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Abstract | Human Immunodeficiency Virus (HIV) is a complex retrovirus, and is the causative

agent of Aquired Immuno Deficiency Syndrome (AIDS), a disease condition that is proving fatal

to millions of Indians. Since a HIV/AIDS pandemic can destroy the very fabric of nations,

devastate the most productive members of the societies, and orphan children, there is an

urgent need to rein-in this disease. Crystallography can play a major role in this endeavour by

providing accurate structural data on the chemical interactions between a chosen target and

the designed inhibitor. Because of its essential role in the maturation process of HIV, the viral

protease (HIV-1 PR) is an important target for inhibitor design. Many of the effective anti-HIV

drugs in the market are inhibitors of HIV-1 PR, optimized for active-site binding through

high-resolution crystal structures. However, occurence of drug resistant mutations in the

protease necessitates continuous development of newer inhibitors through novel strategies.

Inhibitors based on the mechanism of the enzyme are less likely to be overcome by point

mutations, and thus may represent a novel class of inhibitors. Although hundreds of structures

of active HIV-1 protease inhibitor complexes are reported, there are no reports of active

enzyme substrate complexes. We have produced, for the first time, atomic-level snap-shots of

enzyme-substrate complexes trapped at different stages of the cleavage reaction. These crystal

structures may provide insight into the molecular mechanism of HIV-1 PR. For example, the

formation of a low barrier hydrogen bond between catalytic aspartates had not been

envisaged in earlier mechanistic proposals. Similarly, the hydrogen bond between cleavage

products suggests protonation of scissile nitrogen atom by the hydroxyl group of the

tetrahedral intermediate, in the reaction mechanism. The structures also open up the possibility

that the enzyme uses different mechanisms to cleave substrates containing either a proline

residue or a non-proline residue at the cleavage site. Finally, the structures provide a template

for the design of mechanism-based inhibitors.

1. Introduction
Human Immunodeficiency Virus (HIV), discovered
25 years ago and established to be the causative
agent of Aquired Immune Deficiency Syndrome
(AIDS), has already claimed 25 million human
lives. It is further estimated that 40 million people
are already infected world wide underlining the
magnitude of havoc this virus is causing, especially

for the developing countries, where 90% of the
infected people live. The number of Indians infected
is estimated to be about 2.5 million. What is very
alarming is that this virus strikes people during
their most productive age, thereby affecting the
economies of their families and even of the state.
Viral infection is diagnosed through ELISA and
Western Blot techniques by detecting antibodies to
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the virus in the blood sample. However, antibodies
are generally not detectable until 3–6 months
following infection. After exposure to HIV, some
people have a flu-like illness that lasts between a
week to a month, and these people suffer from: fever
and sweats, headache, enlarged lymph nodes, fatigue,
weight loss, persistent skin rashes or yeast infections,
and short-term memory loss [1–3]. These symptoms
are all those caused generally by a decrease in the
white blood T cells (lymphocytes) carrying the CD4
receptor molecule. HIV infection causes depletion
of CD4+ lymphocytes at a rate of 2 billion per day.
Fortunately, the virus is very labile, and the half-life
of the free virus is only six to eight hours. There is
no known cure against HIV/AIDS. Inhibitors of the
three viral enzymes are being developed as drugs
against AIDS by controling replication of the virus
inside target cells.

We, at the Bhabha Atomic Research Centre,
Trombay, Mumbai, have focused on one of the three
enzymes, viz. HIV protease (HIV PR). We are using
the technique of single-crystal X-ray crystallography
to understand the enzyme mechanism, and also
for purposes of structure-based drug design [4–12].
We have provided, for the first time, structural
snapshots of the enzyme ‘in action’ [7–9]. Drug-
resistant mutants of HIV-1 PR have been prepared in
the laboratory using methods of genetic engineering.
Three dimensional structures of these mutants
complexed with resistance causing drugs have been
determined in an effort to understand, at an atomic
level, the phenomenon of drug resistance [10–
12]. Such knowledge is the driving force behind
development of new drugs against AIDS. This
review, however, is limited to results on active
protease true substrate complexes.

2. HIV: Morphology and molecular biology
HIV is a complex virus consisting of a membrane
surrounding a capsid (greek for shell) which
encloses two copies of viral RNA chromosome,
and a number of other viral proteins. The size
and shape of the virus change during its life cycle,
and Figure 1 shows the first three dimensional
view of an infectious HIV, obtained using the
technique of single particle reconstruction of cryo-
EM images recorded at various tilt angles [13].
The membraneous bilayer is embedded with viral
proteins (gp120, gp40), which recognize receptors
on target cells. The capsid is assembled from the
viral capsid protein (p24), while the matrix protein
provides the connection between the envelope and
the capsid.

HIV is a retrovirus and belongs to the family of
lentiviruses. There are two types of HIV, HIV-1 and
HIV-2, the vast majority type being HIV-1. HIV-1
is more virulent compared to HIV-2. Within type
1, there are three groups of the virus, M, O and
N depending on the antigenic properties. In the
most prevalent group, M, there are sub-types, A,
B, C, D, F, G, H, J and K. Different sub-types are
concentrated in different parts of the world; A in
Central and Western Africa, B in Europe, Japan,
Australia and America, C in South Africa, India
and Nepal. The genome of HIV-1 is a short RNA
molecule of length 9200 kbases, which codes for
structural and regulatory proteins. There are no
introns in the viral genome. Arrangement of the
genes is shown in Figure 2.

The genome is composed of 9 genes encoding 3
structural (GAG-derived MATRIX, CAPSID and
Nucleo Capsid), 2 envelope (gp120 and gp41), and
6 regulatory proteins in addition to 3 enzymes

Figure 1: Cryo-EM image of infectious HIV. The oblong shaped capsid(red) containing the chromosome is
surrounded by cellular membrane(blue), with matrix protein (yellow) occupying the region in between.
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Figure 2: HIV-1 genome and arrangement of genes. No introns are present in the genome.
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Figure 3: The HIV-1 PR homo-dimer. (A) open-flap conformation. Each sub-unit is drawn as a ribbon of
single colour. The FLAP domain, the 4-stranded beta sheet dimer interface and the active site are indicated.
The side chains of catalytic aspartic acids (one from each sub-unit) drawn in green. (B) closed-flap
conformation.
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(Reverse Transcriptase, INtegrase and PRotease).
The structural proteins form part of the capsid,
while the envelope proteins are utilized in the
recognition of the target cell. The three enzymes
are essential for the replication of the virus to
produce infectious progeny. Regulatory genes
contain information required for the production
of proteins that control HIV’s ability to infect a
cell, reproduce and cause disease. The specific
role of each of the regulatory protein is identified.
It is estimated that, the virus also uses almost
250 host proteins during its replication cycle. The
whole genome is transcribed and then the full-
length RNA is spliced appropriately to produce
messenger RNA molecules corresponding to each
protein. Differential splicing of the viral genome
controls, in a temporal fashion, the expression
of structural and regulatory genes. Replication
cycle is similar to, but under much tighter control
than, that for other retroviruses. In HIV, the RNA
replication is extremely rapid, but without any
proof-reading mechanism. Therefore mutations
accumulate at a rate 104–106 times that observed in

DNA counterparts. As a consequence, the progeny
of a single virus can differ greatly in antigenic
configuration (gp120 and gp40 proteins) from the
parent. This antigenic variation makes development
of a vaccine extremely difficult in the case of HIV.
Inhibitors of the three viral enzymes essential for
viral replication and infectivity are being developed
as drugs against AIDS. The success of HAART
(Highly Active Anti-Retroviral Therapy) is largely
due to presence of inhibitors of the PR enzyme in
the medicine cocktail.

3. HIV PR
HIV PR plays a critical role in the life cycle of
HIV [14–16]. The polyproteins that are produced
in the course of the viral replication process have
to be cleaved at nine different sites for a successful
replication. The amino acid sequences at these
cleavage sites are given in Table 1, where ‘∗’ denotes
the peptide bond cleaved. The first residues toward
the N- and C-terminal sides of the scissile bond are
designated P1 and P1’ respectively.

It may be seen that almost all cleavage sites
are hydrophobic in character, have widely varying
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Table 1: Amino acid sequences at the cleavage sites of
HIV –1 PR.

Sr. No. Peptide sequences Cleavage domain (kcat/KM )

Cleavage sites in GAG:

1. SQNY*PIVQ MA-CA (17980)

2. ARVL*AEAM CA-p2 (720)

3. ATIM*MQRG p2-NC (27970)

4. QANF*LGKI NC-p1 (NA)

5. PGNF*LQST p1-p6 (370)

Cleavage sites in POL:

6. SFNF*PQIT TF-PR (113, 400)

7. TLNF*PISP PR-RT (8930)

8. AETF*YVDG RT-RH (11, 400)

9. RKIL*FLDG RH-IN (845)

kcat/KM values [17], and three of them contain a
proline residue in the P1’ position. HIV PR is active
over a pH range of 3–6.5, the optimum pH being
5.5. The functional enzyme contains two identical
polypeptides non-covalently associated into a dimer.
Each monomer has four structural elements: two
distinct hairpin loops, a wide loop containing the
catalytic aspartic acid and an alpha helix. The

crystal structure established HIV-1 PR to be an
aspartyl protease with each sub-unit contributing
one aspartic acid to the active site located at the
interface of the two sub-units (Figure 3A). The two
sub-units are held together through: a four stranded
anti-parallel beta sheet, the conserved complex
scaffold of hydrogen bonds called the “fireman’s
grip”, and several hydrophobic interactions between
residues forming loops in each subunit. The beta
hair pin described as the ‘flap’ forms a flexible
domain of each sub-unit. The flap becomes ordered
and folds onto the active site to form what is
described as a ‘closed flap’ conformation, when
bound by a ligand in the active site cavity (Figure 3B).
It has been shown that flap closure and specific
hydrogen bonds between flap residues and the
substrate are essential for catalysis [18]. In the three
dimensional structure, the C-terminus of one sub-
unit is about 5 Å away from the N-terminus of
the second sub-unit. These two termini have been
linked covalently thorough oligopeptides to produce
what are known as tethered HIV-1 PRs [19]. The
activity and substrate specificity of tethered HIV-
1 PRs are shown to be identical to those of the
native dimeric enzyme. Site directed mutagenesis
studies using the tethered HIV-1 PR have established

Figure 4: General acid-base mechanism proposed for peptide bond cleavage by HIV-1 PR. Note absence of
hydrogen bonding between inner oxygen atoms of catalytic aspartates.

Substrate Tetrahedral Intermediate

Products
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Figure 5: Two step kinetic iso-mechanism proposed by Northrop for peptide bond cleavage by HIV PR. Note the changing character of
the hydrogen bond between inner oxygen atoms of catalytic aspartates.

that both aspartic acid residues are required for
activity. Because of the vital role played by HIV PR
in the viral life cycle, many efforts are being made
to develop varieties of inhibitors of this enzyme
as drugs against AIDS [20,21]. Since HIV PR is
functional only as a homodimer, besides blocking
the active site, prevention of dimerisation is pursued
as another way of inhibiting this enzyme [22].
However, there has not been significant success
so far in this approach. In fact all the drugs
currently administered as part of HAART are active
site binders, and have been developed using the
crystallographic technology of structure-based drug-
design.

4. Drug resistance
These drugs have been helping enormously AIDS
patients in improving the quality of their life.
However, it has been observed that patients very
quickly develop resistance to treatment by these
drugs, and this effect is traced to specific mutations
in the HIV PR. Table 2 gives a list of mutations that
have been found to be associated with different
administered drugs [23]. The mutations given
in bold are the primary or major mutations
conferring resistance, while others are secondary or
compensatory mutations. While some mutations
provide resistance across several drugs, there
are others that are specific to particular drugs.
Interestingly, these drug-resistant mutations, which
drastically reduce (almost to 5%) the proteolysis
efficiency, occur both in the active site and non-
active site regions of the enzyme. There is an urgent
need to generate three dimensional structural data
to gain insight into this phenomenon of drug-
resistance to enable design of next generation drugs.
It is generally believed that drugs that interfere
with some step in the mechanism of the enzyme
are less prone to be overcome by the enzyme. For
this reason, establishing the mechanism has been
another field of intense AIDS research [24–31].

5. Reaction mechanism
The mechanisms proposed for peptide bond
cleavage by HIV PR are based on: (1) analysis
of kinetic and isotope data from in-vitro
studies on hydrolyses of oligopeptide substrates,
and (2) structural data on protease inhibitor
complexes. The mechanisms are all general acid-
base mechanisms in which the nucleophile is a water
molecule attacking the scissile carbonyl carbon atom
(Figure 4).

There are many variants of this basic mechanism,
the variations being in the pattern and nature of
hydrogen bonding interactions and proton transfers
involving the substrate and the catalytic aspartates.
An important step in this class of mechanisms is
the protonation of the scissile nitrogen atom just
prior to peptide-bond breakage. A vast majority of
proposals invoke protonation by the outer oxygen
atom of a catalytic aspartate. In some others, the
protonation is suggested to be by the hydroxyl
group of the tetrahedral reaction intermediate. More
recently, Northrop has proposed an iso-mechanism
which is claimed to resolve for the first time, all
uncertainties about pH-profile, transpeptidation
activity and anomalous isotope effects in aspartyl
proteases. (Figure 5).

In this mechanism, the inner oxygen atoms of
catalytic aspartates are hydrogen bonded to one
another at all stages of the reaction in sharp contrast
to earlier proposals. The character of this hydrogen
bond, however, varies, being a low barrier hydrogen
bond at some stage and a normal hydrogen bond at
some other stages of the reaction. This mechanism
also invokes protonation of scissile nitrogen by
catalytic aspartates.

We evaluate below these mechanisms in the light
of our results on structures of enzyme substrate
complexes.
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Table 2: Table 2. List of mutations in HIV PR associated with drug resistance in AIDS patients.

6. Experimental procedures and results
Purified tethered HIV-1 PR was prepared as
described before [4,32]. Drug-resistant mutations
have been introduced using standard methods
of genetic engineering. The mutations have
been confirmed by sequencing the cDNA. Single
crystals (Figure 6A) have been grown at room
temperature either through manual crystallization
set-ups in hanging drops or through sitting drop
setups prepared by the crystallization robot. X-
ray diffraction data has been collected by the
oscillation method (Figure 6B), both on the in-
house RAXIS-IIC image plate diffractometer and on
protein crystallography beamlines at synchrotrons.
Oscillation film processing, structure refinement
and electron density interpretation have been
carried out using widely distributed application

software suites, DENZO[33], XDS[34], CNS[35],
REFMAC[36], PHENIX[37], CCP4[38], and O[39].

As already stated, mechanism proposals are
based on solution studies and also on crystal
structures of complexes between HIV PR and
inhibitors or substrate analogs. One however needs
structural data on complexes between unmodified
substrates and active enzymes. The first attempts to
provide such data were not totally successful [40].
In these attempts, crystals of the complex were
prepared by using the method of co-crystallisation,
in the hope that crystal formation preceded
substrate cleavage and product release. However,
in the crystals obtained, the situation was found to
be quite different. The substrate was cleaved before
formation of crystals, and the enzyme crystallized
as complex with product peptides. HIV-1 PR was
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Figure 6: (A) Single crystals of HIV-1 PR. (B) X-ray diffraction photograph for crystals of HIV-1 PR
heptapeptide complex recorded using the in-house RAXIS-IIC detector mounted on a RU300 rotating anode
X-ray generator fitted with multilayer mirrors.

(A) (B)

Figure 7: OMIT Electron density (yellow) in the active site for the substrate tetrahedral reaction
intermediate. Only two residues on either side of the scissile peptide bond are shown. The substrate binds
in two 2-fold related orientations (magenta and green).

P1

P1’

found to be complexed with only the N-terminal
(P) product peptide, while SIV PR was found
to be complexed with a C-terminal (Q) product
peptide. No structures with both products bound
simultaneously were obtained. In contrast, we have
attempted to prepare the complex by the soaking
method [6], thanks to the closed-flap (Figure 3B)
conformation of unliganded HIV-1 protease in
the crystals we have obtained [4] under certain
conditions. The complete substrate molecules would
diffuse to the active site through the solvent channels
of the crystal, and the reaction will take place in
the active sites of the enzyme molecules packed
in the crystal [7–9]. We have varied the soaking
conditions to trap the enzyme-substrate complex
in different stages of the reaction. HIV-1 PR is
one of very few enzymes which cleave next to a
proline residue. For purposes of a comparative
study we have selected, for soaking, two types of
substrate peptides; one containing a proline residue
at the P1’ position, and the other containing a

non-proline residue at P1’ position. Depending
on the chemical conditions during soaking, the
substrate oligopeptide has been trapped either as a
tetrahedral intermediate (Figure 7) or as product
peptides (Figures 8 and 9).

7. Implications toward mechanism of HIV
PR

(a) The nucleophile
The hydrolysis of the peptide bond by aspartyl
proteases is through a nucleophilic attack. There has
been a debate as to whether the exact nucleophile
attacking the scissile carbonyl carbon atom is a
protein atom or a water molecule. The observation
of transpeptidation activity in HIV-1 PR suggested
that the attack was directly by the side chain of a
catalytic aspartate. Many theoretical calculations
also still leave open the possibility of a direct attack
by an aspartate [28,29]. The observation of no
covalent attachment between the aspartates and the
substrate in forming the tetrahedral intermediate
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Figure 8: OMIT Electron density (blue) in the active site for the peptides produced in situ by cleavage. The
complete substrate peptide is shown. The substrate binds in a single orientation. The substrate peptide
sequence is AETF*YVDGAA.

P1’

P1

Figure 9: Stereo diagram of the electron density (magenta) in the active site for the peptides produced in
situ by cleavage. The complete substrate peptide is shown. The substrate binds in a single orientation and
has a occupancy of 0.73. The substrate peptide sequence is SQNY*PIV. Red dots are partially occupied
water molecules.

in our studies [7] clearly proves that the aspartates
do not directly attack the scissile carbon atom,
and that the nucleophile is a water molecule. The
tetrahedral intermediate structure also identifies,
from among the different water molecules in the
active site, the water molecule that performs the
attack. In this structure [7], the ‘flap water’ is present
while the water molecule coordinating the aspartates

in unliganded protease is missing. It is reasonable to
assume then that the water molecule coordinating
the aspartates is ‘used-up’ while performing the
nucleophilic attack on the in-coming substrate. This
interpretation is also consistent with suggestions
based on kinetic and biochemical experiments [24–
27]. The tetrahedral intermediate structure [7]
thus provides the first direct evidence that the
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Figure 10: (A) Superposition of substrate at different stages of the cleavage reaction: binding (yellow),
tetrahedral intermediate (magenta) and product after cleavage (atomic colour), (B) Structural superposition
of proline-containing heptapeptide complex (yellow) and the non-proline containing decapeptide complex
(green). The substrate is cleaved in both structures. The positions of the products in the heptapeptide
complex are laterally shifted by about 1.6 Å compared to the decapeptide complex. Only P1 and P1’
residues are drawn.

P1’P1 P1’P1

(A) (B)

nucleophile is the water molecule coordinating
the catalytic aspartates.

(b) Atomic rearrangement on the reaction pathway
Figure 10A shows a structural superposition of
the ‘substrates’ in the enzyme active site, at
three different stages in the reaction pathway:
(1) soon after substrate binding [41], (2) after
nucleophilic attack leading to formation of
tetrahedral intermediate [7] and (3) just when the
products begin to separate [8]. The position and
orientation of scissile N atom is very different in
stages 1 and 2. While the amide hydrogen atom is
pointing away from the catalytic aspartates in stage
1, it is pointing toward aspartates in stage 2. It is
clear that, after binding, the substrate undergoes
significant conformational change by rotation about
the C–N bond of the tetrahedral intermediate. The
N atom in the tetrahedral intermediate is in a
position to hydrogen bond with catalytic aspartate.
It is also interesting that during product separation
process (stage 3), only the N-terminal product
moves. This may be because the C-terminal product
is anchored in place through the hydrogen bond
between the scissile N atom and the outer oxygen
atom of the catalytic aspartate. The situation appears
to be different when the scissile N atom belongs to a
proline residue.

(c) Protonation of scissile nitrogen atom
Figure 10B gives a structural superposition of the
in-situ products obtained by cleavage of the two
types of substrates by HIV-1 PR [8,9]. It may be
seen that both products derived from the proline-
containing substrate, SQNYPIV, have moved to
the right in relation to the aspartates. The lateral

shift of the scissile nitrogen atom is about 1.6 Å.
This difference in position is to avoid short contacts
due to the presence of proline ring next to the
cleavage site in the heptapeptide substrate. As a
consequence of this difference in positioning, the
outer oxygen atom of catalytic aspartate does not
form any hydrogen bond with the scissile nitrogen
atom. If one makes the reasonable assumption that
protonation happens through hydrogen bonds, then
in the case of proline containing substrate, scissile
nitrogen atom is not protonated by the aspartate.
This would then require the enzyme to use different
mechanisms to cleave the two types of substrates.
Alternatively, since it is found that the hydrogen
bond between scissile nitrogen atom and one of the
newly generated carboxyl oxygens is common to
complexes of both types, this may be the hydrogen
bond that acts as a conduit in the protonation of
scissile N atom.

(d) Inter-aspartate hydrogen bond
In the peptide bond cleavage reaction, the C–N
separation changes from that of a covalent bond
at the start of the reaction to that of van der
Waal separation at the end, with intermediate
values representing intermediate stages of the
reaction. Table 3 gives interatomic distances between
inner oxygens of catalytic aspartates and the
corresponding scissile C–N distances in the three
substrate complexes that we have solved. These
distances are suggestive of a correlation between
strength of the inter-aspartate hydrogen bond
and the stage of the cleavage reaction. The C. . . N
separation of 3.5 Å in the heptapeptide complex
is normal van der Waal separation and the steric
repulsion between the scissile C and N atoms
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Table 3: Correlation between inter-aspartate hydrogen bond length and separation between C and N atoms of the
scissile peptide bond.

Tethered HIV-1 PR complexed with Hydrogen bond length
(D25OD1 — D1025OD1)

Separation between atoms C and
N of the Scissile peptide bond

Reference

Tetrahedral intermediate 3.0 Å 1.65 Å [7]

Cleaved substrate 2.3 Å 2.7 Å [8]

Cleaved substrate 2.8 Å 3.5 Å [9]

is expected to be less. The corresponding inter-
aspartate hydrogen bond is relatively long and weak.
Similarly, in the tetrahedral reaction intermediate
before bond-breakage, where the scissile covalent
bond is only stretched and not yet broken, the
steric repulsion is again less and the inter-aspartate
hydrogen bond is again relatively long and weak
(row 1 in Table 3). On the other hand when the
C. . . N separation is significantly shorter than van
der Waal separation (row 2 in Table 3), the inter-
aspartate hydrogen bond is very short and strong.
Since these three structures are closely related and
were obtained using almost identical experimental
methodology, the correlation mentioned above may
be significant. It is therefore suggested that in the
reaction mechanism of HIV-1 protease, the inter-
aspartate hydrogen bond modulates to make up
for inter-product steric repulsion at different stages
of the cleavage reaction. Modulation of hydrogen
bond strengths during enzyme catalysis is widely
prevalent, but these hydrogen bonds are normally
between functional groups from the enzyme and
the reactants [41]. But what is suggested here is
modulation of a hydrogen bond between functional
groups of the enzyme alone. This suggestion is
different also from the inter-aspartate hydrogen
bond modulation envisaged in the two stage kinetic
iso-mechanism proposed by Northrop [26]. It
is however desirable to have higher resolution
structures to put this suggestion on a firmer footing.

8. Conclusions
Three dimensional structures of active tethered HIV-
1 PR complexed with three separate unmodified
‘substrate’ oligopeptides, one of which contains a
proline residue at P1’ position, have been elucidated,
for the first time, using X-ray crystallography. In the
three structures, the substrates have been processed
to different stages of the cleavage reaction. The
tetrahedral intermediate structure provides direct
evidence for nucleophilic attack by a water molecule.
The attacking water molecule is also identified as
the one coordinating catalytic aspartates in the free
enzyme structure. The product-complex structures
give a snap shot of the atomic rearrangements
that occur within the active site as the bond
cleavage reaction progresses. The hydrogen bonding

interactions observed at the catalytic center are not
consistent with any of the mechanisms proposed
earlier. New possibilities for the mechanism are
suggested. The inter-aspartate hydrogen bond is
suggested to play an important role in overcoming
steric repulsion during the cleavage process.
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