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Ritonavir (RTV) is a first generation HIV-1 protease inhibitor with rapidly emerging drug resistance.
Mutations at residues 46, 54, 82 and 84 render the HIV-1 protease drug resistant against RTV. We report
the crystal structure of multi-drug resistant (MDR) 769 HIV-1 protease (carrying resistant mutations at
residues 10, 36, 46, 54, 62, 63, 71, 82, 84 and 90) complexed with RTV and the in vitro enzymatic IC50

of RTV against MDR HIV-1 protease. The structural and functional studies demonstrate significant drug
resistance of MDR HIV-1 protease against RTV, arising from reduced hydrogen bonds and Van der Waals
interactions between RTV and MDR HIV-1 protease.

� 2013 Published by Elsevier Inc.
1. Introduction

Although neither a cure nor vaccine is available for HIV infec-
tion [1], the great success of highly active anti-retroviral therapy
(HAART) has made it the treatment of choice against HIV viral rep-
lication since the mid 1990s [2]. Due to the absence of a proofread-
ing function in reverse transcriptase [3], drug resistance mutations
accumulate under the pressure of drug selection. Consequently, it
is urgent to develop novel drugs to combat resistance [4].

An HIV-1 protease inhibitor is one of the components of HAART.
Currently, there are ten FDA approved HIV-1 protease inhibitors in
market. Most of these drugs contain a hydroxyethylene core and
are peptidomimetic competitive inhibitors against the HIV-1 pro-
tease by mimicking the natural substrates [5–8]. Tipranavir, has
a dihydropyrone ring as a central scaffold rather than a peptidom-
imetic hydroxyethylene core [9].

RTV is one of the first generation HIV-1 protease inhibitors ap-
proved by FDA in 1996. The 50% effective concentration (EC50) of
RTV to inhibit viral replication ranges between 3.8 and 153 nM
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depending on the viral isolate and culture cells. The recommended
dosing schedule was twice a day due to a prolonged absorption and
relatively long half-life [10]. The RTV monotherapy lead to a dra-
matic decrease of HIV-1 RNA plasma level and increase of CD4 cell
count, although the anti-viral efficacy was shown to decline after
12–16 weeks of usage [11]. Further experiments showed signature
mutations at positions 46, 54, 82 and 84 rendering HIV-1 protease
drug resistant against RTV following long-term RTV monotherapy
[12].

While crystal structures are available for RTV complexed with
wild type and limited drug resistant HIV-1 protease [7,13,14],
structural data is not available for RTV complexed with multi drug
resistant HIV-1 protease. This structural information is essential to
understand the drug resistance mechanism of the HIV-1 protease
against RTV and could provide insights for resistance against other
protease inhibitors.

To investigate the mechanism of RTV drug resistance, we have
chosen a clinical isolate, MDR769 HIV-1 protease, as our study
model. The high resolution crystal structure of MDR769 HIV-1 pro-
tease (PDB ID: 1TW7) with mutations at positions 10, 36, 46, 54,
62, 63, 71, 82, 84 and 90 [15,16] was solved previously by our
group. 1TW7 exhibits an expanded active site cavity and wide-
open flaps compared to wild type HIV-1 protease.

RTV was co-crystallized with MDR769 HIV-1 protease into space
group P41, and the final structure was refined to 1.8 Å resolution.
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This complex structure was then compared with WT HIV-1 protease
ritonavir complex structure [7]. In addition, the in vitro IC50 of RTV
against both WT and MDR769 HIV-1 protease was measured. These
structural and functional studies show significant drug resistance of
MDR HIV-1 protease against RTV, arising from the reduced interac-
tions between RTV and MDR HIV-1 protease.
2. Materials and methods

2.1. Protein purification and co-crystallization

The inactive MDR769 HIV-1 A82T protease was over expressed
by using a T7 promoter expression vector in conjunction with the
Escherichia coli host, BL21 (DE3). Details of protein expression and
purification were discussed in our previous research [17]. The ac-
tive MDR769 HIV-1 protease was purified with the anion exchange
resin chromatography pH at 7.8.

RTV 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 of the
MDR769 protease, with crystallization conditions published before
[15].
2.2. Data collection and crystallographic refinement

The diffraction data were collected at 0.972 Å wavelength at the
Advanced Photon Source (LS-CAT, beamline-21), Argonne National
Laboratory. Data were reduced with CrystalClear. The X-ray
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 = 43.79; c = 99.45
Resolution (Å) 26.43–1.65
R merge (%)a 9.0/38.7b

I/r(I) 7.2/2.4
Redundancy 3.9/3.95
Completeness (%) 99.9/100.0
Unique reflections 22513

Refinement
Resolution range (Å) 19.9–1.8
Rwork (%)c 19.1
Rfree (%)d 22.6
No. of protein atoms 1514
No. of water molecules 247

B factor
Whole molecule 27.028
Side chain (includes water) 29.751
Main chain 23.524
Ligand 36.839
Solvent 39.51

RMSD
Bond length 0.016
Bond angle 1.636

Ramachandran plot
Favorable (%) 97.4
Additional (%) 2.6
Generous (%) 0
Forbidden (%) 0
PDB accession ID 4EYR

a Rmerge = RhklRi|Ii(hkl)�{I(hkl)}|/RhklRiIi(hkl), where Ii(hkl) 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 oblique indicate the highest resolution shell.
c Rwork = Rhkl||Fo|� |Fc||/Rhkl|Fo|.
d Rfree was calculated same way as R working, but with the reflections excluded

from refinement. The R free set was chosen using default parameters in Refmac 5.
diffraction data collection, processing parameters and structure
refinement statistics are shown in Table 1. Molecular replacement
was performed using Molrep-auto MR via CCP4 [18] with crystal
structure previously solved in our lab [19] as a search model. Initial
refinements were performed without RTV by Refmac5 [20]. The
RTV molecule was built into the difference electron density maps
as the refinement processed with program COOT [21]. Crystallo-
graphic waters were added with program ARP/wARP [22]. The
structure was refined to resolution 1.8 Å with Refmac5. The final
stereochemical parameters were checked using PROCHECK [23].
Images were generated using open source molecular graphics
program, PyMol [24].

2.3. Analysis

PISA Server [25] was used to calculate the ligand binding energy
in both MDR and WT HIV-1 protease RTV complexes. Hydrogen
bonds that docked RTV were analyzed by PISA Server. The WT
and MDR complexes were superposed using the Ca atoms of pro-
tease residues 1–99 and RMSD of Ca atoms was analyzed with
the CCP4 program-Superpose Molecules. The solvent accessible
area was calculated with the CCP4 program Accessible Surface
Areas. The structural analyses were visualized using PyMol [24].

2.4. Enzyme assay

WT HIV-1 protease (NL4-3) was purchased from AnaSpec. Fluo-
rescent substrate peptide, mimicking the natural substrate peptide
MA/CA (matrix/capsid) with excitation/emission wavelength 340/
490 nm, was dissolved in DMSO at concentration 500 lM. The
composition of the fresh reaction buffer was 0.1 M sodium acetate,
1.0 M sodium chloride, 1.0 mM ethylenediaminetetraacetic acid
(EDTA), 1.0 mM dithiothreitol (DTT), 10% dimethylsulfoxide
(DMSO), and 1 mg/ml bovine serum albumin (BSA), with pH ad-
justed to 4.7. RTV was dissolved in DMSO at a stock concentration
of 20 mM.

In each well of the 96 well flat bottom assay plate, 97 ll of reac-
tion buffer was added first. 1 ll of HIV-1 protease was added to the
buffer with the final concentration of 20 lM. 1 ll of RTV with dif-
ferent concentrations was added to the mixture. The whole reac-
tion system was mixed gently and incubated at 37 �C for ten
minutes. 1 ll of fluorescent substrate was added to reach the final
concentration of 5 lM. The signal was recorded immediately by
SpectraMax M5 from Molecular Devices at interval of one minute
for twenty minutes at 37 �C. IC50 value was calculated with the
program SoftMax Pro.
3. Results

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

The IC50 of RTV was determined against both WT (NL4-3) and
MDR HIV-1 protease for comparison. Fluorescent substrate peptide
mimicking the natural substrate sequence MA/CA was added to
monitor the enzyme activity.

IC50 values of RTV against WT and MDR769 HIV-1 protease
were 0.34 ± 0.15 and 237 ± 5.6 nM, respectively. This result dem-
onstrated a 697-fold resistance of MDR769 HIV-1 protease against
RTV compared to WT HIV-1 protease. Supporting the drug resis-
tance of MDR769 HIV-1 protease, the DG of the WT and MDR769
HIV-1 protease LPV complexes calculated by PISA server were
�37.3 and �30.0 kcal/mol, respectively.

Compared to other HIV-1 protease mutant variants, MDR HIV-1
protease showed much higher degree of drug resistance to ritona-
vir. HIV-1 protease variants with mutations V82T/I84V, or M46I/



Table 2
Hydrogen bonds mediating the RTV recognition in MDR and WT complexes.

Protein atom MDR RTV complex WT RTV complex

RTV atom Length (Å) RTV atom Length (Å)

Asp 29 N O76 2.82 O76 2.11
Asn 25OD1/Asp25OD1a O41 3.04 O41 2.66
Gly 27 O N58 3.34 N58 3.18
Asn 25 ND2 O61 3.81
Gly 48 O N20 3.12
Asn250OD1/Asp250OD1b O41 2.83 O41 2.65
Asn250ND2/Asp250OD2 O41 2.88 O41 2.74
Asn250ND2/Asp250OD2 O24 3.58 N11 3.87
Gly 270 O N11 3.54

a In the MDR complex, the Asp 25/Asp 250 was mutated to Asn 25/Asn 250 to
avoid auto-cleavage.

b The residues denoted by the symbol 0 indicate those from monomer B, while the
residues without symbol 0 are those from monomer A.
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L63P/V82T/I84V were shown to be 158- and 150-fold resistance to
RTV, respectively [26], while the MDR HIV-1 protease was 697-fold
resistant to RTV.

3.2. Crystal structure of MDR769 HIV-1 protease RTV complex

RTV was co-crystallized with MDR769 HIV-1 protease into the
space group P41 and the final structure was refined to resolution
1.8 Å with Refmac5. In each asymmetric unit, one protease dimer
was observed. In addition, 247 crystallographic water molecules
were observed in the complex. The electron density maps demon-
strated two orientations of bound RTV to the MDR HIV-1 protease.
The two RTV orientations were related by a pseudo-2-fold symme-
try, and there was minimal asymmetry for the two orientations of
RTV as was the case for the WT HIV-1 RTV complexes. To simplify
the analysis, RTV 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 RTV complex

Seven hydrogen bonds were noticed between RTV and MDR769
HIV-1 protease, while eight were observed in the WT HIV-1 prote-
ase RTV complex (Fig. 1 Panel A and B, Table 2). In addition, the
hydrogen bond length in MD769 HIV-1 protease RTV complex
was longer than those seen in WT HIV-1 protease RTV complex
(pdb code 1HXW) [7]. Five out of the seven hydrogen bonds seen
Fig. 1. Hydrogen bonds and crystallographic water molecules involved in RTV recognit
(1HXW) [7]. RTV is shown in purple with stick model, and protease monomers are shown
with gray sphere model. Hydrogen bonds between RTV and protease monomers are pres
protease complex. (B) Hydrogen bonds mediating RTV recognition in WT HIV-1 protea
mediating RTV recognition in MDR HIV-1 protease complex. (D) Crystallographic water
protease complex. (For interpretation of the references to color in this figure legend, th
in MDR complex were also present in the WT HIV-1 protease
RTV complex. Two new hydrogen bonds were observed in the
MDR HIV-1 protease RTV complex: O61 to Asn 25 ND2 (monomer
A, 3.81 Å) and O24 to Asn 250 ND2 (monomer B, 3.58 Å). Moreover,
in MDR HIV-1 protease RTV complex, the O41 formed hydrogen
bonds only with Asn 25 OD1 (monomer A) and Asn 250 OD1/ND2
(monomer B), while in the WT complex, the O41 formed four
hydrogen bonds with Asp 25/250 OD1/OD2, which more firmly se-
cured the position of RTV.
ion and binding in both MDR (Panel A and C) and WT (Panel B and D) complexes
in green and cyan with stick model. The crystallographic water molecules are shown
ented with dash line. (A) Hydrogen bonds mediating RTV recognition in MDR HIV-1
se complex. (C) Crystallographic water molecules and associated hydrogen bonds
molecules and associated hydrogen bonds mediating RTV recognition in WT HIV-1

e reader is referred to the web version of this article.)



Fig. 2. Induced conformational changes of MDR HIV-1 protease upon the binding of RTV. RTV is represented with red stick model. Apo-MDR HIV-1 protease (1TW7) is
shown in green color, while purple represents MDR HIV-1 protease complexed with RTV. (A) Front view of the superimposition of apo-MDR HIV-1 protease and MDR HIV-
1 protease RTV complexes. (B) Top view of the superimposition of apo-MDR HIV-1 protease and MDR HIV-1 protease RTV complexes. (C) Conformational changes induced
by RTV binding in the 80s loop, flap region and Arg 80on monomer B, showing the details in box1. (D) Conformational changes induced by RTV binding in the 80s loop, flap
region and Arg 8 on monomer A, 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 article.)
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3.4. Fewer Van der Waals interactions in MDR HIV-1 protease RTV
complex

Fewer Van der Waals interactions were found in MDR HIV-1
protease RTV complex compared to those in WT HIV-1 protease
RTV complex. In MDR HIV-1 protease RTV complex, the ligand
RTV formed 12 Van der Waals interactions with each of the
protease monomers, A and B. In comparison, the number of Van
der Waals interactions in the WT complex was 13 and 15, respec-
tively [7]. In addition, in the MDR HIV-1 protease RTV complex,
Gly 49 and Phe 53 from monomer A, Leu 100, Gly 480, Gly 490

and Pro 810 from monomer B were not involved in the Van der
Waals interactions with RTV, while these residues were in direct
contact with RTV in the WT complex via Van der Waals
interactions.

3.5. Reduced surface area of RTV buried by MDR HIV-1 protease

In the MDR complex, 662.5 Å2 of RTV was inaccessible to sol-
vent, which made up 69.03% of the total surface area. On the
other hand, 811.5 Å2 surface area of RTV (84.8%) was buried by
the protease in the WT complex [7]. The solvent accessible sur-
face area of RTV when in complex with MDR 769 was increased
by 15.8% compared to the WT due to the reduced hydrogen bonds
and Van der Waals interactions. This finding supports our previ-
ous conclusion that MDR HIV-1 protease had an enlarged active
site cavity.
3.6. Crystallographic water molecules involved in RTV recognition in
MDR HIV-1 protease RTV complex

Crystallographic water molecules also participated in the
ligand recognition in MDR HIV-1 protease RTV complex, as shown
in Fig. 1 Panel C. In MDR HIV-1 protease complex, water A
bridged RTV N5 and Asp 300 O (monomer B). Water B bridged
RTV N5 and Asp 300 Od1 (monomer B). Water C bridged RTV
N20 and Asp 30 N (monomer A), and also bridged RTV O76 and
Asp 30 N (monomer A). Water D bridged RTV N74 and Gly 48
N (monomer A). Water E bridged RTV N83 and Arg 80 NH2
(monomer B). Water F, G, H bridged RTV S81 and Thr 820 Oc1
(monomer B), Asp 29 Od2 (monomer A) and Gly 27 O (monomer
A) respectively. Crystallographic water molecules with similar
functions were also present in WT HIV-1 protease RTV complex.
However, these crystallographic water molecules formed a less
extensive network in the WT HIV-1 protease RTV complex than
those did in the MDR HIV-1 protease RTV complex (Fig. 1 Panel
C and D) [7].

The characteristic crystallographic water WA0, located between
RTV and the two protease flaps [7], was not seen in MDR HIV-1 RTV
complex. In the WT complex, this crystallographic water molecule
bridged RTV atoms (O24 and O61) to Ile 50 N from either mono-
mer. Absence of the flap-ligand bridging water molecule might ex-
plain partially the wide open nature of MDR HIV-1 protease flaps
as well as the relatively weaker binding energy of RTV against
MDR HIV-1 protease.



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

Protein atom MDR RTV complex WT RTV complex

RTV atom Length (Å) RTV atom Length (Å)

Thr 82 Cc2/Val 82 Cc1a C31 3.8 C32 4.2
C32 3.0 C33 3.7
C33 3.0 C34 3.6
C34 3.8 C35 4.0

Thr 82 Cb C33 4.2

Pro 81Cc C32 3.9
C33 4.0

Thr 820 Cc2/Val 820 Cc2 S81 4.1 C45 3.8
C82 4.2 C48 3.9
C85 3.5 C49 4.0
C90 3.8 C50 4.1

C51 3.9
C52 3.8

Thr 820 Cb/Val 820 Cc1 C85 3.7 S81 3.9
C86 4.2
C90 4.1

Pro 810 Cc C50 4.2 C50 3.7
C51 3.7

Pro 810 Cd C51 4.0

Arg 80 NH2 C75 3.7 C75 3.5
C77 3.4 C77 3.5
C80 3.5 C80 3.9
S81 4.2 N83 3.9
C82 4.1
N83 3.8

Arg 80 NH1 C80 4.2 C77 4.0
S81 3.9 C80 3.9
C82 4.0 S81 3.9
C86 3.6 C82 4.0

N83 4.0

Arg 80 CZ C77 3.9 C75 4.0
C80 3.6 C77 3.6
S81 3.8 C80 3.5
C82 4.1 S81 4.1
N83 4.1 N83 4.0

Arg 80 NE C80 3.8 C77 4.0
S81 4.0 C80 3.5

a The residue 82/820 in MDR HIV-1 protease is Thr, while it is Val in WT HIV-1
protease.
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3.7. Induced conformational changes of MDR HIV-1 protease upon RTV
binding

Superposition of MDR HIV-1 protease RTV complex and apo-
MDR HIV-1 protease based on Ca revealed four high RMSD regions
(Fig. 2 Panels A and B). Due to the binding of RTV, the 80s loop was
attracted towards the active site cavity, making more contacts than
otherwise as shown in Fig. 2 Panels C and D. The Cc of Pro 81
moved 0.4 Å towards the active site cavity in the MDR complex.
In addition, the shift of the 80s loop slightly closed the lateral
opening of the active site cavity, formed by residues 81, 82 (mono-
mer A), 80, 470, 480, 490, 500 (monomer B), and made it less likely for
RTV to slip out of the active site cavity from the lateral opening.
However, the presence of RTV did not induce significant changes
in the catalytic triad of residues 25, 26 and 27.

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

The flaps were wide open in the MDR HIV-1 protease RTV com-
plex. Contrary to the WT protease RTV complex, the binding of RTV
did not close the flaps dramatically. The flap distance was mea-
sured 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 HIV-1 protease
RTV complex was 5.9 Å [7]. In the apo-MDR HIV-1 protease, the
flap distance was 12.2 Å, while the flap distance in the MDR HIV-
1 protease RTV complex was 12.1 Å. The wide open flaps might
contribute to the weaker binding of RTV to MDR HIV-1 protease,
making it easier for RTV to be released from the active site cavity.

3.9. Increased dimerization area of MDR HIV-1 protease induced by
RTV binding

The MDR HIV-1 protease dimer was further stabilized by the
binding of RTV compared to apo-MDR HIV-1 protease. In the ab-
sence of RTV, the MDR HIV-1 protease dimerization area was
1330.9 Å2. With RTV bound to MDR HIV-1 protease, the dimeriza-
tion area increased by 12.5% to 1497.7 Å2. In addition, the hydro-
gen bonds between the monomers increased from 23 in
apo-MDR HIV-1 protease to 27 in the MDR HIV-1 protease RTV
complex. Similarly, the salt bridges on the dimerization interface
increased from 8 to 10 after the binding of RTV. However, com-
pared to the WT HIV-1 protease RTV complex, the dimer was less
stable in the MDR complex, considering the 1718.7 Å2 of interface
area in the WT complex [7]. Moreover, the dimer interface interac-
tion composition was different between MDR and WT HIV-1 prote-
ase RTV complexes. In the MDR complex, there were 27 hydrogen
bonds, 10 salt bridges and 19 Van der Waals interactions, while
there were 19 hydrogen bonds, 8 salt bridges and 29 Van der Waals
interactions in the WT complex. More detailed analysis of these
interactions showed longer hydrogen bonds in MDR complex than
those in WT complex.
4. Discussion

4.1. Semi-conserved Van der Waals interactions involving the 80s loop
between WT and MDR HIV-1 protease RTV complexes

Although there is a significant conformational change of the 80s
loop between MDR HIV-1 protease and WT HIV-1 protease RTV
complexes, with Ca of Pro 81 in monomer A moving 1.6 Å, the
Van der Waals interactions between RTV and the 80s loop in
monomer chain A are conserved, due to the compensatory corre-
sponding movement of RTV relative to the monomer A. In MDR
HIV-1 protease RTV complex, C31, C32, C33, and C34 in RTV mol-
ecule form five Van der Waals interactions with Cc2 and Cb of
Thr 82. Similarly, in WT HIV-1 protease RTV complex, C32, C33,
C34 and C35 in RTV molecule form six Van der Waals interactions
with Cc1 of Val 82 and Cc of Pro 81.

On the other hand, Van der Waals interactions vary between
RTV and monomer B 80s loop between the WT [7] and MDR HIV-
1 protease RTV complexes, as shown in Table 3. The Ca of Pro
810 in monomer B moves 2.6 Å compared to the distance of 1.6 Å
in monomer A. In MDR HIV-1 protease RTV complex, S81, C82,
C85, and C90 in RTV molecule form 4 Van der Waals interactions
with Thr 820 Cc2. C85, C86 and C90 form 3 Van der Waals interac-
tions with Thr 820 Cb. In addition, C50 forms 1 Van der Waals inter-
action with Pro 810 Cc. On contrary, in WT HIV-1 protease RTV
complex, C45, C48, C49, C50, C51, and C52 from RTV form 6 Van
der Waals interactions with Val82’ Cc2. S81 forms 1 Van der Waals
interaction with Val 820 Cc1. C50 and C51 form 2 Van der Waals
interactions with Pro 810 Cc. Furthermore, C51 forms 1Van der
Waals interaction with Pro 81’ Cd.

4.2. Conserved Van der Waals interactions involving Arg 8 between
WT and MDR HIV-1 protease RTV complexes

The analysis of Arg 8/80 in the RTV complex reveals highly con-
served Van der Waals interactions between WT [7] and MDR HIV-1
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protease RTV complexes, as shown in Table 3. No interaction is ob-
served between RTV and Arg 8 from monomer A in either WT or
MDR HIV-1 protease RTV complex. An extensive network of inter-
action between RTV and Arg80 from monomer B is well established
in both WT and MDR HIV-1 protease RTV complexes. C75, C77,
C80, S81, C82 and N83 in RTV form 16 Van der Waals interactions
with NH1, NH2, NE and CZ of Arg 80 in both WT and MDR HIV-1
protease RTV complexes. C86 in RTV forms 1 Van der Waals inter-
action with Arg 80 NH1 in MDR HIV-1 protease RTV complex only.
Furthermore, the overall length of these Van der Waals interactions
is slightly longer in MDR HIV-1 protease RTV complex compared to
those in WT HIV-1 RTV complex. The length differences could be
explained by the relative position of the RTV and Arg 80 in both
WT and MDR HIV-1 protease RTV complex. Compared to the WT
protease, the CZ of Arg 80 in monomer B moves about 1.6 Å towards
the active site cavity, while the C82 atom of RTV moves 2.1 Å in the
same direction in the MDR HIV-1 protease RTV complex. Conse-
quently, the length of these Van der Waals is longer in MDR HIV-
1 protease RTV complex, despite the conserved binding pattern.
4.3. Conformation changes of RTV between WT and MDR HIV-1
complexes

Major conformational changes are also found in the RTV mole-
cule after the binding to WT [7] and MDR protease, despite the rel-
ative rigidity of RTV compared to the natural substrate peptides.
These conformational changes in RTV modify the interactions be-
tween RTV and the protease. Although the conformation of RTV
backbone is conserved between two complexes, the side chains,
especially the ring structures, showed significant rotations to ad-
just the changes in protease (Fig. 3).
Fig. 3. Conformational changes (Panel A front view, Panel B top view) of RTV in
MDR and WT HIV-1 protease RTV complexes [7]. RTV in MDR HIV-1 protease is
shown in purple and RTV 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 article.)
4.4. Comparison between MDR HIV-1 protease RTV complex and HIV-1
protease V82A RTV complex

Crystallographic information is available for HIV-1 protease
with limited drug resistant mutations, such as HIV-1 protease with
mutation V82A complexed with RTV [13]. The comparison be-
tween our MDR and this V82A HIV-1 protease RTV complex reveals
that: first, less interactions between RTV and HIV-1 protease V82A.
But the reduction is not as significant as what we find in MDR HIV-
1 protease RTV complexes. Second, RTV binding induces the clos-
ing of the flaps in the HIV-1protease V82A, while RTV binding does
not affect the flap distance in MDR HIV-1 protease. Third, the char-
acteristic crystallographic water WA0, locating between the two
protease flaps and RTV is found in HIV-1 protease V82A RTV com-
plex, but missing in MDR HIV-1 protease RTV complex.
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