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Abstract—Predicting a bioactive conformation of a ligand is of paramount importance in rational drug design. The task becomes
very difficult when the receptor site possesses a region with unusual conformational flexibility. Significant conformational differences
are present in the active site regions in the available crystal structures of the core domains of HIV-1 integrase (IN). Among all
reported IN inhibitors, the B-diketoacid class of compounds has proved to be of most promise and indeed S-1360 was the first
IN inhibitor to enter clinical studies. With an aim to predict the bioactive (active site bound) conformation of S-1360, we performed
extensive docking studies using three different reported crystal structures where the active site or partial active site region was
resolved. For comparison we extended our studies to include SCITEP (the first compound cocrystallized with IN core domain)
and a bis-diketoacid (BDKA). We found that the conformation of S-1360 when bound in one of the active sites matches that of
the experimentally observed results of IN escape mutants resistant to S-1360. Therefore, we propose that this active site conforma-
tion is the biologically relevant conformation and can be used for the future structure-based drug design studies selectively targeting

IN.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The pol gene of HIV-1 encodes three essential enzymes:
reverse transcriptase (RT), protease (PR), and integrase
(IN). Currently 17 FDA approved drugs targeting RT
and PR are available and are administered in various
combinations. The combination of highly active antiret-
roviral therapy (HAART) in compliant patients come
close to stopping virus evolution, however, eradication
of the infection has not been achieved because of the
persistence of latent HIV-1 in resting memory CD4+ T
cells. Moreover, several factors including the emergence
of multi-drug-resistant HIV strains, drug toxicity, the
patient’s ability to adhere to the prescribed therapy,
and expensive medication have necessitated a reason
to develop novel drugs, which target other viral replica-
tion processes.! IN is one such target, as it is a vital en-
zyme in the viral replication process and has no cellular
homologue.

Keywords: HIV-1 integrase; Inhibitor design.
* Corresponding author. Tel.: +1 323 442 2341; fax: +1 323 442
1390; e-mail: neamati@usc.edu

0968-0896/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2004.09.035

IN catalyses two crucial steps required for the integra-
tion of viral DNA into the host chromosome. In the first
step, while in the cytoplasm of an infected cell, IN selec-
tively cleaves two nucleotides (GT) from the 3’ terminal
of the viral cDNA in a reaction known as 3’-process-
ing.%* Immediately after translocation to the nucleus as
a component of the pre-integration complex, IN ran-
domly inserts the viral cDNA into the host genome,
and this reaction is referred to as strand transfer or inte-
gration.* Hence, the interactions of IN with viral cDNA
are sequence specific, the interaction of IN with the host
DNA is sequence independent. Consequently, their
respective binding sites are expected to be geometrically
and spatially different within the catalytic site of IN.
DNA mapping and docking studies support that the viral
cDNA and host DNA binding sites are indeed located on
different parts of IN surface.>® During the catalytic proc-
ess, IN interacts with both the viral cDNA and the host
DNA. IN has to undertake extensive conformational
changes to ensure the favorable interactions with the
substrates, the viral cDNA, and the target host DNA.
These interactions are vital for the smooth and effective
yield of the catalytic process. Divalent metals such as
Mg** or Mn*" are required for both 3'-processing and
strand transfer activities of IN. The highly conserved
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DDE motif (a triad of acidic residues D64, D116, and
E152 in HIV-1 IN) involves in the binding of metal
cofactors. The coordination of metal cofactors with
the DDE motif potentially induces certain conforma-
tional changes in the catalytically active region of IN,
which in turn makes IN ready for its catalytic process.”-3
Even though the metal cofactor has such a determinant
role in the IN catalytic processes, the exact number of
metal atoms involved is unknown.” Only one metal
atom is present in all currently available X-ray structures
of IN.

Many of the known PR and RT inhibitors were de-
signed based on information from cocrystal structures.
To date no X-ray structure of the entire IN with or with-
out substrate DNA is available. Fifteen X-ray structures
of the core domain, with and without intact C or N ter-
minal domains have been solved (PDB accession codes:
1B92, 1B9F, 1BYF, 1BHL, 1BI4, 1BL3, 1BIS, 1BIU,
1BIZ, 1EX4, 1EXQ, 1ITG, 1K6Y, 1QS4, 2ITG).! 17
An X-ray structure of the core domain of IN in complex
with an inhibitor (5CITEP) was reported.'> Of the sev-
eral core domain structures available only two have
completely resolved active sites (chain B in PDB 1BIS
and chain C in PDB 1BL3).!%!7 Remarkable differences
are observed in the conformation of the active site in re-
ported X-ray structures of IN. A flexible loop consisting
of amino acid residues 138-150 is one of the major struc-
tural components of the active site of IN. E152, one of
the three components of the DDE motif resides on a he-
lix near to the flexible loop. In many X-ray structures,
including the first complex structure of IN with 5CI-
TEP, a part of the flexible loop was not resolved. Fur-
thermore, the position of the ligand in the IN-5CITEP
complex is ambiguous. It is believed that crystal packing
effects influenced the orientation and position of the lig-
and.'® 2% The conformation of the flexible loop in two
X-ray structures where it is completely resolved, is quite
different and which resulted in large variations in the
conformation of the entire active site of these two sub-
strate free structures of IN. The conformation of the
flexible loop as well as the entire active site in the IN-
SCITEP complex also largely differs from the above
two structures. The active site regions from these three
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structures are considered for further analysis and are
reported here as active site A (from chain A in PDB
1QS4), active site B (from chain B in PDB 1BIS), and
active site C (from chain C in PDB 1BL3). The active
sites from all these three crystal structures are com-
plexed with an Mg** ion. The carbonyl oxygen atoms
of residues D64 and D116 occupied two of the six coor-
dination positions of the Mg** ion.

Previously, several attempts have been made to exploit
the available information on the structure of IN in order
to design inhibitors and most were performed using one
of the above-mentioned active sites (for recent reviews
see Refs. 21 and 22). In some studies, molecules were
docked into the active site A where missing residues
were added to complete the active site model, and the
active site C was used in others studies.?*>32¢ We also
used the crystal structure of a naphthalene disulfonate,
Y3,%” which we originally identified as HIV-1 IN inhib-
itor in complex with ASV integrase® for high through-
put docking studies.?®3® That study showed ASV
integrase could serve as a surrogate for HIV-1 IN struc-
ture-based drug design. Attempts were also made to
incorporate the dynamic nature of the active site into
the rational design process.?!33 The outcome of these
studies helped to understand the complexity of the
problem. However, in most studies the critical role of
the metal ion in terms of enzyme inhibitor interactions
were not addressed constructively. A recent molecular
dynamics study on the SCITEP-IN complex and a
double mutated IN complexed with SCITEP revealed
that a region of the IN active site has high conforma-
tional flexibility and the region’s conformational flexibi-
lity is very important for efficient biological activity of
the IN.3*

Apart from incomplete structural information of IN, the
lack of a bona fide lead molecule also greatly hampered
the drug discovery efforts against IN (for recent reviews
see Refs. 22,35-37). Recent discovery of the B-diketo-
acids as IN inhibitors provided a valid lead molecule.?®
The B-diketoacid inhibitors emerged as a potent and
promising class of compounds and two IN inhibitors
entered clinical trials against HIV-1 infection. So far
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Figure 1. Structures of the B-diketoacids. Letters indicate the position of the H-bond donors or acceptors sites (see also Tables 2 and 3).
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no high throughput docking studies using the B-diketo-
acid inhibitors have been reported.

With an aim to predict the biologically relevant con-
formation of three reported IN inhibitors (see Fig. 1)
when bound to the IN active site, we used GOLD soft-
ware package’® to dock these molecules into the IN ac-
tive site. S-1360, an orally active IN inhibitor, is a
bioisostere of B-diketoacid.*® SCITEP is a B-diketoacid
bioisostere possessing a 5-chloro-indole moiety, and
was cocrystallized with HIV-1 IN (PDB 1QS4).'* Both
SCITEP and S-1360 are selective inhibitors of strand
transfer reaction. BDKA with two B-diketoacid func-
tional groups on the 1,3-positions of the central phenyl
ring, inhibits both the 3’-processing and stand transfer
reactions of IN with a comparable I1Cs, values.?6#!
BDKA adopted fairly similar orientation and occupied
same location in the active sites from three crystal struc-
tures of IN while S-1360 adopted somewhat similar
bound conformation in the active site A and C but
obtained very different bound conformation in the
active site B. Apart from the difference in bound orien-
tation, S-1360 occupied quite different location in the
active site B.

2. Results and discussion

In our continuous efforts in developing second and third
generation inhibitors based on S-1360 structure we
wanted to understand three questions. (1) Why are some
diketoacids selective for the strand transfer reaction?
(2)*> Why do very few diketoacids show antiviral activ-
ity, even though they have very similar physicochemical
properties? Finally, (3) is there a unique IN-drug binding
site for those diketoacid analogues that show antiviral
activity? Although 15 crystal structures of IN currently
exist, it is important to know which one to select for de-
tailed structure-based drug design studies. Our primary
objective was to identify the structure that most closely
validates the biological observations from mutational
studies. We will address these issues using three different
IN crystal structures and three known inhibitors.

2.1. The dynamic nature of the active site that influences
the DNA-IN and the drug-IN interactions

Of several available X-ray structures of the core domain
of IN, two structures have a completely resolved core
domain (B chain in PDB 1BIS and C chain in PDB
1BL3). Significant conformational differences were no-
ticed in the flexible loop regions of the active sites of
these two structures as well as the SCITEP-IN crystal
structure (PDB 1QS4).

Superimposed backbone ribbon models of the active site
regions for the three different crystal structures are
shown in Figure 2. The pink, yellow, and gray ribbons
represent active sites A, B, and C, respectively. Some
of the important active site residues are rendered as
stick models and their color indicates the active site in
which they reside. Active site B (yellow ribbon) has more
room when compared to the other two active sites

Figure 2. The superimposed backbone ribbon models of the active site
regions from three different crystal structures. The pink (PDB 1QS4),
yellow (PDB 1BIS), and gray (PDB 1BL3) ribbons represent the active
site A, B, and C, respectively. The Mg?" ions are shown in magenta.

because of the expanded conformation of the flexible
loop. In the other two active sites (A and C) the orien-
tation of the flexible loop is very different from active
site B.

We used inter-residue distances to explain certain struc-
tural differences that exist in the active site from three
IN crystal structures. In Figure 3a, we show distances
between backbone carbonyl oxygen of various active
site amino acid residues and the Mg?* ion. Large differ-
ences are observed in conformations of backbone of the
flexible loop region of the active sites A, B, and C. The
position of backbone carbonyl oxygen atoms in the ac-
tive site B are represented by red full circles while the
backbone carbonyl oxygen atoms in the active site A
and C are represented by blue open circles and the olive
diamonds, respectively. Especially, after K159, large
deviations are observed in the position of the red full cir-
cles, olive diamonds, and the blue open circles, which
indicate the flexible nature of this part of the active site
(Fig. 3a).

The variation in the relative position and conformation
of side chains of amino acid residues throughout IN ac-
tive site in three crystal structures is depicted in Figure
3b. The distance between one of the terminal heavy
atoms in side chain of various amino acid residues and
the Mg>* ion is used to distinguish the existing conform-
ational and positional differences of amino acid side
chains of IN active site in the three crystal structures.
Remarkable differences in the position of the terminal
heavy atoms of the amino acid side chains are found.
Especially, for active site B, which differs a lot from
the others, in particular the differences in the flexible
loop region are quite distinct (compare the position of
red full circles with the blue open circles and olive dia-
monds in Fig. 3b).
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Figure 3. (a) The differences observed in conformation of the backbone of the active site regions in three different crystal structures of IN. The
distance between backbone carbonyl oxygen atom of the active site amino acid residues and the Mg>" ion (y-axis) is plotted against the individual
active site amino acid residues. (b) The differences observed in the side chain conformations throughout the active site region in the three different
crystal structures of IN. The distance between terminal heavy atom of the side chain of the active site amino acid residues and the Mg?" ion (y-axis) is

plotted against the individual active site amino acid residues.

The active site is located in the core domain of IN and
the major part of the active site is spread on the surface
of the core domain. The active site is open and has two
cavities that extend perpendicularly to each other and
provide a solvent accessible depth to the active site. A
schematic representation of the IN active site is shown
in Figure 4. The thick line shows the surroundings of
the entire active site. One of the two cavities of active
site that is covered by a part of the flexible loop
(F139-1151) and spreads into an area close to a4 helix
(E152 to K159) is designated as cavity ST of the active
site. The thin line in Figure 4 covers cavity ST of the ac-
tive site. The second cavity in the IN active site starts
near the amino acid residue K159 and extends into an
area surrounded by the amino acid residues D64,
D116, N120, E92, and H67. The amino acid residues
T66 and C65 provide bottom part to this cavity. This
cavity is located almost perpendicular to cavity ST and
it is referred as cavity 3P. We named these cavities based

on a hypothesis that the 3’-processing reaction should be
carried out in a region of the active site where a divalent
metal ion is located. As the presence of a divalent metal
ion is essential for the 3’-processing activity of the IN, it
is believed that the 3’-processing reaction occurs in the
proximity to the location of the divalent metal ion.
Hence, we refer to this cavity as cavity 3P where metal
ion is found in some of the reported crystal structures
of IN. The dashed line in Figure 4 denotes cavity 3P
of the active site. In its strand transfer reaction IN inte-
grates the viral cDNA into the human DNA. Hence, IN
inevitably interacts with both the human DNA and the
viral cDNA at a time, which requires a lot of conform-
ational flexibility in the active site of IN. We believe that
the cavity which has a flexible loop as one of its edges
should harbor the strand transfer reaction of IN so that
the unusual flexible nature of the loop helps IN to hold
two macromolecules. Furthermore, the region between
F139 and K159 was identified as one of the IN peptide
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Figure 4. The schematic representation of the active site of HIV-1 IN.
The amino acid residues involved in 3’-processing and strand transfer
reactions are depicted in two closely juxtaposed cavities 3P and ST,
respectively.

regions that interact with DNA.*? Therefore we refer to
this cavity as cavity ST (Fig. 4).

3. Docking studies

3.1. The bound conformation of S-1360 and its interac-
tions with IN active site in three different crystal structures

In order to predict the binding mode of S-1360, 104 un-
ique conformations within a 20kcal/mol energy range
were generated using catConf module of the Catalyst
(Accelrys, Inc).** All the 104 conformations of S-1360
were docked into the active sites A, B, and C and 20
bound conformations were generated for each con-
former in each active site. Based on the GoLD fitness
score 10 conformers with high scores were selected for
further analysis. S-1360 adopted quite different binding
orientations inside the active sites A, B, and C.

In the active site A, the best bound conformation (the
bound conformation with highest GoLD fitness score)
is found 102 times out of 200 bound conformations
(Table 1). In the bound conformation, S-1360 occupies
a space near to residues D64, D116, N120, and Mg2+
ion in cavity 3P. The 4-flouro-phenyl ring of S-1360 is
positioned in cavity ST of the active site A, in an area
surrounded by residues K156, K159, and N155 (Tables
2 and 3). The bound orientations of S-1360 in the active

Table 1. Number of best bound conformations (total 200) of three diketoacid analogs

Compound Active site A Active site B Active site C

No. Conf. Score No. Conf. Score No. Conf. Score
S-1360 102 62 56 172 58
BDKA 22 (39)* 63 (60)* 60 (28)* 54 (50)* 70 55
SCITEP 99 52 45 (30)* 46 (44)* 55 47

#The second best bound conformation (the bound conformation with second highest GoLD score) and associated GOLD score.

Table 2. H-bonding interactions observed between B-diketoacid analogs and the active sites A, B, and C

Compound Active site amino acid residues that contribute H-bonding interactions
Active site A Active site B Active site C

S1360 0% .-HN C65 (2.83) OH®. - -0=C D64 (3.09) C=0"...HN H67 (3.51)
OH°.--O=C N120 (1.54) N4...HN N155 (3.26) NH®. - -0=C N120 (1.60)
N .. HN N120 (1.99) NH®. - -O=C V75 (1.69)
F---HN K159 (2.45)

BDKA O .-HN H67 (2.30) OH®.--O=C D64 (2.17) O --HN K159 (1.64)
0. .HN C65 (2.70) HO®. - -HN N155 (2.46) HO®. - -HN N155 (2.33)
OH°.--O=C D64 (2.10) OP...-HN N155 (2.10) OH°..-O=C E152 (3.04)
C=04.-HN N120 (3.35) O ..-HN K159 (1.78) C=04%..HN N155 (3.69)
C=0%...HN N117 (2.85) OHC---0=C D116 (2.16) O...HN N120 (1.95)
OH°®-..0=C E152 (3.38)** O¥...HN N120 (3.14) O¥...HN S119 (2.44)
OP.. .HN Q148 (2.14)* O ..HN H67 (2.76)* O"...HO S119 (2.80)
O°...HN Q148 (2.15)*
C=0%...HN H67 (2.07)*
OHC"--.O=C E92 (1.53)*

5CITEP OHP-..0=C D116 (2.47) Ne...HN K159 (2.42) OH"-..O=C D64 (1.95)

N9...HN S119 (2.68)
N9...HN N120 (2.50)
Cl---HN N155 (2.38)

NHE - -O=C E92 (1.98)
NHE. . .OH T66 (2.29)°°
OHP. - -0=C Q68 (1.53)*
NC...HN Q68 (1.55)*

NHE. - -O=C E92 (1.46)
NH¢ . .HN K159 (1.48)
NHS - -HN K159 (2.29)

The superscripted alphabet indicates the position of the H-bond donor or acceptor in a molecule (see Fig. 1) and the value in parenthesis is the H-
bonding distance in A. BDKA was docked as dianion and SCITEP was docked as an anion.
% The H-bonding interaction is observed between the second best bound conformation of the BDKA and the active site A and B.
®® The H-bonding interaction is observed between the second best bound conformation of the SCITEP and the active site B.
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Table 3. Ligand interactions with Mg>*

Compound Active site A Active site B Active site C

S1360 o - -Mg>* (1.75) — 0% . -Mg>* (1.88)
C=0" - -Mg>" (1.98) HO®. - -Mg>" (2.22)

BDKA 0ob. . .Mg>* (2.08) ov...Mg>* (1.90) c=0%.. . Mg>* (3.21)
HO®. - -Mg?* (2.18) HO®- - -Mg>* (1.76) c=0%...Mg>* (2.06)
ov...Mg>" (2.38) ob. . .Mg>* (1.89)*
HO®'.. -Mg>* (2.26) HO®- - -Mg>" (1.46)*
Ob/' . 'Mg2+ (162)dd

5CITEP Cc=0"--Mg*" (1.91) C=0 . -Mg*" (2.44) C=0%.-Mg*" (2.45)

HOP. - -Mg”" (1.82)

The superscripted letters indicate the position of the H-bond donor or acceptor in a molecule (see Fig. 1). The value in parenthesis is the distance

between donor atom and Mg?* expressed in A.

% The metal-ligand interaction is observed with the second best bound conformation of BDKA in the active site A and B.

(c)

N120 120

Es9z

Figure 5. The predicted bound conformation of the S-1360 inside the (a) active site A, (b) active site B, and (c) active site C. The ribbon model shows
the backbone of the active site region. All the prominent amino acid residues are rendered as stick models while the S-1360 is shown as a violet ball

and stick model. The Mg>* ions are shown in magenta.

sites A, B, and C are shown in Figure 5a—c. In the active
site B the highly favorable bound conformation of S-
1360 is found 62 times. S-1360 occupies a wide area in
cavity ST and establishes favorable van der Waals inter-
actions with various amino acid residues. The triazole
and the diketoacid moiety of S-1360 occupy a deep cav-
ity surrounded by residues 1151, N155, V75, and the
Q62. The triazole and the diketoacid and the furan
groups involve favorable van der Waals as well as favo-
rable electrostatic interactions with residues D64, 1151,
E152, and N155. The H-bonding interactions are ob-
served between the enol hydroxyl, triazole of S-1360,
and amino acid residues D64, V75, and N155 (Table
2). The furan ring and the 4-flouro-phenyl ring of S-
1360 occupy a space near to residues I151, Q148,
P142, 1141, F139, D116, T115, and H114. The highly
favorable binding conformation of S-1360 inside the ac-
tive site C is found 172 times. The large part of the mole-
cule occupies an area in cavity 3P while the 4-flouro-
phenyl ring is placed in a space near to E152 in cavity
ST. Two H-bonding interactions are observed between
the carbonyl oxygen atom of the diketoacid moiety,
triazole NH of S-1360, and the NH of residue H67
(C=0---H-N H67) and the side chain carbonyl oxygen
of N120, respectively (Table 2).

We also compared the best binding orientations
achieved by S-1360 in the active sites from the three dif-
ferent crystal structures of IN. In the active site A, S-
1360 achieves a planar conformation and explores favo-
rable interactions with various amino acid residues
throughout the active site. In this bound orientation,
S-1360 forms H-bonding interactions with residues
K159 and N120 and two oxygen atoms (oxygen atom
in the furan ring and keto group) form coordinate bonds
with Mg®* ion. However, it does not interact with amino
acid residue E152 and energetically it appears to be a
stable binding conformation (found 102 times) in this
active site. The best binding site conformation of S-
1360 inside the active site C is also very stable and it is
found 172 times. Even though the predicted bound con-
formation of S-1360 in the active site A and C appears
to be energetically stable, this bound conformation is
not in line with experimentally observed results. S-
1360 selectively inhibits strand transfer reaction of the
IN but in its best bound conformation inside the active
site A and C, S-1360 did not form noticeable interac-
tions in cavity ST; on the other hand it formed very
strong interactions with various amino acid residues
and Mg** ion in cavity 3P where 3/-processing reaction
of the IN is believed to be carried out.
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A unique binding conformation for S-1360 in the active
site B is predicted by GoLD. The entire S-1360 molecule
fits in the cavity ST of the active site B. A part of the
molecule, the triazole ring and the diketoacid moiety
occupies a space deep inside of cavity ST, near to resi-
dues Q64, V75, N155, 1151, and E152. The remaining
part of the molecule, the furan ring and the 4-flouro-
phenyl ring occupy the wide area near to residues
Q148, P142, P139, 1141, T115, and H114. Furthermore,
in this bound orientation, S-1360 does not interact with
the catalytic triad and the Mg>* ion. As S-1360 was un-
der clinical studies, it is worth to compare the docking
results with the observed experimental results. S-1360
resistant mutants are isolated in vitro and the amino
acid substitutions responsible for the drug resistance
are identified. The three major resistant mutants are
Q148K, I151L, and N155S.4° All the three amino acid
residues Q148, 1151, and N155 are right in the active
site, which is considered for the docking studies. It is
interesting to note that in the highly favorable binding
orientation in active site B, S-1360 occupies cavity ST
of the active site and forms favorable van der Waals
interactions with Q148, 1151 amino acid residues, and
an H-bonding interaction with N155, which are substi-
tuted by K, L, and S, respectively in S-1360 resistant
mutants. The highly favorable active site binding orienta-
tion of the S-1360 inside the active site B has therefore
biological relevance. Hence, it appears that the conforma-
tion of the active site B (PDB 1BIS) is the biologically
active conformation of the active site of IN, wherein
the flexible loop adopts an extended conformation.

3.2. The bound conformation of BDKA and its interac-
tions with IN active site in three different crystal structures

Catalyst produced 227 unique conformations and all
these conformers were docked into the above-mentioned
active sites. The highly favorable bound conformation of
BDKA is found 22 times in active site A and 60 times in
active site B and 70 times in active site C out of the 200
bound conformations that are considered for analysis in-

side each active site (Table 1). The best bound orienta-
tions of BDKA inside the active sites A, B, and C are
shown in Figure 6a—c. Of the 200 GoLD generated bound
orientations, the best bound conformation of BDKA in-
side the active site A is found only 22 times, hence all the
remaining bound conformations are analyzed to identify
the other plausible binding orientations. The second best
bound conformation of BDKA in active site A (the
bound conformation which has second best fitness score)
is shown as a green stick model in Figure 6a, found 39
times. In the first best bound conformation, BDKA
occupies an area in 3P cavity of active site A and the
two B-diketoacid wings of BDKA (denoted by letters
a—d and a’~d’ in Fig. 1) interact with Mg*>* ion. The
BDKA adopts a high-energy bent conformation inside
active site A due to strong metal ligand interactions
and which makes this bound conformation less abun-
dant. In the second best bound orientation, one of the
two B-diketoacid wings occupies ST cavity and the other
wing occupies an area in 3P cavity near the Mg>* ion. In
active site B and C, BDKA adopts similar bound confor-
mations wherein one of the two B-diketoacid wings occu-
pies ST cavity while the other B-diketoacid wing occupies
a place close to Mg”" in 3P cavity. In ST cavity of active
site B and C, one of the two B-diketoacid wings occupies
an area surrounded by amino acid residues H67, K159,
K156, N155, E152, and forms strong H-bonding interac-
tions with E152, N155, and K159 (Table 2). While, the
second diketoacid wing adopts slightly different confor-
mation within the cavity 3P of active site B and C, and
forms interactions with Mg?* ion (Table 3). The oxygen
atoms of the B-diketoacid wing form H-bonding interac-
tions with residue N120 in active site B, and residues
N120, S119 in active site C.

Even though certain differences are noticed in the con-
formations of one of the B-diketoacid wings of bound
BDKA in cavity 3P, the overall binding conformation
and binding location of BDKA inside active sites B
and C are very similar, while BDKA adopted entirely
different bound conformation in active site A. The

Figure 6. The predicted bound conformation of the BDKA inside the (a) active site A, (b) active site B, and (c) active site C. The ribbon model shows
the backbone of the active site region. All the prominent amino acid residues are rendered as stick models while the BDKA is shown as a violet ball
and stick model. The Mg>" ions are shown in magenta. The second best bound conformation of the BDKA inside the active site A (a) and the active

site B (b) is shown as a green stick model.
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second best bound conformation of BDKA inside active
site A is to a large extent similar to the best binding con-
formations in active site B and C. In the best bound con-
formation, BDKA could possess strong interactions
with all the catalytically important amino acid residues
and with Mg**. The predicted bound conformation of
BDKA demonstrates its interactions with both cavity
ST and cavity 3P and supports the experimentally
observed inhibitory activities. BDKA inhibits the 3'-
processing and strand transfer reactions of IN with a
similar range of ICs, values.?®#! This could be possible
because of its ability to establish strong interactions with
all the prominent amino acid residues on the IN active
site such as D64, D116, E152, K156, K159, and Mg**
which are believed to be participating in both 3’-process-
ing and strand transfer activities of IN. Thus, docking
results strongly support that the BDKA inhibits both
3’-processing and strand transfer reactions of IN by
blocking catalytically vital regions of IN active site.
Hence, it is feasible that an inhibitor which could inter-
act or establish strong interactions with both cavities 3P
and ST would inhibit both catalytic reactions of IN.

3.3. The bound conformation of SCITEP and its interac-
tions with IN active site in three different crystal structures

Catalyst generated 21 unique conformations for 5CI-
TEP. The predicted bound conformations of SCITEP
in the active sites A and C are different from the ob-
served bound conformation of SCITEP in the IN-
SCITEP complex crystal structure (PDB 1QS4). How-
ever, the second best bound conformation of SCITEP
in the active site B to some extent shares the binding
location with bound location of SCITEP in the IN-5CI-
TEP complex crystal structure.

The highly favorable bound conformation of SCITEP in
the active site A is found 99 times out of the 200 predicted
bound conformations (Table 1). The active site bound
conformation of SCITEP is shown in Figure 7a along
with the orientation of SCITEP in IN-SCITEP complex
crystal structure. The orientation of SCITEP in the crys-
tal structure is represented by the green stick model while

the violet ball and stick model represents the predicted
bound orientation of SCITEP in the active site A. In
the active site A, the coLD placed SCITEP in both parts
of IN active site so that the 5-chloro-indole moiety is
placed in cavity ST and the B-diketoacid group and the
tetrazole ring are positioned in cavity 3P. This bound ori-
entation is almost perpendicular to the orientation of
SCITEP in the IN-5CITEP complex structure.

The highly favorable bound conformation of SCITEP in
the active site B is found 45 times and the second best
bound conformation is observed 31 times and both these
bound conformations are shown in Figure 7b. It is inter-
esting to note that of the 600 bound orientations of 5CI-
TEP that are generated by GoLD inside the active site of
three different IN structures (200 conformations in each
active site), none of them exactly resemble the orienta-
tion of SCITEP in crystal structure. However, in the ac-
tive site B, the second best bound location of SCITEP is
close to that of the SCITEP in crystal structure but the
relative orientation of various groups is different. The 5-
chloro-indole moiety is placed near to residues K156,
N155, E152, and 1151 while the tetrazole and diketoacid
groups are positioned in the proximity to residues 1141,
D116, T115, and H114 (green stick model in Fig. 7b). In
this bound conformation no interactions are observed
between the catalytic triad of IN and S5CITEP. Addi-
tionally, this binding location of SCITEP in the active
site B is close to that of S-1360 in the active site B. This
similarity in the binding mode of S-1360 and SCITEP in-
side active site B indicates that these molecules should
proceed with similar mechanism of action. The highly
favorable binding conformation of SCITEP in the active
site C is found 55 times and is to certain extent similar to
the highly favorable bound orientation of SCITEP in the
active site B (Fig. 7¢).

3.4. The differences in the predicted and X-ray structure
conformation of SCITEP

Of the 600 predicted bound conformations of SCITEP
none exactly resembles the bound conformation in
X-ray structure of IN-5CITEP complex. The predicted

(c)

Figure 7. The predicted bound conformation of the SCITEP inside the (a) active site A, (b) active site B, and (c) active site C. The ribbon model
shows the backbone of the active site region. All the prominent amino acid residues are rendered as stick models while the SCITEP is shown as a
violet ball and stick model. The Mg>* ions are shown in magenta. The green stick model in (a) shows the crystallographically determined bound
orientation of SCITEP (PDB 1QS4). The second best bound conformation of the SCITEP inside the active site B (b) is shown as a green stick model.
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bound conformations of SCITEP in the active site A and
C are very different from crystal structure conformation
while the second best bound location of SCITEP in active
site B is close to that of the crystal structure. The orien-
tation of SCITEP in the IN-5CITEP complex crystal
structure is ambiguous.!®2° It is widely believed that
the crystal packing effects influenced the position and
orientation of 5CITEP in X-ray structure,!820.34:45.46
The molecular dynamics studies on the SCITEP-IN
complex and docking studies on IN core domain found
different bound orientations for the SCITEP inside the
IN active site.?%-2*3134 Similar bound conformation to
the second best bound conformation of SCITEP in active
site B is found in a recent independent docking study
wherein SCITEP was docked onto snapshots of IN active
site region that were collected from a molecular dyna-
mics simulation.** This indicates that the availability of
multiple conformations of the active site region allows
SCITEP to adopt a bound conformation free from crys-
tal packing effects. The flexible loop in the active site A
(a part of the loop is missing) and C adopted a closed
conformation while in the active site B it adopted an
extended (open) conformation. The cavity ST is more
spacious in the active site B due to the open conforma-
tion of the flexible loop. The second best bound conform-
ation of SCITEP in the active site B is achieved due to the
availability of an additional area in cavity ST on the
other hand such bound conformations are not observed
in active site A and C wherein the flexible loop adopted a
closed conformation and which reduced the size of cavity
ST. Therefore, the geometric and spatial constraints that
exist in the respective active site regions in the three dif-
ferent crystal structures of IN forced SCITEP to adopt
energetically favorable bound conformations.

4. Conclusions

The multi-active site approach allows an understanding
of how certain existing differences in enzyme active site
influence the predicted binding site orientations of a lig-
and. Due to the fact that binding location of BDKA is
not strongly influenced by the conformational flexibility
of the flexible loop; it adopted fairly similar bound con-
formation in the active sites A, B, and C and established
strong interactions with catalytically important residues
in cavities ST and 3P. The predicted bound conforma-
tion strongly supports its in vitro activities in a sense
that the BDKA inhibited both 3’-processing and strand
transfer activities of IN within a similar range of po-
tency. Therefore, the inhibitor that could form strong
interactions with amino acid residues in both cavities
ST and 3P of the IN active site would inhibit both 3’-
processing and strand transfer reactions of IN. Interest-
ingly, none of the coLD predicted bound conformations
of SCITEP precisely resemble that of bound conforma-
tion in the reported crystal structure of the IN-5CITEP
complex. The bound location of the SCITEP in active
site B (second best bound conformation) is close to the
bound location of SCITEP in the crystal structure. S-
1360 adopted similar bound conformations in the active
site A and C but it adopted quite different bound orient-
ation in active site B. The bound orientation of the S-

1360 in the active site B and the experimental results
on drug resistant mutation studies indicate that the con-
formation of the active site B is biologically relevant ac-
tive site conformation of IN in which the flexible loop
adopted an extended conformation. The predicted
bound orientations of BDKA, S-1360, and 5CITEP in-
side the active site B clearly distinguish their inhibitory
potency and selectivity toward the IN catalytic reac-
tions. Studies are underway to use active site B for high
throughput docking using the multi-conformer data-
bases to identify potent IN inhibitors.

5. Modeling procedures
5.1. Molecular structure and conformation of molecules

The structures of the two molecules (Fig. 1) were built
and thoroughly minimized using the Build and Discover
modules of the Insight IT (Accelrys, Inc.)*” running on a
24-processors Silicon Graphics Onyx instrument. For the
5CITEP, coordinates were directly taken from the X-ray
structure of the IN-SCITEP complex (PDB 1QS4)."3
The well-minimized molecular structures were exported
to Catalyst (Accelrys, Inc.) to generate a set of unique
conformations that can explore the accessible conforma-
tional flexibility of a molecule. The poling algorithm
implemented within Catalyst was used to generate con-
formations.*® The poling algorithm promotes high con-
formational variation and assures broad coverage of
low energy conformational space.**° For each molecule
all feasible unique conformations were generated over a
20kcal/mol range of energies using the best flexible con-
formation generation method in Catalyst. This multi-
conformer approach is adapted to provide a variety of
starting molecular conformations for docking program.

5.2. Protein structures

Active sites from three different core domain X-ray
structures of the IN are considered for docking purpose.
The active sites of subunit A of the IN-5CITEP cocrys-
tallized complex (PDB 1QS4), subunit B of the core do-
main X-ray structure in which all the active site amino
acid residues are resolved (PDB 1BIS) and subunit C
of the core domain in PDB 1BL3 were chosen for dock-
ing studies. The active site of the subunit A in PDB
1QS4 is complexed with a ligand while the active sites
in subunit B of PDB 1BIS and subunit C of PDB
1BL3 are substrate free. A Mg”" ion is placed in the ac-
tive site B, between carbonyl oxygen atoms of amino
acid residues D64 and D116 considering the geometry
of the Mg?* ion that is present in the active site A and
C. All the water molecules present in proteins were re-
moved and hydrogen atoms were added to the three pro-
teins considering appropriate ionization states for both
the acidic and basic amino acid residues at pH 7.0.

5.3. Docking
Docking was performed using version 1.2 of the GoLD

(Genetic Optimization for Ligand Docking) software
package running on an SGI Onyx instrument. GOLD is
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an automated docking program that uses genetic algo-
rithm to explore the ligand conformational flexibility
with partial flexibility of the active site.’® The algorithm
was tested on a dataset of over 300 complexes extracted
from the Brookhaven Protein Data Bank.’! GoLD suc-
ceeded in more than 70% cases in reproducing the exper-
imental bound conformation of the ligand. GoLD
requires a user defined binding site. A 20 A radius active
site was defined considering the carboxyl carbonyl oxy-
gen atom of residue D64 as the center of the active site.
It searches for a cavity within the defined area and con-
siders all the solvent accessible atoms in the defined area
as active site atoms. All conformers of the three mole-
cules were docked into the active sites A, B, and C.
For each conformer 20 bound conformations were gen-
erated in each active site. Based on the GoLD fitness
score 10 conformers with high fitness score were selected
for analysis. All the bound conformations (200) from
the 10 conformers were analyzed. The bound conforma-
tion with highest GoLD fitness score was identified and
the number of times it occurred was reported for the
three molecules in the active sites A, B, and C. All dock-
ing runs were carried out using standard default settings
with a population size of 100, a maximum number of
100,000 operations, a mutation, and crossover rate of
95. At the end of each run, GoLD reports all the pre-
dicted bound conformations in an order of their rank
based on the fitness score. The fitness function that is
implemented in GoLD consists basically of H-bonding,
complex energy, and ligand internal energy terms.
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