treatment for preg-
nant women and pediatric patients. Although drug resistance is
relatively less likely to develop against LPV compared to other
HIV-1 protease inhibitors [8], resistance mutations, including 32I,
47A, 46I, L33F, I54V, V82A, I84V, and L90M, or combinations
among L76V, M46I, and V82A in the protease, and A431V in gag
[9] are responsible for reduced efficacy of LPV. In addition, it is
found that the accumulation of mutations, including mutations
of codons 82, 54, and 46, during prior protease inhibitor treatment
facilitates the emergence of LPV resistant mutations [10].

Although crystal structures are available for LPV complexed
with WT and limited drug resistant HIV-1 protease [11,12], struc-
tural data is not available for LPV complexed with an HIV-1 prote-
ase containing multiple drug resistant mutations, which is
essential to understand the drug resistance mechanism.

To investigate the mechanism of LPV resistance, we chose a
clinical isolate, MDR769 HIV-1 protease, as our study model. High
resolution crystal structures of MDR769 HIV-1 protease showed an
expanded active site cavity with mutations at positions 10, 36, 46,
54, 62, 63, 71, 82, 84, and 90 [13–15].

LPV was co-crystallized with MDR769 HIV-1 protease into
space group P41, and the final structure was refined to 1.9 Å reso-
lution. In addition, the in vitro IC50 of LPV against both WT and
MDR769 HIV-1 protease was determined. The analysis of these
structural and functional studies showed significant drug resis-
tance of MDR HIV-1 protease against LPV, arising from the reduced
interactions between LPV and MDR HIV-1 protease.
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2. Materials and methods

2.1. Protein purification and co-crystallization

The MDR769 HIV-1 protease was over expressed by using a T7
promoter expression vector in conjunction with the Escherichia
coli host, BL21 (DE3) as described previously [16].

LPV was mixed with 2.5 mg/ml MDR769 HIV-1 A82T and di-
luted to 0.4 mM final concentration. The hanging drop vapor diffu-
sion method was used to form the bi-pyramidal crystals with the
MDR769 protease-LPV complex as described previously [6].
2.2. Data collection and crystallographic refinement

The diffraction data were collected at 0.972 Å wavelength at the
Advanced Photon Source (APS) (LS-CAT 21), Argonne National Lab-
oratory (Argonne, IL). Data were reduced to structure amplitudes
with CrystalClear. The crystallographic statistics are shown in
Table 1. Molecular replacement was performed with Molrep-
autoMR in CCP4 [17] with a model previously solved in our lab. Ini-
tial refinements were calculated in the absence of LPV with Refmac5
[18]. The LPV molecule was built into the difference electron density
maps processed with program COOT [19]. Crystallographic waters
were added with ARP/wARP [20]. The structure was refined to res-
olution 1.9 Å with Refmac5. The final structure was checked using
PROCHECK [21]. Images were generated in PyMol.
Table 1
Data collection and crystallographic refinement statistics.

Data collection

Beam line APS (LS-CAT 21)
Wavelength (Å) 0.972
Space group P41
Cell dimension (Å) a, b, c a = b = 43.82 c = 101.81
Resolution (Å) 33.21–1.50
R merge (%)a 8.0/51.5b

I/r (I) 9.1/2.2
Redundancy 5.99/4.28
Completeness (%) 99.8/98.5
Unique reflection 30686

Refinement
Resolution range (Å) 43.81–1.9
R work (%)c 19.7
R free (%)d 26
No. of protein atom 1514
No. of water molecule 222

B factor
Whole molecules 21.672
Side chain (include water) 24.073
Main chain 18.669
Ligand 43.369
Solvent 30.638

RMSD
Bond length 0.016
Bond angle 1.815

Ramachandran plot
Favorable (%) 94.9
Additional (%) 5.1
Generous (%) 0
Forbidden (%) 0
PDB accession ID 4L1A

a Rmerge = RhklRi|I(hkl)i�{I(hkl)|/RhklRiI(hkl)i, where I(hkl)i is the intensity of
an observation and I(hkl) is the mean value for its unique reflection. Summations
cover all reflections.

b The values after the hyphens indicate the highest resolution shell.
c Rwork = Rhkl|F(hkl)o�{F(hk|/RhklF(hkl)o.
d R free was calculated the same way as R working, but with the reflections

excluded from refinement. The R free set was chosen using default parameters in
Refmac 5.
2.3. Analysis

PISA Server [22] was used to calculate the ligand binding energy
in both MDR and WT HIV-1 protease LPV complexes. In addition,
the hydrogen bonds that docked LPV were also analyzed by the
PISA Server. WT and MDR complexes were superimposed based
on protease residues 1–99 Ca and RMSD of Ca was analyzed with
CCP4 Superpose Molecules. The solvent accessible area was calcu-
lated using CCP4 Accessible Surface Areas.
2.4. Enzyme assay

Inhibitory efficacy experiments were performed as described
previously to determine the IC50 of LPV against MDR HIV-1 prote-
ase and WT HIV-1 protease [6].
3. Results

3.1. Inhibition studies of LPV against WT and MDR HIV-1 protease

The IC50 of LPV was determined against both WT (NL4-3) and
MDR HIV-1 protease. Fluorescently labeled MA/CA substrate pep-
tide was added to monitor the enzyme activity at different LPV
concentrations.

The IC50 of LPV against WT and MDR769 HIV-1 protease was
1.24 ± 0.14 and 5.39 ± 0.225 nM, respectively. This result demon-
strated a 4.34-fold drug resistance of MDR769 HIV-1 protease
against LPV compared to WT HIV-1 protease. The free energy of
binding (DG) as calculated by the PISA server is �26.1 and
�16 kcal/mol for the WT and MDR 769 respectively; suggesting
that the reduced efficacy of LPV against MDR 769 is due to a de-
crease in binding affinity.
3.2. Crystal structure of MDR769 HIV-1 protease LPV complex

LPV was co-crystallized with MDR769 HIV-1 protease into
space group P41 and the final structure was refined to resolution
1.9 Å with Refmac5. In each asymmetric unit, there was one HIV-
1 protease dimer, with two identical monomers consisting of 99
amino acids. In addition, 222 crystallographic water molecules
were observed in the complex. The electron density maps demon-
strated two orientations of bound LPV to the MDR HIV-1 protease.
The two LPV orientations were related by a pseudo-2-fold symme-
try, and there was minimal asymmetry for the two orientations of
LPV as was the case for the WT HIV-1 LPV complexes. To simplify
the analysis, LPV was fit into the electron density map in one ori-
entation with occupancy of 0.5. The data collection and refinement
statistics are shown in Table 1.
3.3. Fewer hydrogen bonds in MDR HIV-1 protease LPV complex

Six hydrogen bonds between LPV and MDR769, while seven
were observed in the WT LPV complex (Fig. 1) [11]. In addition,
the hydrogen bond length in the MDR769 LPV complex was longer
than those seen in WT LPV complex (Table 2). Four out of the six
hydrogen bonds in the MDR complex were also present in the
WT LPV complex. Two new hydrogen bonds were observed in
the MDR 769 LPV complex: N4 to Gly 270 O and O3 to Asp 290 N.
Moreover, in the MDR 769 LPV complex, O4 formed a hydrogen
bond only with Asn 25 ND2, while in the WT complex; O4 formed
four hydrogen bonds with Asp 25/250 OD1/OD2, which more firmly
secured the position of LPV. The shift (2.5 Å) of O4 atom of LPV in
the MDR complex compared to the WT complex lead to the
dramatic hydrogen bond differences.



Fig. 1. Hydrogen bonds and crystallographic water molecules involved in LPV recognition and binding in both MDR 769 (Panel A) and WT (Panel B) complexes (2Q5K) [11].
LPV is shown in purple with stick model, and protease monomers are shown in green and cyan with stick model. The crystallographic water molecules are shown as grey
sphere model. Hydrogen bonds between LPV and protease monomers are presented with solid line. The hydrogen bonds mediating substrate recognition via crystallographic
water molecules are shown with dash line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this book.).

Table 2
Hydrogen bonds involved in the LPV recognition.

Protein Atom MDR LPV complex WT LPV complex

LPV atom Length (Å) LPV atom Length (Å)

Asp 29 OD1 N2 3.23 N2 2.97
Asp 29 N O1 2.72 O1 2.74
Gly 27 O N3 3.30 N3 3.00
Asp 25 OD1 O4 2.25 O4 2.81
Asp 25 OD2 O4 2.95
Asp 250 OD1 O4 2.71
Asp 250 OD2 O4 2.72
Gly 270 O N4 3.14
Asp 290 N O3 3.30
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3.4. Fewer Van der Waals interactions in MDR HIV-1 protease LPV
complex

Similar to hydrogen bonds, fewer Van der Waals interactions
were found in the MDR 769 LPV complex compared to those in
the WT LPV complex. In the MDR LPV complex, the ligand LPV,
formed 14 and 16 Van der Waals interactions with protease mono-
mer A and B respectively. In addition, Gly 49 from monomer A, Gly
49 and Leu 76 from monomer B were not involved in the Van der
Waals interactions with LPV. In comparison, the amount of Van der
Waals interactions in the WT complex was 15 and 18 respectively
and Gly 49 from monomer A, Gly 49 and Leu 76 from monomer B
were in direct contact with LPV.
3.5. Reduced surface area of LPV buried by MDR 769 HIV-1 protease

The surface area of LPV buried by the protease within the MDR
769 complex was also reduced compared to that in WT LPV com-
plex, due to the reduced hydrogen bonds and Van der Waals inter-
actions. In the MDR complex, 643.4 Å2 of LPV was inaccessible to
solvent, which made up 75.6% of the total surface area in contrast
to 850.8 Å2 surface area of LPV (91.3%) was buried by the protease
in the WT complex [11]. This finding supports the enlarged active
site cavity hypothesis leading to multi-drug resistance in the HIV-1
protease.
3.6. Crystallographic water molecules involved in LPV recognition to
MDR 769 HIV-1 protease

Crystallographic water molecules participated in the ligand rec-
ognition in MDR HIV-1 protease LPV complex, as shown in Fig. 1. In
the MDR 769 complex, water 1 (W1) bridged O4 from LPV and ND2
from Asn 25 (monomer A). In addition, water 2 (W2) bridged O1
from LPV and N from Asp 30 (monomer A) (Fig. 1 Panel A). Crystal-
lographic water molecules with similar functions were also present
in the WT HIV-1 protease LPV complex. However, these water mol-
ecules formed a more extensive network in the WT LPV complex
than in MDR769 HIV-1 protease LPV complex (Fig. 1 Panel B) [11].

The characteristic crystallographic water W3, locating between
the two protease flaps and LPV, was not seen in the MDR HIV-1 LPV



Fig. 2. Induced conformational changes of MDR HIV-1 protease upon binding of LPV. LPV is represented with red stick model. Apo-MDR HIV-1 protease (1TW7) [23] is shown
in green color, while purple represents MDR 769 complexed with LPV. (A) Front view of the superposition of apo-MDR 769 and MDR 769 LPV complexes. (B) Top view of the
superposition of apo-MDR 769 MDR 769 LPV complexes. (C) Conformational changes induced by LPV binding in the 80s loop, flap region and Arg 8 on monomer A, showing
the details in box 1. (D) Conformational changes induced by LPV binding in the 80’s loop, flap region and Arg 8 on monomer B, showing the details in box 2. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this book.)
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complex. In the WT complex, this crystallographic water molecule
bridged O2 and O5 from LPV with the amino group of Ile 50 in both
monomers (Fig. 1 Panel B) [11]. The absence of the flap-ligand
bridging water molecule may partially explain the wide open nat-
ure of the MDR 769 flaps as well as the relatively weaker binding
energy of LPV to MDR 769.

3.7. Induced conformational changes of MDR HIV-1 protease upon LPV
binding

Superimposition of MDR 769 LPV complex and apo-MDR 769
based on Ca revealed three high RMSD regions. First, residues
13–19, a surface loop connecting two b strands, did not contribute
to the overall stability of the LPV complex despite the high RMDS.
Second, residues 39–71 constituted four loops and four b strands.
Three of these loops were on the surface of the protease, while
the other one formed the tip of the flaps. The high RMSD of the flap
tips gave rise to the slightly shorter flap distance of the MDR 769
LPV complex. Third, the last high RMSD region contained residues
79–83, which constituted the 80’s loop of the MDR HIV-1 protease.

Due to the binding of LPV, the 80’s loop was attracted towards
the active site cavity, making more contacts than otherwise (Fig. 2
Panel B–D). In addition, the shift of the 80s loop slightly closed the
lateral opening of the active site cavity, formed by residues 81, 82
(monomer A), 80, 470, 480, 490, 500 (monomer B), and made it less
likely for LPV to slip out of the active site cavity from the lateral
opening (Fig. 2). As a result, the conformational changes of MDR
HIV-1 protease favor LPV binding. However, the presence of LPV
did not induce significant RMSD changes in the catalytic triplets
of residues 25, 26, and 27.

3.8. Wide open flaps of MDR HIV-1 protease despite LPV binding

The flaps were wide open in the MDR 769 LPV complex. Con-
trary to the WT protease LPV complex, the binding of LPV did not
close the flaps dramatically. The flap distance was measured from
the Ca of Ile 50 in one monomer to the Ca of Ile 50 in the other
monomer. The flap distance in the WT LPV complex was 5.9 Å
[11] while in the apo MDR 769 protease, the flap distance was
12.2 Å. The flap distance in the MDR 769 LPV complex was
11.9 Å. The wide open flaps contribute to the weaker binding of
LPV to MDR HIV-1 protease, making it easier for LPV to be released
from the active site cavity.
3.9. Increased dimerization area of MDR HIV-1 protease induced by
LPV binding

The MDR HIV-1 protease dimer was further stabilized by the
binding of LPV compared to apo-MDR 769. In the absence of LPV,
the MDR 769 dimerization area was 1330.9 Å2. With LPV bound
to MDR 769, the dimerization area increased by 7% to 1423.7 Å2.
In addition, the hydrogen bonds between the monomers increased
from 23 in apo-MDR 769 to 28 in the MDR 769 LPV complex. Sim-
ilarly, the salt bridges on the dimerization interface increased from
8 to 9 after the binding of LPV. However, the dimer interface area of
the MDR 769 LPV complex was less than that of the WT HIV-1 pro-
tease LPV complex, considering the following parameters in WT
complex: 1733.3 Å2 interface area, 31 hydrogen bonds, and 10 salt
bridges [11].
4. Discussion

4.1. Conserved Van der Waals interactions involving the 80’s loop
between WT and MDR 769 HIV-1 protease LPV complexes

Although there is a significant conformational change of the
80’s loop between MDR 769 and WT HIV-1 protease LPV com-
plexes, the Van der Waals interactions involving the 80’s loop are
conserved. Cc of Pro 81 in monomer A moves 1.3 Å and Cc of Pro
81 in monomer A moves 1.7 Å. However, due to the compensatory
movement of LPV relative to the 80s loop, Cc and Cb of Pro 81



Table 3
Van der waal interactions involving 80s loop and Arg 8.

Protein atom MDR LPV complex WT LPV complex

LPV atom Length (Å) LPV atom Length (Å)

Pro 81 Cb C6 3.6 C7 3.9
C7 3.5 C8 4.2

Pro 81 Cc C7 3.8 C8 3.8
Thr 82/Val 82 Cc1 C5 3.8 C6 3.7

C6 4.2 C7 4.0
Arg 8 C32 3.8

C33 3.2
C34 3.7
C35 3.9

Pro 810 Cba C17 3.6 C16 3.8
0
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maintain similar Van der Waals interactions with LPV in both MDR
and WT complexes (Fig. 3 Panel A and B).

In MDR 769 LPV complex, the Cc, Cb, and Cd from Pro 810 on
chain B form Van der Waals interactions with C16 of LPV. Cc2 of
Val 82’ on monomer B forms Van der Waals interactions with
C16, C17, and C18 of LPV. In addition, Cb of Pro 81 on monomer
A forms Van der Waals interactions with C6 and C7 of LPV. Cc of
Pro 81 on monomer A forms Van der Waals interactions with C7
of LPV. Cc2 of Val 82 on monomer A forms Van der Waals interac-
tions with C6 and C7 of LPV. The Van der Waals interactions be-
tween the 80’s loop and LPV in the WT and MDR 769 LPV
complexes are shown in Table 3. Both the number and length of
the Van der Waals interactions are conserved (Fig. 3 Panel A and B).
Pro 81 Cc C17 3.3 C16 3.8
C18 4.0

Pro 810 Cd C16 4.0
Thr 820/Val 820 Cc1 C16 3.6 C16 4.1

C21 3.8 C17 3.9
C18 4.0

Arg 80 NH2 N2 3.7 N2 3.5
C1 3.4 C18 4.1

a The residues denoted by the symbol 0 indicate those from monomer B, while the
residues without symbol 0 are those from monomer A.
4.2. Different Van der Waals interactions involving Arg 8 between WT
and MDR HIV-1 protease LPV complexes

The analysis of Arg 8 in the LPV complex reveals surprising as-
pects of LPV binding in MDR HIV-1 protease. The amino group of
Arg 8 on monomer A forms four Van der Waals interactions with
C32, C33, C34, and C35 of LPV in MDR 769 LPV complex, while
no Van der Waals interactions are observed between Arg 8 on
monomer A and LPV in the WT complex (Fig. 3 Panel C). On the
other hand, the Arg 80 NH2 on monomer B forms two Van der Waals
interactions with LPV in both MDR and WT LPV complexes (Fig. 3
Panel D). This result indicates that in MDR 769 LPV complex, the
Arg 8 from both monomers participates in the binding of LPV, mak-
ing it less likely for LPV to escape from the active site cavity via the
lateral opening. Since the flap opening is the only outlet of the ac-
tive site cavity, it may indicate a significant contribution to the
drug resistance by the wide open flaps in MDR 769 LPV complex.

The differences in interactions between Arg 8 on monomer A
and LPV may be explained by the shift of LPV within the MDR
Fig. 3. Van der Waals interactions between LPV and HIV-1 protease. MDR 769 LPV comp
interactions between LPV and MDR 769 are shown in solid line, while those between LPV
80’s loop of monomer A. (B) Van der Waals interactions between LPV and the 80’s loop of
(D) Van der Waals interactions between LPV and Arg 80 on monomer B. (For interpretati
version of this book.)
769 active site cavity. In the MDR 769 LPV complex, the ligand
LPV is shifted as a whole entity by 2.5 Å towards the Arg 8 on
monomer A, according to the distance of O4 atom of LPV in two dif-
ferent complexes.
4.3. Conformational changes of LPV between WT and MDR HIV-1
complexes

In addition to the conformational changes of the protease and
the subsequent the LPV-protease interactions, major conforma-
tional changes are also found in LPV after the binding, despite
lex is shown in purple and WT LPV complex is shown in yellow. The Van der Waals
and WT are shown in dash line. (A) Van der Waals interactions between LPV and the
monomer B. (C) Van der Waals interactions between LPV and Arg 8 on monomer A.

on of the references to color in this figure legend, the reader is referred to the web



Fig. 4. Conformational changes (Panel A front view, Panel B top view) of LPV in
MDR and WT HIV-1 protease LPV complexes. LPV in MDR HIV-1 protease is shown
in purple and LPV in WT HIV-1 protease is shown in yellow. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this book.)
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the relative rigidity of LPV compared to the natural substrate pep-
tides. These conformational changes in LPV, in turn, modify the
interactions between the ligand and receptor. Although the confor-
mation of LPV backbone is conserved between two complexes, the
side chains, especially the ring structures, are rotated significantly
to adjust the changes in protease (Fig. 4).

4.4. LPV analogs with expanded side chains may restore the binding
affinity

The studies of MDR 769 complex may provide some novel strat-
egies for HIV-1 protease inhibitor design to overcome the drug
resistance issue. The loss of interactions between LPV and MDR
HIV-1 protease is caused by two independent factors. First, the ac-
tive site cavity of MDR HIV-1 protease is enlarged relative to WT
HIV-1 protease. Second, the rotation of the side chains of LPV re-
duces the interaction further. As a result, we may restore the LPV
binding affinity by expanding the LPV side chains to accommodate
the expanded active site cavity.
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