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Abstract

HIV-1 integrase (IN) is essential for the replication of HIV-1 in human cells. At present, the complete structure of complex IN–DNA
has not been resolved. In this paper, a HIV-1 IN tetramer model was built with homology modeling and molecular dynamics simulation
approach, in which two Mg2+ ions were reasonably located in each catalytic core domain. Moreover, it was found that the AB and CD
chains of HIV-1 IN tetramer were different in the structures and metal ions of HIV-1 IN tetramer might have great influences on DNA
locating on IN. These findings may provide a more complete structural basis for guiding drug discovery and revealing integration
mechanism.
� 2005 Elsevier Inc. All rights reserved.
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HIV-1 integrase (IN) is responsible for the integration of
reversely transcribed viral DNA into host cell DNA. The
full-length IN monomer is composed of one polypeptide
chain which folds into three distinct functional domains:
the N-terminal domain (NTD), the catalytic core domain
(CCD), and the C-terminal domain (CTD). HIV-1 IN
incorporates viral DNA into host chromosomal DNA
through two metal-dependent step reactions [1–3,7].

However, there are still unresolved puzzles about the
biochemical and biophysical mechanisms involved in these
reactions. From experimental data, we can know that IN
functions as an oligomer of the monomeric protein. What
is the minimal IN molecule (tetramer, octamer or any other
oligomer) to accomplish the concerted integration of both
retroviral long terminal repeats still has different arguments
in previous works [4,5]. At present, widely admitted results
suggest that HIV-1 IN expressed in human cells is indeed
present as a stable tetramer [4].
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Several models of the HIV-1 IN–DNA complexes have
been previously suggested [6,8,9,28]. A full-length HIV-1
IN dimer was built and, through an automated docking
algorithm, the three-domain protein–viral DNA complex
was gained [28]. An IN tetramer was formed by crystal lat-
tice contacts bearing structural resemblance to a related
bacterial transposase Tn5 [6]. Here, we propose an im-
proved model that increases the precision of model in
HIV-1 IN [4,10–14,25]. Crystallographic data of the IN
catalytic domain reveal a single binding site for Mg2+.
However, many indirect proofs [11,12] suppose that HIV-
1 IN may consist of two Mg2+ in its chains and has a reac-
tion mechanism similar to those of other metal-dependent
polymerases.

Furthermore, the linking parts of the NTD and CCD
domains (residues 47–55) form a loop structure, which lead
to determine the relative orientations of the NTD and the
CCD difficultly. Moreover, reactions among atoms on
the surface of the AB and CD chains may change the tet-
ramer structure quite greatly against two lone dimers.

In this work, a whole IN tetramer was constructed;
whose catalytic domain holds two Mg2+ ions. Further-
more, the flexibility of the loop structures and the influence
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of atoms on the surface of AB and CD chains on the struc-
ture of whole tetramer were taken into account by using
molecular dynamics simulation approach.

At last, by docking four different tetramers with B-form
double DNA model, the influences of metal ions were con-
sidered quantificationally.

At present, scientists have not yet resolved the complete
structure of complex IN–DNA, let alone the detailed mech-
anism about IN and DNA interactions. These findings may
provide a more complete structural basis for guiding drug
discovery and revealing integration mechanism.
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Fig. 1. Structures of the IN core domain. (A) The structure of the HIV-1
IN core domain. Residues ASP64, ASP116, and GLU152 are shown in
ball-and-stick, and others are shown in ribbon diagram. Two Mg2+ ions
are shown in balls. (B) The structure of the ASV IN core domain (PDB
1VSH). Residues ASP64, ASP121, and GLU157 are shown in ball-and-
stick, and others are shown in ribbon diagram. Two Zn2+ ions are shown
in balls.
Materials and methods

Model structure of the three-domain HIV-1 IN tetramer. The full-length
HIV-1 IN tetramer was obtained by assembling the available domains in
the Protein Data Bank (PDB). At first, a dimer was built [28]. The
structure of catalytic core domain was built from chains A and B of the
PDB structure 1QS4 [16] and 1BIS [17]. The position of first Mg2+ ion was
consistent with that of Mg2+ ion of 1QS4. The second Mg2+ ion was
placed in chains A and B in the same relative position according to PDB
structure 1VSH [18]. The C-terminal domain of the dimer was later
extracted by superimposing the CCD of PDB structure 1EX4 [19]. The N-
terminal domains were finally added with the AB chains of PDB structure
1K6Y [6]. In the N-terminal domain, the lacking nine residues 47–55 were
correctly placed by superimposing the 1WJD structure [21]. In order to
gain a tetramer, the full-length dimer model was correctly superimposed
with the 1K6Y structure.

Before docking the HIV-1 IN tetramer model with the viral DNA
model, it was equilibrated through MD simulation with the program
package GROMACS [22]. The simulation system was energy-minimized,
using 2000 steps of the steepest descent method. Furthermore, the system
was divided into two groups that tetramer was one group and others (SPC
water and counter ions/CL�) was another. The whole system including
solute and solvent was equilibrated for 1.2 ns at 300 K in the NTP
ensemble. Periodic boundary conditions were used. A temperature cou-
pling constant at 300 K was taken as 0.1 ps and a pressure coupling
constant at reference pressure 1.0 bar was 0.5 ps.

In order to satisfy the need of docking program DOT [23], the average
structure of MD equilibrium was modified taking advantage of AMBER8
[24]. After removing all the GROMACS� hydrogen in the model, polar
hydrogen was added automatically. Furthermore, the model was relaxed
by two-step energy minimizations which reduced the force constants from
500, 250 to 100 gradually. At the end, the final IN tetramer model
structure was saved in pdb format.

Model structure of the viral DNA. The structure of 27 bp segment of
viral DNA was built using the Biopolymer module of SYBYL [20],
according to the following sequence: TAGTCAGTGTGGAAAATCTC-
TAGCAGT/complement [26] in B-form. This structure was energy-mini-
mized using 2000 steps of steepest descent.

Automated docking approach. In the present study, DOT program [23]
was used as docking program. In the docking procession, simulation
molecules were regarded as rigid body, and the intermolecular energy was
calculated as a sum of electrostatic and van der Waals terms. Electrostatic
potential file for the stationary molecule (IN) was prepared with the APBS
program [27], in which the parameters were the following: the temperature
of 300 K, the ionic strength of 150 mM, the solvent dielectric of 80, and
the dielectric of 1 for the protein interiors. In the shape potential files of
the stationary molecule (IN), the width of the van der Waals attractive
layer equaled 0.3 nm. The shape of the moving molecule (DNA) was de-
fined by its Cartesian coordinates of each atom and its charge distribution
was represented by partial charges taken from the AMBER8 library. A
rotation file with a set of 180,000 rotational orientations and a resolution
of 2� was produced for the rotational search. For the translational search,
the moving molecule was centered at each grid point (1283 or about 2.1
million positions). Together, the rotational and translational search
resulted in over 377 billion configurations (128 · 128 · 128 · 180,000 �
377.5 billion) for the two molecules.

Results and discussion

Structure of the IN core domain

The catalytic domain of HIV-1 IN (residues 56–209)
consists of the active site, which binds two Mg2+ ions re-
quired for catalysis [27,28]. The active site consists of two
Asp and one Glu residues in the conserved D,D(35)E mo-
tif, each of which is required for catalysis [28,29]. In the
present study, an IN tetramer was built with two Mg2+

in the corresponding chains core domains (Fig. 1). The rel-
ative position and distance of two Mg2+ ions were impor-
tant in performing IN biological functions, because they
might directly influence the surface potential of IN and
the reciprocity of residues and metal ions, and even disturb
proper DNA binding orientation. In this IN tetramer mod-
el, the distances of two Mg2+ ions in all four chains ranged
from 0.390 to 0.531 nm, which were in accord with relative
experimental data [11,12,15].

The structure of the HIV-1 IN tetramer

Some IN–DNA complexes were constructed in the pre-
vious works [6,9], but none of them had used an IN tetra-
mer model that had undergone molecular dynamics (MD)
simulation. In this paper, a well-founded tetramer model
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was built before docking it with B-form DNA, and its
information is shown in Figs. 2–4. From Fig. 2, we might
see that, in the IN tetramer, there was no excess overlap
and the metal ions located at the reasonable positions.
Fig. 3 shows the root mean square deviation (RMSD) re-
sult of MD simulation. After 700 ps MD simulation, pro-
tein of IN tetramer reached equilibrium with tiny changes
while Mg2+ ions reached equilibrium with a RMSD fluctu-
ation less than 0.2 nm (0.2–0.4 nm). After 850 ps MD sim-
ulation, Zn2+ ions also reached equilibrium with
unconspicuous movements (0.35–0.45 nm). Fig. 4 shows
the total energy change of HIV-1 MD simulation system.
After 700 ps MD simulation, the system was very stable.
Fig. 2. The tetramer of HIV-1 IN. Ribbon diagram of the tetramer from
frontal view. A, B, C, and D chains are colored red, pink, blue, and green,
respectively. Zn2+ ions are shown in green ball. Mg2+ ions are shown in
yellow ball. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

Fig. 3. The root mean square deviation (RMSD) of MD simulation HIV-
1 IN tetramer relative to the structure of pre-MD simulation. The RMSD
of IN tetramer� protein, Zn2+ ions, and Mg2+ ions are shown in different
kinds of lines.

Fig. 4. The energy changes of MD simulation relative to the structure of
pre-MD simulation. The total energy of the system is shown in black line.
In the previous works [6,9], AB and CD chains in the
same HIV-1 IN tetramer had no differences due to their
spatial symmetry. However, in Fig. 5, AB and CD chains�
structural superimposition showed that they cannot be well
superimposed in amino acid sequences because of their dif-
ference in spatial structure. The RMSD of all atoms for the
AB chains and the CD chains was 3.644 nm. From Fig. 6, it
was easy to find that the specific residues as well as the sum
of residues involved in the interaction on the interface were
very different. Especially, the amounts of hydrogen bonds
and residues involving in hydrogen bonds were very differ-
ent, which are shown in Fig. 6. Moreover, the characteristic
of their hydrophilic and hydrophobic regions was marked
by obvious distinction. For example, the hydrophobic re-
gions of AB chains were obviously larger than the CD
chains.
Fig. 5. The structural superimposed picture of AB and CD chains. The
gray backbone and black backbone represent AB and CD chains,
respectively. The image was created with insightII software [30].



Fig. 6. The hydrophobic interaction of interface residues. (A) Hydrophobic interaction on the interface of AB chains. (B) For CD chains.
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Fig. 7. Docking result of IN and DNA. (A) From frontal view, A, B, C,
and D chains are colored red, pink, blue, and green, respectively. The
geometric centers of DNA are shown in yellow balls. (B) The planform of
HIV-1 IN tetramer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)
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From that mentioned above, we suggest that, in the tet-
ramer, the conformations of AB and CD chains are quite
different, since in forming the tetramer, interactions did
not just locate in the interior of the AB chains or the CD
chains. In other words, the AB chains acting on the CD
chains may sway configurations of all the chains and vice
versa.

Docking results

It is still an issue about the influences of HIV-1 IN metal
ions on IN–DNA binding modes. In this work, we docked
DNA with four kinds of different IN tetramers, which com-
prised of no metal ions, one Zn2+, one Zn2+ and one Mg2+,
and one Zn2+ and two Mg2+ ions in their chains, respec-
tively. From the docking results, two different docking re-
gions of IN tetramer tended very much to bind DNA.
The two binding regions are shown in Fig. 7. Region 1 is
the common regions above the CCD of A chain, the
CCD of B chain, and the CTD of D chain. And region 2
is located in the mutual district above the CCD of C chain,
the CTD of A chain, and the NTD of B chain. From pre-
vious works [14,31], we know that, when protein bonded
DNA, electrostatic interactions are a major influencing fac-
tor. Electric potential distribution of the IN tetramer is
shown in Fig. 8. Mg2+ ions located in the metal-binding
site of three acidic residues (D,D(35)E), where vast nega-
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Fig. 8. The electric potential distribution of the HIV-1 IN tetramer. (A)
The planform of HIV-1 IN tetramer. A, B, C, and D chains are colored
red, pink, blue, and green, respectively. Zn2+ ions are shown in green ball.
Mg2+ ions are shown in yellow balls. (B) Molecular surface of the IN
tetramer in accord with the view shown in (A). Positive and negative
electrostatic potentials are shown in blue and red. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this paper.)
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tive charges were present. When Mg2+ ions formed bonds
with these residues, electronegative nature of this region
decreased greatly, which might make adjacent basic resi-
dues K156 and K159 easier to bond with phosphate of viral
DNA.

From Table 1, total number of DNA fragments docking
in region 2 increased gradually while that docking in region
1 decreased inchmeal consistent with metal ion numbers in
the IN tetramer. When a Zn2+ ion was added to each
chain, the numbers of DNA fragments in two regions chan-
Table 1
Comparison of the total numbers of DNA fragments in the two regions

Ion(s) in each chain Total number

Region 1 Region 2

No metal ions 9192 808
1ZN 3740 6260
1ZN and 1MG 3255 6745
ZN and 2MG 2123 7877
ged greatly, from 9192 to 3740 in region 1 and 808 to 6260
in region 2. While the Mg2+ ions had also obvious effect on
deoxyribonucleic acids locating on the IN surface. When
one Mg2+ ion was added to the chains, the total number
of docking DNA fragments in region 2 increased by about
500. After adding another Mg2+, the total number in re-
gion 2 increased greatly again more than 1000.

In Fig. 9, four kinds of rectangles represent four differ-
ent kinds of tetramer–DNA complexes. The altitude of
each rectangle represents the number of IN–DNA com-
plexes, and its width represents occupational energy scopes.
In Fig. 9A, these rectangles were quite dispersive from
�375 to �175 on X-axes. For each kind of rectangle, the
altitude of the highest rectangle was not much larger than
the second one, so neither of them was dominant in the cor-
responding total number. In other words, there were no
dominant energy ranges for docking complexes of regions
Fig. 9. Histogram of statistical graphs. (A) For docking complexes in
region 1. (B) For docking complexes in region 2.
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1. In Fig. 9B, for three kinds of rectangles with metal ions,
each highest rectangle appeared near �330 on X-axes. It
was worth noting that, the altitude of these rectangles
was more than 4500 and even exceeded half of the respec-
tive total complex numbers. For tetramer without metal
ions, the value of highest rectangle also exceeded half of
its total complex number. In sum, there were remnant ener-
gy scopes in docking complexes of region 2.

We suppose that metal ions have different influences on
docking results of two regions. After adding metal ions to
the IN tetramer, IN–DNA complexes are prone to appear
in region 2. And we hypothesize that both Mg2+ ions and
Zn2+ ions have a great influence on DNA locating on IN.

Considering IN and DNA as rigid bodies, the present
work finds the potential DNA-binding regions on IN and
illustrates the effect of IN�s metal ions on IN–DNA interac-
tion. However, when long chain DNA binds with IN, its
torsion and rotation make it possible to contact with mul-
ti-chains of IN synchronously. Here, using 27 bp B-form
DNA we can consider this possibility to some degree.
But this does not concern the flexibility of DNA. Further-
more, when IN and DNA form the complex, IN would ef-
fect further conformation changes [6,9,28].

The IN–DNA binding modes are complex and difficult
to determine. Our ongoing work is to perform molecular
dynamics simulation studies in order to gain the dynamics
and conformation characteristics of the DNA–IN
complex.
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