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Abstract Under drug selection pressure, emerging

mutations render HIV-1 protease drug resistant, leading to

the therapy failure in anti-HIV treatment. It is known that

nine substrate cleavage site peptides bind to wild type

(WT) HIV-1 protease in a conserved pattern. However,

how the multidrug-resistant (MDR) HIV-1 protease binds

to the substrate cleavage site peptides is yet to be deter-

mined. MDR769 HIV-1 protease (resistant mutations at

residues 10, 36, 46, 54, 62, 63, 71, 82, 84, and 90) was

selected for present study to understand the binding to its

natural substrates. MDR769 HIV-1 protease was co-crys-

tallized with nine substrate cleavage site hepta-peptides.

Crystallographic studies show that MDR769 HIV-1 prote-

ase has an expanded substrate envelope with wide open

flaps. Furthermore, ligand binding energy calculations

indicate weaker binding in MDR769 HIV-1 protease-sub-

strate complexes. These results help in designing the next

generation of HIV-1 protease inhibitors by targeting the

MDR HIV-1 protease.

Keywords HIV-1 protease � Multi-drug resistant �
Substrate envelope � Crystallography � Drug design

Abbreviations

MDR Multi-drug resistance

HIV Human immunodeficiency virus

WT Wild type

HAART Highly active antiretroviral therapy

PR Protease

MA Matrix

CA Capsid

NC Nucleocapsid

RT Reverse transcriptase

IN Integrase

RH RNase H

RMSD Root mean square deviation

1 Introduction

HIV has been a major infectious pathogen since it was

discovered in the early 1980s’. In 2009 alone, an estimated

2.6 million new HIV infections occurred worldwide, while

about 33.3 million people were living with HIV. In 2009,

the global AIDS deaths climbed to 1.8 million (UNAIDS

report on the global AIDS epidemic 2010, http://www.unaids.

org/globalreport/Global_report.htm).

Highly active antiretroviral therapy (HAART) makes

possible the inhibition of in vivo HIV replication to delay

the onset of AIDS symptoms [3, 4, 26, 27], while a cure or

vaccine of HIV infection is yet unavailable [23, 35]. The

usual HAART regimen combines three or more drugs from

different classes, such as two nucleoside reverse trans-

criptase inhibitors (NRTI) and one non-nucleoside reverse

transcriptase inhibitor (NNRTI) or protease inhibitor (PI).

However, the emerging drug resistance, due to the lack
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of proofreading ability of the HIV-1 reverse transcriptase

[32, 36, 42], requires the development of new and potent

drugs to overcome the resistance problem [7, 8, 11, 12].

HIV-1 protease (HIV-1 PR) is an aspartic protease that

cleaves newly synthesized HIV-1 polyproteins at nine

major cleavage sites to generate the mature protein com-

ponents of an infectious HIV-1 virion. The HIV-1 gag gene

codes for the structural proteins: matrix protein (MA),

capsid protein (CA), and nucleocapsid protein (NC), while

the gag-pol gene encodes both structural proteins (MA,

CA, and NC) and enzymes: protease (PR), reverse trans-

criptase (RT), and integrase (IN). Without effective HIV-1

PR, HIV-1 virion remains uninfectious, hence making

HIV-1 protease inhibitors the most potent anti-AIDS drugs

and essential therapeutic components of HAART [4, 12].

Crystallographic studies of WT HIV-1 PR complexed

with the natural cleavage site peptides uncover a consensus

of binding pattern of the peptides in the protease active site

cavity [29, 31]. Based on the wealth of structural infor-

mation of WT HIV-1 protease substrate complexes, new

HIV-1 protease inhibitors mimicking the natural substrates

are designed. In addition, it is proposed that inhibitors fit-

ting the substrate envelope are less susceptible to drug

resistance [1, 5, 6, 25].

Nonetheless, there is no crystallographic information on

the MDR HIV-1 protease substrate complexes. The ques-

tions remaining to be addressed are: Do the nine substrates

bind to MDR HIV-1 protease active site with a similar

conformation? What is the relative binding energy of

MDR HIV-1 protease substrate complexes compared to

WT HIV-1 protease substrate complexes? What does the

substrate envelope look like in the MDR HIV-1 protease?

We chose MDR769 HIV-1 protease as our study model

to investigate the MDR HIV-1 protease substrate complex

structures. The inactive enzyme (D25N) was chosen to trap

the uncleaved peptide in the active site cavity. The high

resolution crystal structure of MDR769 HIV-1 protease

was solved previously by our group, and it showed an

expanded active site cavity with mutations at positions 10,

36, 46, 54, 62, 63, 71, 82, 84, 90 [22]. Nine hepta-peptides

corresponding to natural cleavage sites P3 to P40 were

chemically synthesized and successfully co-crystallized

with the inactive MDR769 HIV-1 protease. Based on the

crystal structures refined to 1.6–2.0 Å resolutions, a multi-

drug resistant substrate envelop was determined and the

envelope was comparable to that of the WT HIV-1 protease

despite a certain degree of variation. The MDR HIV-1

protease substrate envelope was expended relative to WT

HIV-1 protease substrate envelope. Furthermore, substrate

binding energy calculations showed reduced binding

affinity of MDR769 HIV-1 protease to the substrates.

Our observations with the MDR769 HIV-1 protease

substrate complexes were consistent with the previous

conclusions that the active site cavity was expanded in

MDR769 HIV-1 protease. These results suggest that a

larger HIV-1 protease inhibitor is needed to inhibit MDR

variant of HIV-1.

2 Materials and Methods

2.1 Preparation of Substrate Peptides

The nine substrate hepta-peptides shown in Table 1 were

purchase from SynBioSci Corporation, Livermore, CA. All

the hepta-peptides were purified by HPLC to purity higher

than 98%. Peptide powder was dissolved in DMSO to

prepare stock solution of 20 mM concentration and the

samples were stored at -20 �C.

2.2 Protein Purification and Co-Crystallization

The MDR769 HIV-1 protease A82T was overexpressed by

using a T7 promoter expression vector in conjunction with

the E. coli host, BL21 (DE3). In brief, a fresh E. coli

transformant of BL21(DE3) with the MDR769 plasmid

was cultured in 5 mL LB medium containing 100 lg/mL

ampicillin for 7 h, which was used to inoculate a 50 mL

LB medium containing 100 lg/mL ampicillin and the

culture was grown overnight. Later, two liters of LB

medium with 100 lg/mL ampicillin was inoculated with

50 mL seed culture and bacterial growth was monitored

by absorbance at A600. After 4–6 h of incubation with

shaking at 37 �C, the A600 reached 0.5 and the cells were

harvested at 10,0009g for 10 min at 4 �C using a Sorvall

RC5B Plus centrifuge [40]. The MDR protease was iso-

lated from inclusion bodies by using a series of buffered

washes, followed by denaturation in 6 M urea. For

Table 1 Sequences of the nine sites within the HIV-1 Gag and Pol

polyproteins that are cleaved by HIV-1 protease

Cleavage site P3 P2 P1 P10 P20 P30 P40

MA/CA Gln Asn Tyr Pro Ile Val Gln

CA/p2 Arg Val Leu Phe Glu Ala Met

p2/NC Thr Ile Met Met Gln Arg Gly

NC/p1 Gln Ala Asn Phe Leu Gly Lys

p1/p6 Gly Asn Phe Leu Gln Ser Arg

TF/PR Phe Asn Phe Pro Gln Ile Thr

PR/RT Leu Asn Phe Pro Ile Ser Pro

RT/RH Glu Thr Phe Tyr Val Asp Gly

RH/IN Lys Val Leu Phe Leu Asp Gly

The cleavage sites are named by the proteins released after the site is

cleaved

MA matrix, CA capsid, NC nucleocapsid, TF trans frame peptide, PR
protease, RT reverse transcriptase, RH RNAse H, IN integrase
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purification of the unfolded protease, an anion exchange

column with pH 8.6 (Q Sepharose, Amersham Biosciences)

was used that allowed the protease to pass through, while

the E. coli contaminants to remained bound to the column.

The protease purity was monitored by Coomassie blue-

stained SDS–PAGE [16] and the MDR769 HIV-1 protease

was purified to greater than 95% homogeneity. The 6 M

urea was removed to refold the protease by using a series of

dialysis exchanges that were carried out at 4 �C. The first

buffer consisted of 0.2 M sodium phosphate monobasic,

0.2 M sodium phosphate dibasic, 1.0 M urea, 0.2% bME,

and 10% glycerol. The next step consisted of buffer

exchange with 0.2 M sodium phosphate monobasic, 0.2 M

sodium phosphate dibasic, 0.2% bME, and 10% glycerol.

The last two buffer exchanges were with 10 mM sodium

acetate, pH 5.0, 1 mM DTT and 10% glycerol. The pro-

tease was concentrated by Amicon to 2 or 3 mg/mL and

stored in aliquots at -80 �C.

The substrate hepta-peptides were mixed with 2.5 mg/mL

MDR 769 HIV-1 protease and diluted to 0.4 mM final con-

centration. The mixtures were incubated at 4 �C for 2 h,

which were subject to centrifugation to remove the insol-

uble impurities. The hanging drop vapor diffusion method

was used to form the bipyramidal crystals of the MDR 769

protease. Using a grid screen consisting of sodium chloride

(0.7–1.4 M) and MES-HEPES buffer (pH 5.5–8.1), the

HIV-1 protease substrate complex crystals formed over-

night at 22 �C. Routinely, 0.2 mm crystals, in the longest

dimension, were obtained after 14 days of incubation. In

each well, there were two droplets, containing 1 lL of

protease substrate mixture, 1 lL of reservoir solution and

2 lL of protease substrate mixture, 1 lL of reservoir

solution, respectively, 07 mL of well solution.

2.3 Data Collection and Crystallographic Refinement

Protease crystals were dipped in 30% glucose for cryo-

protection and flash frozen in liquid nitrogen. The dif-

fraction data were collected at 1.00 Å wavelength at the

Advanced Photon Source (APS) (LS-CAT 21), Argonne

National Laboratory (Argonne, IL). Data were reduced

with the program CrystalClear (CrystalClear: An Inte-

grated Program for the Collection and Processing of Area

Detector Data, Rigaku Corporation�, 1997–2002). The

data statistics are shown in Table 2. In all cases the crystals

belong to the same space group P41. Molecular replace-

ment was performed with Molrep-autoMR in CCP4 with

the model previously solved in our lab [20].

Initial refinements were performed without substrate

hepta-peptides using Refmac5 [24, 38]. The nine hepta-

peptides were built into the difference electron density maps

as the refinement proceeded in the COOT program [10]. The

electron density maps contained two orientations of bound

peptide to the MDR HIV-1 protease. The Gag-Pol peptide

binding in two orientations was also reported earlier by

Prabu-Jeyabalan et al. [31] for the wild type HIV-1 protease.

The MDR HIV-1 protease complexes were modeled and

refined with the hepta-peptides in two orientations. The two

peptide orientations were related by a pseudo-2-fold sym-

metry and there was minimal asymmetry for the two orien-

tations of the peptide as was the case earlier for the wild type

HIV-1 protease peptide complexes. To carry out the sub-

strate envelope analysis in an analogous way as reported for

the HIV-1 wild type complexes, we deleted one hepta-pep-

tide orientation from the model. In all nine crystal structures,

the N-terminus of the hepta-peptide was oriented close to

monomer A of the AB protease dimer to allow for systematic

analysis of the substrate envelope.

Crystallographic waters were added with the ARP/

wARP program [17]. The structures were refined in Ref-

mac5 to 1.6–2.0 Å resolution. The final stereo-chemical

parameters were checked using PROCHECK [39]. Images

were generated in PyMol.

2.4 Analysis

PISA Server was used to calculate the ligand binding

energy in both MDR and WT HIV-1 protease substrate

complexes [15]. Dissociation constants were calculated

based on the formula DGint = RTlnKd, where the DGint is

the intrinsic binding energy as defined by PISA. Hydrogen

bonds with the bound hepta-peptides were analyzed with

PISA server. Conserved hydrogen bonds within protease

were identified by with the program Ligplot [41]. Tem-

perature factor analysis was performed with the CCP4

program Temperature Factor Analysis. Protease substrate

complexes were superimposed based on protease residues

1–99 Ca and the RMSD of Ca was analyzed with the CCP4

program Superpose Molecules [14]. Solvent accessible

area was calculated with the CCP4 program Accessible

Surface Areas. All structures were visualized using PyMol.

3 Results

3.1 Determination of Crystal Structures of MDR769

HIV-1 Protease-Substrate Complexes

and the Calculation of Ligand Binding Energy

We report the crystal structures of nine MDR769 HIV-1

protease substrate complexes. The results support our

working hypothesis that the MDR769 HIV-1 protease with

wide open flaps binds weaker (20–162,000 times) to the

substrates. In addition, the expanded MDR HIV-1 protease

substrate envelope requires larger inhibitor to overcome

drug resistance.
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(Å

)

a
4

5
.7

7
4

5
.2

1
4

5
.7

7
4

5
.6

2
4

5
.5

0
4

5
.5

4
4

5
.6

2
4

5
.5

8
4

5
.0

2

b
4

5
.7

7
4

5
.2

1
4

5
.7

7
4

5
.6

2
4

5
.5

0
4

5
.5

4
4

5
.6

2
4

5
.5

8
4

5
.0

2

c
1

0
2

.0
8

1
0

3
.4

1
0

2
.1

5
1

0
2

.0
0

1
0

2
.1

0
1

0
2

.0
7

1
0

2
.1

0
1

0
2

.3
7

1
0

4
.4

8

R
es

o
lu

ti
o

n
ra

n
g

e
4

1
.7

7
–

1
.7

4
1

.4
3

–
1

.8
4

5
.4

–
2

.0
2

7
.2

6
–

1
.4

4
5

.5
1

–
1

.7
4

5
.6

–
1

.6
4

5
.6

–
1

.6
5

3
4

.0
4

–
1

.7
5

4
5

.0
–

1
.8

U
n

iq
u

e
re

fl
ec

ti
o

n
sa

2
2

,9
8

6
1

9
,1

7
6

1
4

,2
0

9
4

0
,9

0
4

2
2

,8
0

2
2

7
,3

9
5

2
2

,5
1

9
2

1
,0

1
1

1
9

,1
5

7

R
m

e
rg

e
(%

)
o

v
er

al
l

(fi
n

al
sh

el
l)

0
.0

4
9

b
(0

.1
4

0
)c

0
.0

4
3

(0
.2

0
1

)
0

.0
9

7
(0

.3
5

5
)

0
.0

8
5

(0
.4

5
8

)
0

.0
9

8
(0

.3
8

9
)

0
.0

8
8

(0
.4

6
1

)
0

.0
4

4
(0

.2
2

8
)

0
.0

7
1

(0
.4

0
7

)
0

.0
5

5
(0

.1
6

)

I/
si

g
m

a
(fi

n
al

sh
el

l)
1

8
.9

(8
.2

)
1

7
.8

(6
.2

)
9

.3
(4

.6
)

9
.3

(3
.1

)
8

.3
(3

.2
)

8
.7

(2
.8

)
2

0
.9

(6
.3

)
1

1
.0

(3
.5

)
1

9
.4

(8
.8

)

C
o

m
p

le
te

n
es

s
(%

)
o

v
er

al
l

(fi
n

al
sh

el
l)

9
9

.7
(1

0
0

)
9

9
.8

(1
0

0
)

1
0

0
(1

0
0

)
1

0
0

(1
0

0
)

1
0

0
(1

0
0

)
1

0
0

(1
0

0
)

9
8

.3
(9

7
.2

)
1

0
0

(1
0

0
)

9
9

.7
(1

0
0

)

R
w

o
rk

(%
)d

1
9

.2
1

9
.2

1
9

.6
1

9
.2

1
8

.7
1

9
.5

1
9

.3
1

8
.5

1
9

.1

R
fr

e
e

(%
)e

2
1

.8
2

4
.4

2
6

.2
2

3
.6

2
2

.6
2

3
.2

2
2

.6
2

3
.6

2
3

.8

R
M

S
D

B
o

n
d

le
n

g
th

(Å
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The inactive MDR769 HIV-1 protease is co-crystallized

with nine hepta-peptides representing the nine natural

substrate cleavage site sequences in the Gag and Gag-Pol

polyproteins. The sequences and names of the hepta-pep-

tides are shown in Table 1. The hepta-peptides are named

based on proteins released after cleavage: matrix (MA),

capsid (CA), nucleocapsid (NC), trans-frame peptide (TF),

protease (PR), reverse transcriptase (RT), RNase H (RH),

and integrase (IN).

The structures of the complexes are solved with crys-

tallographic statistics shown in Table 2. These complexes

crystallize in space group P41, in which each crystallo-

graphic asymmetric unit contains one biologically relevant

HIV-1 protease dimer complexed with ligands. The struc-

tures are refined to 1.6–2.0 Å.

The ligand binding energy is calculated for all the nine

MDR769 HIV-1 protease substrate complexes by using the

PISA server [15], and is compared to that of WT HIV-1

protease substrate complexes. Based on the calculated

binding energy from crystallographic structure, dissocia-

tion constant (Kd) of each substrate cleavage site peptides

against MDR and WT HIV-1 proteases is calculated and

shown in Table 3. The contribution of hydrogen bonds to

the binding free energy and Kd is not considered since there

is a high degree of variation in the strength of the various

hydrogen bonds based on the distance and angle of the

hydrogen bonds.

3.2 The Substrates Bind Weaker to the MDR Protease

Relative to the WT Protease, Despite Similar

Ligand Conformation as That in WT Protease

All the nine hepta-peptides are bound to the MDR HIV-1

protease active site cavity in an extended conformation. The

structure of the MDR HIV-1 protease MA/CA peptide

complex, shown in Fig. 1, is representative for all the nine

complexes. The hepta-peptides establish extensive contacts

with both protease monomers; however, the contacts

between monomers are not equally distributed. The asym-

metric nature of hepta-peptides breaks the symmetry of

protease dimer in complexes by forming more contacts with

one monomer than the other. Structural analysis shows that

in complexes MA/CA, NC/p1, p1/p6, and TF/PR, RMSD of

Ca at residue 79 is significantly different between the two

monomers (Liu et al., data not shown). In RH/IN complex the

significant difference is present at residues 67 and 68 rather

than at residue 79. However, there is no big RMSD variation

between monomers in complexes CA/p2, PR/RT and RT/RH

(Liu et al., data not shown).

Although the active site cavity of MDR 769 HIV-1

protease is expanded leaving enough space for an alternate

conformation, all the nine hepta-peptides are located at the

bottom of the active site cavity with flexible amino and

carboxy termini. P1 and P10 reside between Asn 25/250.
Seven out of nine hepta-peptides (except for p1/p6 and RT/

RH), point their carbonyl oxygen of P1 (P1 O) in between

Asn25/250, bridging the two ‘‘catalytic site’’ residues. In

the p1/p6 complex, the P1 O forms a hydrogen bond with

only Asn25 ND2 atom. In contrast, in complex RT/RH, a

water molecule bridges the connection between P1 O and

Asn250 ND2.

The substrates bind weaker to the MDR HIV-1 protease

relative to the WT HIV-1 protease. Based on the ligand

binding energy (DG) calculated by PISA server, the bind-

ing energy is reduced dramatically (34–78%) in MDR

HIV-1 protease substrate complexes compared to that in

WT HIV-1 protease substrate complexes (Table 3). Cor-

respondingly, Kd of MDR HIV-1 protease substrate com-

plexes is much higher (20–126,000 folds), which indicates

lower binding affinity of the substrate hepta-peptides

(Table 3).

3.3 Conserved Substrate Conformation in MDR HIV-1

Protease Substrate Complexes Gives Rise

to an Unevenly Expanded Substrate Envelope

Compared to That of WT HIV-1 Protease Substrate

Substrate envelope is defined as the overall space occupied

by the nine substrate peptides in the superimposed nine

complexes based on Ca of the protease dimers. As a result,

this substrate envelope demonstrates the maximal flexibil-

ity of substrates inside of the activity site cavity of the

MDR HIV-1 protease.

The substrate peptides are taken out from the MDR

HIV-1 protease active site cavity upon dimer superposition

and listed individually in Fig. 2. Moreover, these substrate

peptides are shown in superposition mode based on the

protease dimer Ca to display the spatial overlay in the

MDR HIV-1 protease active site cavity (Fig. 3a). However,

when compared to those in WT HIV-1 protease, these

cleavage site peptides are more flexible in the active site

cavity according to the B factor calculation (data not

shown). The flexibility may be partially due to the

expanded MDR HIV-1 protease active site cavity. Detailed

investigation shows that the enlargement of the substrate

envelope is not uniform through the different sites. For

example, P1/P10 is expanded by 12%, while the overall

expansion of the substrate envelope is 7%. The comparison

of the WT and MDR HIV-1 protease substrate envelope is

shown in Fig. 3b–d.

3.4 Altered MDR Protease Binding Pockets Result

in Weaker Binding of the Substrates

Detailed investigation of the interaction between protease

and nine hepta-peptides reveals altered binding pockets
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compared to WT HIV-1 protease. Five conserved binding

pockets are found in MDR HIV-1 protease, namely S1/S3,

S2, S10/S30, S20, and S40 as shown in Fig. 4. Fewer residues

relative to WT HIV-1 protease contribute to the pockets

S1/S3, S2, S10/S30, S20, meanwhile a conserved S40 pocket,

missing in WT HIV-1 protease, is found in the MDR

HIV-1 protease. The reduced number of amino acid resi-

dues lining the binding pocket lead to weaker binding

between the active site cavity and the nine substrates. First,

the S1/S3 binding pocket involves Gly270, Asp 290, Arg8,

Thr82, and Asn25 in at least four complexes. Leu23 is

involved in NC/p1, MA/CA, and RT/IN complexes,

whereas Val84 is involved in NC/p1, RT/RH, and CA/p2

complexes. Side chains of Gly270, Asp290, Arg8, Asp25,

and Val84 adopt the same conformation in all complexes;

whereas side chains of Thr82 and Leu23 have variable

conformations. Second, in the S10/S30 pocket, Leu230,
Asn250, Val840, Arg8, Gly27, and Asp29 are present in at

least four complexes; Thr820 participates in only three

complexes p2/NC, RT/TH, and NC/p1. Surprisingly, Gly48

in the flap region is involved in the S10/S30 binding pocket

in complexes RT/RH, TF/PR, and MA/CA. Except for

Thr820, all residues in S10/S30 binding pocket are conserved

in the same conformation. Third, side chains from Ala280,
Asp290 and Asp300 constitute the binding pocket of the S2

site. Fourth, side chains from Gly27, Ala28, Asp29, and

Asp30 constitute the binding pocket at the S20 site. All

residues involved in S2/S20 binding are highly conserved in

conformation, forming a rigid binding pocket. The S2

binding pocket shows fewer contacts relative to that in the

S20 pocket. Finally, the S40 binding pocket contains two

segments: one is flexible and the other is rigid. The flexible

segment consists of residues Lys45, Leu46, Ile47 and Gly48.

The rigid segment is comprised of Asp29 and Asp30.

3.5 Limited Induced Fit of the MDR Protease Results

in Weaker Binding of the Substrates

There is a limited induced fit in the MDR HIV-1 protease

when compared to the WT HIV-1 protease substrate

complexes, which may be a key reason to the weaker

ligand binding. First, flap distance, measured from Ca Ile

50 to Ca Ile 500, is a good indicator of binding. Analysis of

the flap distance shows variation among the nine com-

plexes, ranging from 9.9 to 12.3 Å. When compared to flap

distances in WT HIV-1 protease substrate complexes,

which range from 5.9 to 6.3 Å [29–31, 37], the MDR

HIV-1 substrate complexes are still wide open, i.e. 4–6 Å

wider compared to the WT crystal structures. This partial

induced fit may contribute to the weaker biding due to fewer

contacts between the HIV-1 protease flap area and the sub-

strates. However, when compared to the flap distance in

uncomplexed MDR 769 HIV-1 protease (12.2 Å) [22], most

complexes show significant reduction in flap distance,

except for two complexes: CA/p2 and RH/IN, 11.7 and 12.3

Å, respectively (Table 3). Second, the dimer interface area is

also reduced in the MDR HIV-1 protease substrate com-

plexes (1,469.7–1,485.5 Å2) relative to that of WT com-

plexes (1,680.3–1,768.8 Å2) [29–31, 37]. This induced fit in

the MDR HIV-1 protease weakens the protease dimer, which

may lead to the relative instability of the MDR HIV-1 pro-

tease substrate complexes. Surprisingly, the binding of

substrate to MDR HIV-1 protease reduces the dimer inter-

face (1,508.5 Å2 in uncomplexed MDR HIV-1 protease),

whereas the substrate binding increases the dimer interface

area in the WT HIV-1 protease (1,487.7 Å2 in uncomplexed

Fig. 1 Structure of the MDR 769 HIV-1 protease MA/CA complex.

The two protease monomers are shown in ribbon rendering. The MA/

CA substrate peptide is shown by stick model. The substrate shows an

extended conformation of the MA/CA peptide binding to the MDR

HIV-1 protease dimer, which is representative to all the nine complex

structures

Fig. 2 Orientation of nine substrate peptides in the MDR 769 HIV-1

protease active site cavity. The nine MDR HIV-1 protease substrate

peptide complexes are superposed according to the Ca of the protease

dimer structure. The substrate peptides are displayed individually

after the dimer superposition, showing conserved conformation of

these peptides in MDR HIV-1 protease active site cavity
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WT HIV-1 protease). The factor that ligand binding

decreases the stability of MDR HIV-1 protease makes it

possible to develop new dimerization inhibitors. Third, one

conserved high RMSD pattern is found after the substrates

bind to MDR HIV-1 protease. All the nine complexes were

superposed with an uncomplexed wide-open MDR769 HIV-

1 protease structure, based on Ca. High RMSD regions are

located at residues 15 and 16 (loop 2 between b strands 2, 3),

residue 21 (b strand 3), residues 40–63 (flap), residues 66–68

(loop between b strands), residues 72 and 73 (loop between b
strands), and residues 78–82 (800 loop interacting with

ligands), except for the RH/IN complex which shows high

RMSDs at residues 15, 34, 65, and 66. The introduction of

these high RMSD regions may contribute to the weaker

binding.

3.6 Substrate Conformation Difference Between MDR

and WT HIV-1 Protease Complexes

As mentioned before, the overall substrate conformation is

conserved between the MDR and WT HIV-1 protease sub-

strate complexes; however, some subtle variation in the

substrate conformation makes the MDR HIV-1 protease

Fig. 3 Panel A Superposition of the nine substrate peptides in the

MDR HIV-1 protease active site cavity. The superposition shows not

only the conserved conformation, but also the conserved position of

these substrate peptides in the MDR HIV-1 protease active site cavity.

Panel B The substrate envelope of the MDR HIV-1 protease. The

transparent shading represents the MDR HIV-1 protease substrate

envelope. The stick model inside the substrate envelope is the MA/

CA substrate peptide which is representative of all the substrate

peptides studied here. Panel C Substrate envelope of the WT HIV-1

protease. To facilitate direct comparison of the WT and MDR HIV-1

protease complexes, the nano-peptides from the WT studies are

truncated to P3 to P40 hepta-peptides used in this study. Panel D
Superposition of the WT and MDR HIV-1 protease substrate

envelope. The protruding substrate envelope indicates the expanded

substrate envelope of the MDR HIV-1 protease

Fig. 4 Substrate binding pocket of the MDR HIV-1 protease. The

MDR HIV-1 protease is shown in ribbon rendering. The HIV-1

protease residues involved in peptide binding are shown in space

filling model. Panel A is the front view of the binding pocket, and

Panel B is the top view of the binding pocket
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substrate complexes less stable (Fig. 5). Details of these

substrate conformation differences will be discussed below.

Compared to the side chains, both position and confor-

mation of the substrate backbone are relatively conserved

between the WT and MDR HIV-1 protease substrate

complexes. The WT and MDR HIV-1 proteases complex

with the same substrate peptides are superimposed onto

each other according to Ca of the protease dimer. The

deviation of corresponding Ca in substrate peptide is shown

in Table 4. Except for the substrate peptide in complex RT/

IN, the Ca shows more deviation in the C-terminus than in

the N-terminus. In addition, the deviation of P1 O is shown

in the last column of Table 4 of corresponding substrate

peptides from both WT and MDR HIV-1 protease substrate

complexes.

In contrast to backbone atoms, the side chain atoms are

much more flexible in the MDR complexes. Although no

apparent pattern is identified in side chain deviation, it is

found that the deviation is larger at both termini.

The relative position of P1 O is totally different from the

MDR HIV-1 substrate complexes to the WT HIV-1 pro-

tease substrate complexes. The distances between the P1 O

atom to Asn25 and Asn250 in both MDR and WT HIV-1

protease substrate complexes are listed in Table 5. In the

MDR HIV-1 protease substrate complexes, the P1 O,

Asn25 ND2 and Asn250 ND2 constitute an isosceles tri-

angle with equal distance between P1 O and Asn25/250.
The only exception to the observation is p1/p6, which is

similar to substrates in the WT complexes with unequal

distance to Asn25 and Asn250. The symmetric conforma-

tion in the MDR HIV-1 protease substrate complexes may

indicate that a symmetric inhibitor might be more suitable

to overcome the drug resistance problem.

4 Discussion

4.1 The Hepta-Peptides Bind with Reduced Binding

Energy and Increased Kd Values

Although the nine hepta-peptides adopt a similar confor-

mation to bind to MDR HIV-1 protease, the binding energy

reveals varied affinities of the hepta-peptides to the prote-

ase (Table 3). The binding energy is calculated by using

the PISA server [15]. Based on the semi-empirical calcu-

lation used in PISA server, the RH/IN complex holds the

strongest binding energy between the ligand and protease,

although it has the longest inter-flap distance. When

compared to the binding energy derived from WT HIV-1

protease substrate complexes, the binding energy for MDR

HIV-1 protease substrate complexes is by 34–78%. The Kd

value is calculated for both MDR and WT HIV-1 protease

substrate complexes, with 20–162,000 fold increase in

MDR HIV-1 protease substrate complexes. Among all

MDR HIV-1 protease substrate complexes, CA/p2 has the

largest decrease in binding energy relative to WT HIV-1

protease CA/p2 complex (22%) and a 162,000 times larger

Kd (Table 3).

Fig. 5 Overlay of the substrate peptide from the MDR and WT HIV-1

protease substrate complexes based on the Ca superposition of the

protease dimer

Table 4 Deviation of substrate peptide Ca and P1 O between MDR

and WT HIV-1 protease substrate complexes

P3 P2 P1 P10 P20 P30 P40 P1 O

MA/CA 0.9 0.7 1.1 1.0 0.8 1.3 1.9 1.2

CA/p2 0.6 0.7 0.5 1.1 1.2 1.9 1.2 1.4

P2/NC 0.5 0.5 0.6 0.8 0.8 0.7 1.1 1.5

NC/p1 0.9 1.7 0.2 1.8 1.2 0.8 2.2 2.2

P1/p6 0.7 0.4 0.4 0.6 0.4 1.3 1.9 0.8

RT/RH 1.0 1.4 1.1 0.6 0.8 1.4 3.8 3.3

RT/IN 1.0 1.3 1.3 0.7 0.6 0.6 1.1 1.6

Table 5 Distance of P1 O to Asn 25 and Asn 250 in both MDR and

WT HIV-1 protease substrate complexes

MDR P1O to Asn25/250 WT P1O to Asn25/250

MA/CA 3.2 3.0 4.4 2.7

CA/p2 3.1 2.9 4.4 2.7

P2/NC 3.3 2.6 4.6 2.5

NC/p1 3.3 3.1 5.5 3.2

P1/p6 5.3 2.5 4.8 2.7

RT/RH 5.2 5.0 4.6 2.7

RT/IN 3.2 2.9 4.5 2.7
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4.2 The MDR HIV-1 Protease Substrate Envelope Is

Enlarged by 12% at P1/P10 Site

Hepta-peptides bound to MDR769 HIV-1 protease yield a

larger substrate envelope relative to that in the WT HIV-1

protease substrate complexes. The volume of substrate

envelope determines the size of HIV-1 protease inhibitor

required to overcome the drug resistance issue. The sub-

strate envelope is enlarged overall by 7% in MDR HIV-1

protease substrate complexes. The superposition of the

MDR with WT HIV-1 protease substrate envelope is

shown in Fig. 3d. Further examination shows that the

enlargement of MDR HIV-1 protease substrate envelope is

not uniform at all binding sites. The MDR HIV-1 protease

substrate envelope at P1/P10 site is enlarged by 12%

compared to the P1/P10 site in the WT HIV-1 protease

substrate envelope, while together the P1/P10 and P2/P20

increase in surface area by 9.54%. This result suggests that

a larger P1/P10 site is needed to overcome the multi-drug

resistance.

4.3 Compensatory Mutations May Restore Enzymatic

Activity

With the reduced protease catalytic activity restraining the

HIV-1 maturation and replication, HIV-1 virion develops

compensatory mutations in and outside the substrate

cleavage sites (i.e. mutations at p1/p6 and NC/p1) to

restore the protease catalytic activity [2, 9, 30, 33, 43].

Work is currently in progress with the p1/p6and NC/p1

mutant substrate complexes to understand their structural

and functional impact on MDR769 HIV-1 protease. New

structural information of these two protease-substrate

complexes may reveal additional information about the

MDR HIV-1 protease substrate envelope and replication of

the MDR HIV-1 viron.

4.4 Mutations in CA/p2 Lead to Drug Resistance

to the Maturation Inhibitor PA457, Which Is

Represented in the Complexes

PA457 (Bevirimat) targeting the CA/p2 cleavage site,

blocking the cleavage of CA/p2 by HIV-1 protease, is

currently under phase II clinical trials to address the drug

resistance problem [13, 18, 19, 21, 34]. It is found that the

introduction of single residue mutation to the flanking

sequence of CA/p2 cleavage site results in a drug resistant

phenotype, which requires no mutations from other parts of

the virus, including protease [28, 44, 46]. Among these

single mutations, Ala to Phe at P10 develops drug resistance

to PA457 [18, 45]. In our complex structure of CA/p2 with

MDR769 HIV-1 protease, at the P10 position, there is a Phe

instead of Ala, and consequently molecular dynamics

calculation may elucidate the mechanism of drug resistance

to PA457.

4.5 The MDR Protease Forms a Weaker Dimer

Compared to the WT Protease Dimer Raising

the Possibility of Designing Inhibitors That Disrupt

the Dimer Interface

Unlike the WT protease which substrate binding increase

dimerization interfaces, MDR HIV-1 protease has a reduced

dimerization interface after substrate binding. The dimer-

ization interface area is 16% less in MDR HIV-1 protease

substrate complexes than that of WT HIV-1 protease sub-

strate complexes, while the dimerization interface area is

almost identical between apo MDR HIV-1 protease and WT

HIV-1 protease (Table 3). This partial disrupted dimeriza-

tion interface in MDR HIV-1 protease substrate complexes

raises the possibility of designing inhibitors that disrupt the

dimer interface during substrate binding.

4.6 The Catalytic Activity of MDR769 HIV-1 Protease

May be Reduced

The catalytic activity may be reduced in MDR 769 HIV-1

protease. Although no direct functional data are available

to assess MDR 769 HIV-1 protease catalytic activity,

current structural studies, theoretical binding energy cal-

culations, and molecular dynamics simulations indicate the

reduced efficiency in peptide cleavage of MDR 769 HIV-1

protease. First, the flap water molecule positioned between

Ile50 and Ile500, bridging the protease flaps and substrate

peptides, is missing, and this flap water is crucial in sub-

strate cleavage (Liu et al. unpublished results). Therefore,

the MDR HIV-1 protease may adopt other mechanisms to

achieve the cleavage of the substrate. As a consequence of

the expanded protease active site cavity, both the distance

between the two flaps and the distance between flaps and

the substrates are considerably increased in the MDR769

HIV-1 protease. As a result, the MDR HIV-1 protease does

not bind the substrates tightly in optimal position, hence

reducing catalytic cleavage. Second, calculations of sub-

strate binding energies and Kd confirm the results of

structural studies of MDR HIV-1 protease substrate com-

plexes. There is a significant decrease of binding energy

(34–78% loss) and an increase of Kd (20–162,000 fold

gains) in MDR HIV-1 protease substrate complexes.

Without tight binding, the substrates flop in and out the

active site cavity more frequently, reducing the protease

catalytic activity. Third, molecular dynamics calculations

with a WT HIV-1 protease substrate complex show a rigid

body movement of substrate after a 5 ns simulation, while

this movement required for efficient cleavage is missing in

182 Z. Liu et al.
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MDR substrate complexes molecular dynamics simulations

(Yedidi et al. unpublished results).

Despite all the reasoning pointing to the reduced cata-

lytic activity of MDR HIV-1 protease, the Kcat itself may

not necessarily be reduced. It is possible that the wide open

nature of MDR HIV-1 protease flaps leads to a weaker

interaction between the cleavage products and MDR HIV-1

protease. As a result, the release of the cleavage products

may be faster in MDR HIV-1 protease substrate complexes

compared to that in WT complexes, which may partially

compensate for the reduced catalytic activity.
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