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This study details the separate analyses of binding specificity of HIV-1 integrase (IN) and
viral B-DNA forms through ligand—receptor docking studies by means of a fast molecular
docking method. The application of solvated electrostatics with the University of Houston
Brownian Dynamics Program (UHBD) and configurational sampling by the Daughter of Turnip
(DOT) docking program resulted in the computation of energies of more than 113 billion
configurations for each ligand—receptor docking study, a procedure considered computationally
intractable a few years ago. A specific binding pattern of viral DNA to the IN catalytic domain
region has been predicted as a result of these calculations. In a representative docked
configuration, we observe the 3'-hydroxyl of the conserved deoxyadenosine to be close to one of
the two divalent metal ions that are necessary for catalysis. A superimposition of our energy-
minimized docked complex on representative structures from a molecular dynamics (MD)
simulation of a crystallographically resolved IN/inhibitor complex revealed an overlap of viral
DNA with the inhibitor, indicating that the bound inhibitor might operate by blocking substrate
binding. The DOT docking calculation also identified a second, adjacent DNA-binding site,
which we believe is the nonspecific host DNA binding site. The binding pattern predicted by
DOT complements previous electrostatics, MD simulation, photo-cross-linking, and mutagenesis
studies and also provides a further refinement of the IN/viral DNA binding interaction as a
basis for new structure-based design efforts.

Introduction

The human immunodeficiency virus type 1 (HIV-1)
encodes three enzymes as part of the POL gene, namely,
the reverse transcriptase, protease, and integrase. HIV
integrase is the retroviral protein responsible for the
insertion of a double-stranded DNA copy into host
chromosome, thereby recruiting host cell machinery for
the synthesis of viral proteins. It represents the third
main enzyme target for inhibitor design. Inhibitors of
HIV reverse transcriptase and protease have been
developed, but the emergence of mutant HIV strains has
caused these drugs to become ineffective. Therefore,
there is an increasing need for the development of new
antiviral agents directed against the DNA integration
step in the HIV replication cycle.

HIV-1 integrase (IN) is composed of a single polypep-
tide chain that folds into three functional domains! and
belongs to the polynucleotidyl transferase superfamily.
The active site is located in the catalytic domain, which
binds two Mg?" ions that are required for catalysis.1?
The active site consists of two Asp residues and one Glu
in the conserved D,D(35)E motif, each of which is
required for catalysis.2™* Attempts to elucidate the
complete three-dimensional structural characteristics of
the IN active site by X-ray crystallography have resulted
in structures with relatively high B factors in the active
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site region, which contains residues 141—148. Thus, an
average structure resulting from a 500 ps molecular
dynamics (MD) simulation of the catalytic domain
containing two Mg?" ions and a dianionic phosphate
group (HPO427) has been used in this study.5® This
structure was used because of the probability that it
represents a better model for docking than a structure
modeled in the absence of a HPO.2~ substrate.

IN carries out at least two reactions: 3'-processing
and strand transfer.”—° In the 3'-processing reaction, IN
hydrolyzes a dinucleotide from both 3'-ends of viral DNA
adjacent to the highly conserved CA dinucleotide in the
long terminal repeat region.1%11 The newly exposed 3'-
hydroxyl groups then undergo a concerted transesteri-
fication strand transfer reaction across a 5-base pair
stretch in the host DNA such that the viral DNA is now
inserted into the host chromosome flanked on each side
by the same 5-base pairs.1%11 The catalytic domain of
the IN can also carry out another reaction known as
disintegration.!? In this reaction, IN catalyzes a strand
cleavage on a Y-shaped substrate. This reaction gener-
ates two DNA fragments and represents a reverse
strand transfer.

The lack of detailed structural information about IN/
substrate interactions, apart from photo-cross-linking
results, has so far hindered the search for strong and
selective IN inhibitors. Instead, drug design efforts have
become dependent on pharmacophore hypotheses based
on structures of known inhibitors.13-1> The first recep-
tor-based pharmacophore model was presented recently
and was developed with a view to taking into account
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Figure 1. (A) Intact (right) and 3'-processed viral DNA (left) substrates used in the docking simulations. (B) IN structure obtained
from a 500 ps MD simulation of 1BIS featuring two Mg?* ions and a HPO4?~ ligand. (C) Results from rough docking simulation
(12° x 12° rotational screen) featuring 3'-processed viral DNA clustering over the IN active site. (D) Refined docking simulation
(6° x 6° rotational screen) showing 3'-processed viral DNA in close interaction with K156 and K159.

the effects of conformational flexibility of the active
site.1617 These models have so far been successful in the
discovery of new IN lead inhibitors through database
searches, but uncertainties still remain concerning
details of enzyme/ligand interactions and effects of the
molecular framework that are not taken into account
by the pharmacophore models. Hence, the main purpose
of this study was to obtain docked complexes of IN and
viral B-DNA forms that were consistent with previous
computational and experimental data.®18-20 The eluci-
dation of the structure of such a complex would be
essential to the structure-based study of IN and specif-
ically to the search for stronger and more selective
inhibitors.

In the absence of detailed experimental data, com-
putational docking methods have become a vital tool for
probing the interactions of enzymes with inhibitors and
substrates mainly because of recent improvements in
search algorithms and energy functions.?1=25 The dock-
ing program DOT?! provides a complete search of all
orientations between two rigid molecules by systematic
rotation and translation of one molecule about another.
In this study, DOT was used to perform a search of the
ligand (DNA) translated in 54 000 different orientations
about the receptor (IN), which was enclosed in an
implicitly solvated 128 x 128 x 128 point grid. The
application of implicitly solvated electrostatics computed
by UHBD?¢ and sampled by DOT resulted in the
computation of energies of more than 113 billion con-
figurations for each ligand—receptor docking study.
Since DOT performs a complete search, long-range as

well as short-range interactions can be examined.23
Herein, we describe the application of DOT to the
prediction of a specific binding pattern of viral DNA to
the IN catalytic domain region. Our calculated complex
exhibits the coordination of the newly exposed 3'-
hydroxyl to one of the magnesium ions in the IN
catalytic domain. Analyses of solvated minimizations
carried out on the representative resultant docked
configuration identified viral DNA interactions with
D64, D116, E152, K156, and K159, all of which are
residues experimentally determined be in close contact
with DNA and critical for IN function.18-20

Computational Methodology

Coordinate Preparation. It is known that sequences at
the viral DNA ends are intimately involved in integration
because they serve as biochemical substrates for the integrase
enzyme and as attachment (att) sites for the integrated
provirus.?” Hence, in this study we used two DNA forms
(Figure 1A) that were based on a specific viral DNA nucleotide
sequence known to be critical for IN/DNA binding.?® The first
was the unprocessed DNA form, representing the preprocessed
substrate with no cleavage at the viral ends. The unprocessed
viral DNA molecule was eight base pairs with the nucleotide
sequence 5'-CTAGCAGT-3'. The second DNA type was the 3'-
processed DNA molecule, a representation of the product of
the IN processing reaction, featuring a 5'-CA overhang result-
ing from the cleavage of the 3'-GT dinucleotide adjacent to the
conserved 3'-CA.28 This 3'-processed DNA form consisted of
14 nucleotides, with the cleaved strand being 5'-CTAGCA-3'
and the second strand being 5'-ACTGCTAG-3'. These B-form
viral DNA molecules were modeled using the biopolymer
module of the Insightl12® molecular modeling software pack-
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age. The total charges on the 3'-processed and unprocessed
viral DNA were —12 and —14, respectively. Hydrogen atoms
were added by means of the PROTONATE utility using
AMBER? force field parameters.

The IN structure used in this study was obtained from a
500 ps MD simulation that included two Mg?* ions and one
HPO,?>™56 and started from the crystallographic structure
1BIS3! (Figure 1B). Polar hydrogen atoms for IN were also
added by PROTONATE using the AMBER force field. The total
charge on the IN coordinates was +4, with each magnesium
atom assigned a charge of +2. The HPO,?>~ was removed before
the docking simulation.

Molecular Descriptions Used in the DOT Calculation.
For the DOT calculation, viral DNA with a diameter of 20 A
and a length of ~30 A was assigned as the moving molecule
while IN with a diameter of 54 A was assigned as the
stationary molecule.3? Each molecule was held internally rigid
throughout the docking studies. These assignments provided
an advantage because they allowed the use of finer spacing
for the grid because the minimum dimension of the grid must
be 2M + S, where M and S represent the diameters of the
moving and stationary molecules, respectively.??

Electrostatic and shape potentials for the stationary mol-
ecule (IN) and atomic charges for the moving molecule (DNA)
are required for the DOT energy calculations. IN was centered
on a cubic grid of 128 A per side with a spacing between grid
points of 1 A. The electrostatic potential of IN was calculated
on this grid with the UHBD program at a temperature of 300
K, an ionic strength of 150 mM, a solvent dielectric of 80, and
a dielectric of 3 for the protein interior. The shape of the
stationary molecule was an approximate van der Waals
potential, defined by an excluded volume consisting of all grid
points inside the van der Waals volume and a surrounding 3
A favorable layer.2! Each moving molecule atom lying within
the favorable layer contributed —0.1 kcal/mol to the total
energy. When the van der Waals term was not included in
the energy calculation, the shape of the stationary molecule
was defined solely by its excluded volume. The shape of the
moving molecule (DNA) was defined by its atomic positions.
The DNA charge distribution was represented by partial
charges at its atomic positions, with assigned charges taken
from the AMBER library.

Since the moving molecule is represented by its atomic
centers only, some atoms of the moving molecule can approach
within 1.4 A (molecular surface radius) of the stationary
molecule centers.?22% This allows for some induced fit but can
create problems with calculation of the electrostatic term.
Moving molecule atoms that lie between the molecular and
solvent-accessible surfaces of the stationary molecule can
result in unrealistically large contributions to the electrostatic
energy. To alleviate this problem, we imposed limits on the
magnitude of the electrostatic potential of the stationary
molecule. The values of the electrostatic potential grid for IN
were limited to the extreme positive and negative potentials
found on the IN solvent-accessible surface. This surface
represents the closest approach of the center of a water
molecule (~2.9 A between atom centers). Limits were set to
an upper value of +6 (kcal/mol)/e and a lower value of —6.0
(kcal/mol)/e. Initially limits of +20 (kcal/mol)/e were used, but
this resulted in a much larger number of favorable energy false
positives.

DOT: Systematic Search and Calculation of Intermo-
lecular Energies. The DOT program centers each rotational
orientation of the moving molecule at each position on the grid
that surrounds the stationary molecule. For each configuration
of the two molecules, the intermolecular energy was calculated
as either a sum of electrostatic and van der Waals terms or
the electrostatic energy alone. The calculation is independent
of the number of atoms in each molecule but rather depends
on the number of grid points and the number of rotational
orientations of the moving molecule. The mathematics of the
DOT calculation requires periodic boundary conditions, so the
grid is repeated in all directions. Therefore, it is imperative
that the grid be large enough that the stationary molecule
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potentials are close to zero at the grid boundary.? A cubic grid
of 128 points on a side with a 1 A spacing between points was
sufficiently large and of reasonable fineness for the transla-
tional search. For the translational search, the moving mol-
ecule was centered at each grid point (1282 or about 2.1 million
positions). A set of 54 000 rotational orientations provided a
resolution of 6° for the rotational search. Together, the
rotational and translational search resulted in over 113 billion
configurations (128 x 128 x 128 x 54 000 = 113 billion) for
the two molecules. The calculations were performed on three
nodes of a Beowulf cluster or on a farm of Sun workstations.
Energy Computation by Correlation Functions. The
DOT program computes energies by the placement of the
moving molecule in a potential field generated by the fixed
molecule. The total energy of each configuration is described
as a correlation function.?! Given a potential field S(r) and a
probe function M(r) as descriptions of the stationary and
moving molecules, respectively, the energy is given by?*

E = [M(r)S(r) dr

In the case where the moving molecule is rotated by an angle
¥ and displaced from the origin by a vector ro, the energy of
the system is given by?!

Ey(ro) = [ M,(r—ro) S(r) dr

For the electrostatic energy term, S(r) is the electrostatic
potential field of IN and M(r) is the set of partial charges for
viral DNA. For the van der Waals term, S(r) is a mask function
that represents the volume of space occupied by the fixed
molecule.?

Correlations can be calculated by means of the convolution
theorem. The electrostatic and nonbonded energy functions are
described on a grid of N points (128%). Evaluating the correla-
tion directly requires N x N multiplications, in this case 128°.
Evaluating the correlation using fast Fourier transforms costs
three fast Fourier transforms, each proportional to N log N,
and N multiplications, so the computational cost is propor-
tional to N(3 log N + 1).2* Multiple correlation functions are
required, but only the moving molecule function changes.
Therefore, the fast Fourier transforms for the stationary
molecule need to be calculated only once, resulting in a cost
proportional to N(2 log N + 1).%2

Solvated Energy Minimizations. The DOT program uses
rigid molecules for its complete translational and rotational
search, providing initial complexes for methods that allow
flexibility. Here, we used energy minimizations (EM) to provide
some flexibility to the docked complex. The system, which
comprises the 3'-processed viral DNA/IN complex, was im-
mersed in a 60 A x 60 A x 56 A water box. The system had
19 721 total atoms, including 5635 water molecules. A 12 A
cutoff and CVFF force field parameters were used in the EM
calculations. Initially 500 steps of EM using the steepest
descent algorithm was applied followed by another 5000 steps
using the conjugate gradient algorithm. All EM calculations
were performed on an SGI Octane workstation by means of
the DISCOVER® program.

Results

Our goal in these docking studies was to identify the
binding site for viral DNA on the IN catalytic domain.
This domain, however, binds both target host DNA and
viral DNA. Even though we used a DNA fragment with
a viral DNA sequence known to be critical for IN
binding, this fragment was likely to have favorable
interactions with the nonspecific target DNA binding
site as well as with the viral DNA binding site.
Furthermore, the binding sites may not be complete. For
example, the viral DNA has substantial interactions
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with the IN C-terminal domain,3* which was not in-
cluded in these docking studies.

To take these issues into account, we ranked configu-
rations found by the DOT docking program in two
different ways. The interaction energy calculated by
DOT is a sum of electrostatic and van der Waals terms.
The electrostatic term must be included to represent the
essential interactions between the negatively charged
DNA and the complementary, positively charged regions
of the protein. The van der Waals term used by DOT is
simply a count of DNA atoms within 3 A of the IN
surface in each configuration. This term will emphasize
the DNA-binding site with the greater contact area on
the IN catalytic domain. Two calculations were carried
out: the first in which configurations were ranked solely
by the electrostatic interaction energy; the second in
which configurations were ranked by the sum of both
energy terms. The first method should show well-ranked
solutions for both DNA-binding sites, whereas the
second focuses on the site with the greatest surface area.

Evaluation by Electrostatic Energy: IN/Viral
DNA Complexes. A preliminary test run using a coarse
rotational sampling for the DNA (a resolution of about
12°) was performed on IN with DOT. The top 30
configurations from the 3'-processed DNA molecule had
intermolecular energies calculated by DOT ranging from
—17.4 to —15.2 kcal/mol. Of these 30 solutions, the top
10 lay over the HIV-1 IN active site, with 8 of 10 having
the CA 5’ overhang generally oriented toward the Mg?*
ions in the active site (Figure 1C).

These results prompted a finer rotational search with
a set of 54 000 orientations, which provided a 6°
resolution. Results from this docking simulation re-
vealed the 30 best 3'-processed viral DNA configurations
clustered over the active site of IN. The top 30 configu-
rations ranged from —19.0 to —17.6 kcal/mol, highlight-
ing the advantage of the finer rotational sampling.
Within the top 10 configurations there is a single tight
cluster featuring eight solutions in contact with K159
and K156 (Figure 1D). The results from the IN/intact
DNA docking simulation had the top 30 solutions within
an energy range of —20.6 to —17.8 kcal/mol. Clustering
over the active site residues was also observed in this
case.

The top 30 solutions from the docking study using the
3'-processed viral DNA showed two general types of
binding over the IN active site. In one, the DNA lies
along the protein surface with contacts to K156 and
K159. This is represented by a tight cluster of 8 of the
top 10 solutions (Figure 1D), with other solutions in the
top 30 showing similar alignments. There is also a
second type of binding in which one end of the DNA lies
against the active site. The best ranked configuration
in this category was ranked 11th by electrostatic energy.

This configuration exhibits good agreement with
experimental data®8-20 for bound viral DNA and shows
extensive potential contacts of the conserved nucleotides
with active site residues (parts A and C of Figure 2). In
this configuration, the 3'-hydroxyl of the conserved
deoxyadenosine is within hydrogen-bonding distance to
D64 and within bonding distance to the Mg?" coordi-
nated by D64. This configuration also has hydrogen
bonds between the 3'-oxygen of the conserved cytosine
and NZ of K159, between the O3' of the guanine and
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T66, and between O5' of the conserved cytosine and
H67. All of these residues have been hypothesized or
shown to be crucial for IN/viral DNA and IN/inhibitor
binding (Figure 2).18-20.3537 Hydrogen bonds were also
observed between 3'-processed viral DNA and IN resi-
dues E69, E92, and G70. The 3'-processed viral DNA
also contacts IN residues C65, D64, D116, and N155.
Similar interactions were observed within the unproc-
essed viral DNA/IN complex.

A solvated minimization was carried out on this
complex of the 3'-processed viral DNA with IN. Mini-
mization caused only slight movement of viral DNA and
IN side chains. Superimposition of the docked and
minimized complexes resulted in an RMSD of 1.0 A for
IN and 0.9 A for viral DNA. Analyses of the optimized
structure identified hydrogen bonds between the O3' of
the conserved deoxyadenosine and E152 and between
the 5'-deoxyadenosine overhang and D116 (parts B and
D of Figure 2). Hydrogen bonds were also present
between the O1P of the conserved cytosine and E69 and
between O2P of the conserved deoxyadenosine and T66.

Superimposition of Docked Complex with Rel-
evant MD Structures. To further ascertain the valid-
ity of our docking results, we superimposed an ener-
getically favored 3'-processed viral DNA/IN docked
complex on a 2 ns MD simulation of IN and the inhibitor
1-(5-chloroindol-3-yl)-3-(tetrazolyl)-1,3-propadione enol
(5CITEP).36 Superimposition was carried out on snap-
shots of the IN/5CITEP system at 500, 1000, 1500, and
2000 ps of the MD simulation.3¢ Results revealed a viral
DNA overlap with 5CITEP (parts E and F of Figure 2),
indicating that the inhibitor may act by physically
blocking the binding of the substrate DNA molecule(s).
The 5CITEP tetrazole ring was seen to overlap with the
conserved deoxyadenosine.

Superimposition of the 3'-processed viral DNA was
also carried out on an average structure resulting from
a 500 ps MD simulation of IN featuring two Mg2" ions
and a dianionic phosphate group (HPO427).12 This was
done to serve as a means of comparing the docked
position of 3'-processed viral DNA and HPO42~, which
had been removed for the docking simulation. The
HPO42~, which was modeled in such a way as to mimic
a portion of the DNA backbone of a substrate,® was
aligned in such a way with the docked viral DNA
backbone to reflect the position occupied by the phos-
phate of 3'-guanine of viral DNA prior to the 3'-
processing reaction.

Evaluation by Total Energy: IN/Target DNA
Complex. The DOT search was repeated with configu-
rations being ranked by total energy. The 30 best 3'-
processed DNA solutions were centered over residue
K156. Most were tightly clustered, as represented by 9
of the top 10 solutions (Figure 3). In this configuration,
the DNA major groove lies over the helix with K156,
and the phosphate backbone contacted K186 and K188,
which are on a loop more distant from the binding site.
Although the phosphate backbones of most of these top-
ranked solutions were closely aligned, they varied by
translation along the DNA axis. These solutions are
similar to the cluster results from the runs ranked by
electrostatic energy alone (Figure 1D) but are translated
more toward the loop containing K186 and K188. This
positioning allows greater contact with the IN surface,
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Figure 2. (A) Docked IN/viral DNA complex featuring the IN active site residues K156 and K159. The recessed 3'-hydroxyl of
the 3'-processed viral DNA is positioned near the Mg?* ion coordinated by D64. (B) Energy-minimized model of docked IN/viral
DNA complex. (C) Detailed representation of docked viral DNA in relation to the IN active site residues. Viral DNA is seen to be
positioned such that the 3'-hydroxyl of the conserved deoxyadenosine is located near the active site residues. (D) Energy-minimized
docked viral DNA in relation to the active site residues of IN. (E) Detailed view of the docked viral DNA superimposed on a 2 ns
MD simulation of the IN/SCITEP complex. The inhibitor is shown to overlap with the conserved deoxyadenosine. (F) View of
5CITEP overlapping with the energy-minimized, docked processed viral DNA.

which was encouraged by addition of the van der Waals
term. The van der Waals term contributed about —13
kcal/mol to the total energy for 30 top-ranked configura-
tions. Lower ranked solutions with less favorable van
der Waals energy were translated more over the active
site, like those in Figure 1D.

Discussion

Available structures of the IN active site region
consist of a flexible loop comprising important residues
such as E152 and Y143, the last of which has been
shown to play a secondary role in catalysis.#3738 This
loop region has been difficult to characterize, however,
because of relatively high experimental X-ray B factors

for most residues in this region.!3 IN has been observed
to be receptive to very diverse ligands,®® which might
be due to the absence of any clefts on the IN surface.
Instead, the active site is a comparatively large and
shallow substrate binding region on the surface of the
enzyme.3 The docking studies presented herein aim to
help shed more light on IN/substrate interactions. To
achieve this, we need to assess the structures and the
computational methods upon which our studies are
based.

Molecular Structure. The IN structure we used in
this study was obtained from a prior molecular dynam-
ics simulation.>® It represents a realistic platform
because it includes both Mg?* ions required for catalysis,
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Figure 3. Model for bound target DNA. The most favorable
configurations found by DOT as ranked by the sum of
electrostatic and van der Waals energies are centered over
K156 rather than over the catalytic site metal ions. Nine of
the top 10 DNA solutions have closely aligned phosphate
backbones (shown as yellow tubes). The DNA major groove
lies over the helix containing K156, and the phosphate
backbone is between K186 and K188 (left). One of the top 10
(blue, rank 7) is also centered over K156 but in a different
orientation. View is as in Figure 1D.

whereas the crystallographic structure upon which it
was based has only one active site metal ion. Further-
more, the molecular dynamics structure provides a mod-
el for the disordered loop and includes a substrate frag-
ment (HPO427) that mimics the viral DNA backbone.
This substrate was not included as part of the IN struc-
ture in these docking studies but is useful for compari-
son with our predicted position of bound viral DNA.

Docking Method. The DOT program performs a
complete translational and rotational search between
two molecules and is highly efficient on parallel com-
puters. The computational time is not dependent on the
size of the molecules, allowing interactions between
macromolecules of any size to be examined. The poten-
tials used to describe the molecules are intentionally
approximate to account for some induced fit upon
complex formation, which is not allowed in the DOT
studies because each molecule is held internally rigid.
The DOT program was designed?! and successfully
used??23 to examine macromolecular interactions for
which electrostatic forces are important. This makes it
particularly appropriate for studies of DNA/protein
interactions.

Computational docking of DNA fragments to the IN
catalytic domain has also been performed with the
Autodock program.*® Autodock allows for some internal
flexibility; however, the computational time is depend-
ent on the size and number of flexible torsion angles in
the moving molecule. This is particularly problematic
with DNA, which has a large number of flexible tor-
sional angles for each base pair. This effectively limits
the size of DNA docking with Autodock to a dinucleotide.

Given the absence of structural data, the importance
of HIV IN as a drug target, and the complexity of the
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Figure 4. Model for the complex of the IN catalytic domain
with bound viral and target DNA. The viral DNA structure
shown in Figure 2 (orange, with conserved 3'-adenosine shown
by spheres) and the target DNA (yellow, tight cluster shown
in Figure 3 with complete structure shown for the top-ranked
solution) intersect over the catalytic site of IN.

IN structure and reaction, computational approaches
are currently the best way to provide structural models
for IN/DNA complexes. Although each type of docking
algorithm has its own strengths and weaknesses, each
can contribute to understanding IN/DNA interactions.
Furthermore, different techniques can complement each
other, providing a more complete picture.

Model for Viral and Target DNA Binding to the
IN Catalytic Domain. Information about IN/DNA
binding has so far been limited to mainly photo-cross-
linking and mutagenesis studies that have identified
residues in contact with viral DNA.18-20.34 Mutagenesis
studies show that K156 and K159 are critical for IN/
DNA binding.1® Furthermore, photo-cross-linking stud-
ies also suggest the close interaction of the conserved
adenosine with K159.1° Mutation of either residue
resulted in the loss of both 3'-processing and strand
transfer activities in vitro.’® Hence, our analysis of the
DOT searches for viral DNA focused on DNA/IN com-
plexes with possible close interactions with K156 and
K159.

Two distinct modes of DNA binding near the catalytic
site were found, providing a model for simultaneously
bound viral and target DNA to the IN catalytic domain
(Figure 4). This model is consistent with a model
proposed from structural and cross-linking studies and
with a model of the complete IN complex based on
fluorescence anisotropy.*! Our target DNA position also
agrees well with computational docking studies of
dinucleotide binding.*® The DOT result shows how the
many dinucleotide phosphate docking sites over K156,
K186, and K188 can be accommodated by intact double-
stranded DNA. The site for viral DNA binding suggested
by a recent dinucleotide docking study*® appears less
consistent with our model and other proposed mod-
els.#134 1t may be that the small dinucleotide fragment
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finds some positively charged regions on the IN surface
that cannot accommodate a continuous strand of DNA.
There was no cluster of DNA configurations in the 2000
top-ranked solutions found by DOT over residues K111
and K136, which are proposed as part of the viral DNA
site by the dinucleotide studies. On the other hand, their
predicted site could represent a portion of a DNA-
binding site that also uses other domains from the IN
multimeric complex, and therefore, this region was
ranked more poorly by DOT than the DNA-binding sites
near the catalytic site.

Comparison of Predicted Viral DNA Interac-
tions and Experimental Data. Since the viral DNA
sequence is highly conserved (unlike that for the target
DNA sequence), inhibitor design for this site should be
more relevant than that for the target DNA binding site.
Therefore, we focused on refining IN/viral interactions
by energy minimization. The optimized IN/viral DNA
complex featured the O1P of the 3'-adenosine in the A(5)
position in a hydrogen-bonded interaction with residue
K156. The minimized IN/viral DNA complex also identi-
fied possible interactions between the NZ atom of K159
and the H4' atom of the sugar ring of CYT in the other
DNA strand.

E152 constitutes part of the D,D-35-E motif common
to all retroviruses, retrotransposons, and some bacterial
transposases.?~* Experiments have implicated E152 in
binding to the conserved deoxyadenosine.*® Minimized
results of the docked IN/processed viral DNA complex
shows hydrogen bonding between E152 and the O3’ of
the conserved deoxyadenosine, complementing previous
experimental studies. This processed viral DNA had the
CA 3’ end in a favorable configuration, oriented toward
the active site with hydrogen bonds and van der Waals
interactions observed with significant residues. This is
consistent with studies that have shown that viral DNA
ends are intimately involved in integration.” We also
observed hydrogen-bonding interactions between the
optimized viral DNA and D116, another key residue of
the active site. D116 has also been identified by recent
docking simulations to form hydrogen bonds with the
inhibitors 5CITEP and 1,2,5,8-tetrahydroxyanthraquino-
ne (quinalizarin, QLZ).42

The optimized viral DNA/IN docked complex also
identified hydrogen-bonding interactions with other
residues that have been observed to be in contact with
inhibitors such as E92, H67, and T66. A hydrogen-
bonding interaction was also observed between pro-
cessed viral DNA and E69. This is worth noting because
this residue is yet unexplored and may provide a further
step in the development of new strategies to target HIV
integration.

Photo-cross-linking results from Esposito et al.?®
suggest that with the conserved adenosine binding in
the vicinity of K159 and E152, the 5'-cytosine overhang
interacting with Q62, and the 5'-adenosine overhang
should be in contact with Q148. However, in our
optimized docked structure, the 5'-adenosine is about 8
A away from Q148. Because IN is active only in the
multimer form, we suggest that the multimer may play
a role in an in trans stabilization of viral DNA using
residues Q148 and Q62.

Studies on the IN strand transfer reaction have
shown that the presence of the divalent cations is
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required for covalent joining involving the recessed 3'-
hydroxyl ends of viral DNA to 5'-phosphates of host
DNA. The calculated complex from our docking simula-
tions complement the above hypothesis, since we identi-
fied the 3'-hydroxyl of the conserved deoxyadenosine to
be within 2.8 A of D64 and 0.9 A of the Mg?* coordinated
by D64.

Superimposition of the 3'-processed viral DNA/IN
complex on the IN/HPO4%~ structure shows that the
modeled phosphate is in the general vicinity of the
position occupied by the phosphate of the 3'-guanine
prior to the 3'-processing of the GT dinucleotide. The
positioning of the phosphate with respect to the pre-
dicted DNA configuration suggests the possibility of a
3',5" exonuclease reaction that has been suggested to
be the governing mechanism for IN action.** The mech-
anism, and our model, places the 3'-OH of the viral DNA
in proximity to a Mg?" ion in the active site of the
integrase. This metal ion has the role of stabilizing the
3'-OH terminus, making it easier to deprotonate and
participate in the nucleophilic attack on a P atom of the
host DNA.

A superimposition of the unprocessed and 3'-processed
viral DNA forms on the IN/5CITEP inhibited complex
revealed inhibitor overlap with the conserved deoxyad-
enosine, suggesting a steric blocking mode of action of
the inhibitor that prevents substrate binding. This
complements results from docking and superimposition
studies carried out by Sotriffer et al., which reveal a
considerable overlap between the adenine of docked
dAMP and chloroindole of docked 5CITEP.#2 This result
would make sense because some inhibitors such as
5CITEP are nucleotide mimics.*?

Conclusion

The results from the docking of viral DNA to the IN
catalytic domain by means of the DOT docking program
provide the first detailed molecular binding model of an
IN/DNA complex consistent with experimental data. A
coherent picture of DNA interactions of the viral DNA
terminal end with IN active site residues is presented,
which should prove to be helpful in future inhibitor
design efforts. The minimized docked complex reveals
hydrogen-bonding interactions between the 3'-processed
DNA terminal end and catalytic residues such as D116
and E152. In addition, the docked configuration identi-
fied an overlap between an inhibitor and viral DNA
nucleotides, providing an initial insight into the inhibi-
tory mechanism of 5CITEP.
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