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Abstract A full-length model of integrase (IN) of the human
immunodeficiency virus type 1 (HIV-1) was constructed based
on the distinctly resolved X-ray crystal structures of its three
domains, named N-terminal, catalytic core and C-terminal.
Thirty-one already known inhibitors with varieties of struc-
tural differences as well as nine newly tested ones were
docked into the catalytic core. The molecular dynamic
(MD) and binding properties of these complexes were
obtained by MD calculations. The binding energies calcu-
lated by molecular mechanic/Poisson Boltzmann solvation
area were significantly correlationed with available ICsy,.
Four inhibitors including two newly designed were also
docked into the full-length model and their MD behaviors
and binding properties were calculated. It was found that one
of'the newly designed compounds forms a better complex with
HIV-1 IN compared to the rest including raltegravir. MD
calculations were performed with AMBER suite of programs
using f99SB force field for the proteins and the general Amber
force field for the ligands. In conclusion, the results have
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produced a promising standpoint not only in the construction
of the full-length model but also in development of new drugs
against it. However, the role of multimer formation and the
involvement of DNAs, and their subsequent effect on the
complexation and inhibition, are required to arrive at a con-
clusive decision.
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Introduction

Retroviruses possess ability to reverse transcribe a single-
stranded RNA genome into a linear double stranded DNA.
One of their main proteins is integrase (IN) which functions to
insert the linear viral DNA into the genome of the target cell to
establish a stable infection, which catalyses the integration
process in two distinct steps [1]. There are three functionally
distinct domains of integrases, characterized by biochemical
and mutational analyses as the N-terminal domain (NTD;
residues 1 to 49) containing a zinc binding HHCC motif and
contributing to multimer formation [2, 3] as the C-terminal
domain (CTD; identified as residues 212 to 288 in deletion
studies) non-specifically binds DNA [4—7] and as the catalytic
core domain (CCD; residues 50 to 211) containing the cata-
lytic triad DD35E motif that is well conserved among the
retroviral integrase superfamily [2, 8-10].

Inhibiting integration process has occupied a considerable
place in targeting antiretroviral drugs. Some of the clinically
relevant IN inhibitors, which are named as IN strand transfer
inhibitors, have been proved to show selectivity for the strand
transfer reaction and only weakly inhibit 3’ processing [11].
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Table 1 Structures of ligands included in this study
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Table 1 (continued)
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Table 1 (continued)
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Table 1 (continued)
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Table 1 (continued)
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Among them raltegravir is only approved by the Food and
Drug Administration (FDA) while elvitegravir and dolutegravir
are in advanced clinical trials [12].

One of the hampers in the development of new and effec-
tive candidates of HIV-1 IN is the lack of a refined crystal
structure of full-length HIV-1 IN and its complexes with the
viral DNA (or at least with the relevant oligonucleotide ends
of the viral genome) [1, 13, 14] although individual domains
have been solved by nuclear magnetic resonance (NMR) [3, 4,
15, 16] and crystallography [4, 17-25], including several two-
domain structures [18, 26]. However, recently, several crystal
structures of the full-length integrase of the prototype foamy
virus (PFV) complexed with its cognate viral DNA have been
reported [27]. The authors argue that these crystal structures
provide a plausible inhibition mechanism of DNA strand
transfer, which may be relevant for HIV-1 IN. But this does
not still provide the required information for anti-HIV drug
design because of the relatively low resolution of the crystal
structure and the rather low sequence similarity of PFV IN
versus HIV-1 IN. Molecular dynamic approaches have been
used to estimate binding free energies of some inhibitors to
this model complexed with DNA [28].

Two valuable chapters regarding experimental and theoret-
ical studies of HIV-1 IN have recently been reported [29, 30].
Few reports have also issued the construction of a full-length
model of the enzyme from the individual X-rays of the do-
mains and even including its complex with DNA [31-36]. We
also report the construction of a full-length model of HIV-1 IN
from known X-ray structures of three domains with similar
procedures. First of all, the missing residues forming
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individual domains were completed from X-ray structures
where available. Forty inhibitors with varieties of structural
changes including raltegravir and four newly designed ones
were docked into the CCD and their molecular dynamic
calculations were studied. The binding free energies of these
ligands to the protein were calculated by molecular mechanic/
Poisson-Boltzmann surface area (MM/PBSA). Four ligands
including two newly proposed ones were also docked into the
constructed full-length model, followed by MD and MM/
PBSA calculations.

Methods

The amino acid sequence of the full-length protein (288
residues) was taken from literature [37]. Crystal structure
information of the different domains was obtained from the
coordinates found in the Protein Data Bank (PDB) [38]. The
PDB codes of the structural templates used for the study are
1QS4 [21], 1BI4 and 1BL3 (structures of the CCD dimmer)
[24], ITWIJA (solution structure of the NTD) [15], ITHV (struc-
ture of the CTD) [16], 1EX4 (the combined CCD and CTDs)
[18] and 1K6Y (the combined CCD and NTD) [26]. First of
all, all the missing residues from two combined domains
(1IEX4 and 1K6Y) were taken from the individual X-ray
structures where available and they were superimposed using
the CCD coordinates as a reference. The resulting coordinates
were recorded as a separate file in PDB format and the coor-
dinates of one of the CCDs were deleted. As a result a model
with residues from 1-270 based on X-ray structures was
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completed. The missing residues (271-288) were constructed
by a similar protocol as described in the literature [39].

Computational modeling

Forty ligands as presented in Table 1 are included in the study.
Nine of them (L32, L33, L34, L35, LGA, LGB, LGC, LGD
and LGE) are newly employed as HIV-1 IN inhibitors. L35
and LGD are naturally occurring whileLGA, LGB, LGC and
LGE were newly designed for the other purposes in the group.
They were all optimized with Gaussian 03 using semi-
empirical AM1 method [40]. Conjugated keto acid were com-
puted at B3LYP/6-31+(d) level to see the course of tautomer-
ism and the conformer with a lower energy was chosen for the
calculations. All molecular dynamic (MD) simulations were
conducted by AssistedModelBuilding with Energy Refinement
(AMBER version 11) [41] suite of programs at TR-GRID
clusters (TUBITAK).Austian model with bond and charge
correction (AM1-Bcc) atomic partial charges for the ligands
were determined by antechamber module of AMBER package
[42]. Xleap as implemented in AMBER was employed to
prepare parameter/topology and coordinate files and it was also
used to solvate and to neutralize the system for MD simula-
tions. All the proteins and the complexes were solvated in a
TIP3P [43] water box with dimensions of 10 A from the solute
having a space of 0.4 A, initially generated at the boundary of
the complex and the solvent molecules during the solvation
process. ff99SB [44] force field was employed for the protein
while for the ligands, the general Amber force field (GAFF)
[45] was adopted in simulation because it handles small organic
molecules. A SHAKE algorithm was applied to constrain all
bonds containing hydrogen atoms [46]. The non-bonded cut off
was kept at 10 A, and long range electrostatic interactions were
treated by the particle mesh Ewald (PME) [47] method with
fast Fourier transform grid having approximately 0.1 nm space.
Trajectory snapshots were taken at each 1 ps, which were
finally used for analysis. Parameters for residues associated
with zinc are taken from the literature and employed without
modification [48, 49]. Ptrajmodul of AMBER was used to
obtain energy and RMSD changes as wall as bond analyses
involving the interactions between the ligands and the protein
during the molecular dynamic simulations. They are presented
in GraphPad Prism 4. Cluster analyses were carried out using
the MMTSB Toolset. Three dimensional structures were
displayed using Chimera (UCSF) [50].

Molecular dynamic simulations
The proteins

For all the structures concerned, the following procedure
was applied. The introduced missing residues in each structure

including their neigboring amino acids were energy-
minimized, keeping the rest of the protein restrained with a
force of 500 kcal mol ™' A2, using 2500 steps of steepest
descent, followed by 2500 steps of conjugate gradient
(igb=0) with a cutoff of 999. Then these parts were heated
from 0 K to 400 K with a restrain of 500 kcal mol ™' A™2 on the
rest of the structure without bondry conditions (igb=0) with a
cutoff of 999 for a period of 3.2 ps in four steps. The final
structure for each protein was solvated with TIP3P model as
mentioned above and the solvent was energy-minimized keep-
ing all the solutes restrained with a force of 500 kcal mol ' A™2,
using 2500 steps of steepest descent, followed by 2500 steps of
conjugate gradient. Then the whole system was energy-
minimized using 2500 steps of steepest descent, followed by
2500 steps of conjugate gradient without any restraint. The
solvent was heated from 0 K to 300 K for a period of 200 ps,
keeping all the solutes restrained with a force constant of
50 keal mol " A2, followed by equilibration for a period of
1 ns at 300 K, with a restrain of 1 kcal mol ' A2 on the solutes.
Final simulations, the production phase, were performed for
10 ns in the canonical ensemble at 300 K temperature and
1 atm pressure without any restraint for the individual
domains while the simulation periods were 30 ns for the
protiens with 270 and 288 residues and 15 ns for the matel free
protein. Step size was 2 fs for the entire simulation. A
Langevin thermostat and barostat were used for coupling the
temperature and pressure.

The complexes

Systems were minimized in two steps; in the first step, the
solvent was energy-minimized keeping the protein, metal(s)/
counter ions and ligands restrained with a force of 500 kcal mol
A% using 2500 steps of steepest descent, followed by
2500 steps of conjugate gradient. In the second step, the whole

Fig. 1 The structure of the peptide prepared to complete the missing
sequence of integrase extracted from MD trajectories
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system was energy-minimized using 2500 steps of steepest
descent, followed by 2500 steps of conjugate gradient without
any restraint. The solvent was heated from 0 K to 300 K for a
period of 200 ps, keeping all the solutes restrained with a force
constant of 50 kcal mol ™" A2, followed by equilibration for a
period of 1 ns at 300 K, with a restrain of 1 kcal mol ™' A% on
the protein-lignad complex. Final simulations, the production
phase, were performed for 10 ns in the canonical ensemble at
300 K temperature and 1 atm pressure without any restraint.
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Step size was 2 fs for the entire simulation. A Langevin
thermostat and barostat were used for coupling the tempera-
ture and pressure.

Docking study
In this study, docking studies were performed by Dock 6.5

[74], with default settings to obtain a population of possible
conformations and orientations for the guests in the binding
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Fig. 2 Potential energy of three domains [CTD (green), CCD (blue) and
NTD (red)] as a function of time during MD for a period of 10 ns at 300 K
and their backbone RMSD during the same MD, compared to their
starting coordinates (upper). The structures of three domains (open
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brown) from the frames with the largest population obtained from the
cluster analyses (supplementary data) of the trajectories superimposed
with their corresponding original X-ray structures (open blue) (lower)
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Fig.3 Potential energy of two models [the full-length (green) and 270
(red)] as a function of time during MD for a period of 30 ns at 300 K
for the former model and 30 ns at 300 K for the later and their
corresponding backbone RMSD during the same MD, compared to

site. A sphere around the center of the binding pocket was
formed to define as binding pocket for the docking studies.
All torsion angles in each compound were allowed to rotate
freely.

the starting coordinates (upper). The superimposed structure of the
constructed full-length model (open brown) with X-ray structures of
its corresponding domains (lower)

MM-PBSA

The MM-PBSA module of AMBER (v11) was applied to
compute the binding free energy (AGping) of each complex
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[75, 76]. For each complex, a total number of 100 snapshots
were extracted from the trajectories of each complex. The
interaction energy was calculated according to the following
equation:

AG = AEym + AGY™ + AG™S™ " ~TAS oiuee, (1)
where AEyy is the gas-phase energy, denoting the sum of
molecular mechanical (MM) energies of molecules from in-
ternal (AE;,), electrostatic (AFE..), and van der Waals ener-
gies (AE,q4w). The solvation free energy (AG,,) is composed
of polar (AGoipolar) and nonpolar (AGgoimonpolar) parts. TAS'is
the contribution of conformational entropy to the binding.
Here, the polar solvation free energy was calculated by solv-
ing the Poisson-Boltzmann equation using the program Del-
phi I1 [77]. The dielectric boundary was defined using a 1.4 A
probe on the atomic surface. The values of the interior dielec-
tric constant and the exterior dielectric constant were set to 1
and 80, respectively. The non-polar solvation free energy was
calculated from the solvent-accessible surface area (SASA)
algorithm [78]:

AGonpolar = 7SASA + b, (2)

where 7 is the surface tension proportionality constant (the
value is 0.00542 kcal mol ' A™). The free energy of nonpolar
solvation for a point solute (b) is set to 0.92 kcal mol .
During conformational searching and the evaluation of
configuration integrals, Welec is computed with a simplified
but fast generalized Born model. The electrostatic solvation
energy of each energy-well is then corrected toward a more
accurate but time-consuming finite-difference solution of the
Poisson equation. The dielectric cavity radius of each atom is
set to the mean of the solvent probe radius 1.4 A for water and
the atom’s van der Waals radius, and the dielectric boundary
between the molecule and the solvent is the solvent-accessible
molecular surface. The solvation calculations use a water

dielectric constant of 80. The method produces the final

[27]. For the sake of clarity, DNA in both models is omitted

@ Springer

Fig. 4 The superimposed structure of the full-length model with the previously reported model (/ef) [32] as well as with the foamy prototype (right)

estimated binding free energy using both Poisson-Boltzmann
and generalized Born solvation models. The change of the
entropy upon binding, -TAS, was estimated using the
NMODE module of AMBER for only three snapshots.

Results

The structure of the peptide prepared to complete the missing
sequence of integrase extracted from MD trajectories is
presented in Fig. 1. This peptide was linked to the CTD obtained
from 1EX4 by xleap and the structure was subjected to MD
simulations. The completed CCD and NTD were also subjected
to MD calculations. Potential energy of these three domains as a
function of time during MD for a period of 10 ns at 300 K and
their backbone RMSD during the same MD, compared to their
starting coordinates, are presented in Fig. 2, along with the
structures of one of the frame with the largest population
obtained from the cluster analysis (supplementary data) of the
trajectories superimposed with their original X-ray structures.
Two models were constructed based on the X-ray coordi-
nates of two combined structures as mentioned in the method
part, one with 270 residues and the other with 288 residues, so
called the full-length model to see the effect of the missing 18
residues on the molecular dynamic behaviors as well as on
conformational changes in HIV-1 IN. These structures were
subjected to MD calculations. Potential energy of the proteins
as a function of time during MD for a period of 30 ns and their
corresponding backbone RMSD during the same MD, com-
pared to the starting coordinates, are presented in Fig. 3. The
structures of one of the frames with the largest population
obtained from the cluster analysis (supplementary data) of the
trajectories superimposed with the corresponding starting co-
ordinates are also displayed in Fig. 3. For comparison, the
same structures were also superimposed with a previously
reported model [32] as well as with the foamy prototype
[27] as shown in Fig. 4. Metal ions were removed from
the full-length model and this metal free structure was
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Fig. 5 Potential energy of the full-length model free of metals as a
function of time during MD for a period of 15 ns at 300 K (upper left)
and its corresponding backbone RMSD during the same MD, compared

subjected to MD calculations to see their effects on the
structural characteristics of the protein. The results are sum-
marized in Fig. 5.

Forty ligands were docked into the active site of the structure
of the CCD with dock scores ranging from —94.41 to
—33.79 keal mol . For the validity of the docking algorithm,
L01 was chosen as a reference because of its available X-ray
structure with the CCD as illustrated in Fig. 6. The complexes
of 22 ligands with good dock scores (roughly lower than
=50 kcal mol™") were subjected to MD calculations. Potential
energy of each complex as a function of time during MD for a
period of 13—15 ns at 300 K and its backbone RMSD during the
same MD, compared to the starting coordinates, are presented
in the supplementary data. The RMSD of only each ligand is
also analyzed as shown in the supplementary data. Four li-
gands (L01, L02, LGA and LGB) were also docked into one
of the structures of the modeled full-length protein with a
higher population (mentioned earlier as in Fig. 3b) as
presented in Fig. 7. These complexes were also subjected

to the starting coordinates (upper right). The superimposed structures of
the full-length free of metals with the one including metals (lower)

to MD simulations. The results of energy and RMSD
changes as well as structural comparison for each complex
are displayed in Figs. 8 and 9. Changes in RMSD corre-
sponding to the coordinates of only ligands are displayed in

Y

l

P
,l‘) v r?}‘\

Fig. 6 The location of L01 docked into the active site of the CCD
produced by Dock 6.5., superimposed with the X-ray structure [21]
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Fig. 7 The locations of four
ligands (L01, L02, LGA and
LGB) docked into the active site
of the full-length model produced
by Dock 6.5. Left: LO1 (open
brown) and L02 (open blue);
right: LGA (open brown) and
LGB (open blue)

the supplementary data. The binding free energies calculated
by MM/PBSA for the complexes of the CCD with 22 ligands
are listed in Table 2 and those for the complexes of the full-
length model with four ligands are listed in Table 3. The final
estimated binding free energies calculated by generalized Born
solvation model for the complexes of the CCD with ligands are
significantly correlated with available ICs, values as shown in
Eq. 3 where L02 is excluded from the regression (Fig. 10). A
poor correlation is somehow obtained for the binding eneries
calculated by Poisson-Boltzmann solvation model.

AGgg = 30.20 +-9.179 IC57—88.16
+ 8.512 (r2 = 0.5198) where L02 is excluded
AGgp = 24.48 + 11.251C5,—79.95 (3)

+10.02 (r* = 0.3009) where L02 is included

(4)
AGpg = 8.925 + 4.3941C50—36.33

+4.256 (r* = 0.3143) where L02 is excluded

(5)
197000
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I -199000
£
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5
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&
8 s s Mt R A A LA
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AGpp = 6.528 4+ 4.9531C5¢p—32.89
+4.593 (r* = 0.3009) where L02 is included (6)

Discussion

As mentioned earlier, the lack of a 3D structure of HIV-1 IN
and its complex with DNAs (either host or native) form a
major problem in the development of HIV-1 IN oriented drugs
despite many attempts using mainly core domains [79-83]
and some employing modeled full-length structure of HIV-1
IN. However, current study involves the individual construc-
tion of the domains before building the full-length model of
HIV-1 IN, to see the effect of their explicit contributions to the
3D structure of the model. MD calculations indicate that the
CTD undergoes dynamical behaviors, mostly caused by con-
formational changes in the peptide prepared to complete the
missing sequence as well as those in the loop composed of the
residues 228-239 (Fig. 2a). On the other hand, the rest of the
domain does not experience considerable conformetional
changes during MD calculations (Fig. 2a). Likewise, the

2.0 4

1.5 4

0.5 4 L01 —LGA
Lo2 LGB

o-c Ll LJ T T Ll Ly LJ Ll Ll T Ly Ll Ll
0 1000 2000 3000 4000 5000 6000 70OO 8000 9000 100001100012000 1300014000
time, ps

Fig. 8 Potential energy of the complexes of the full-length model with L.01, .02, LGA and LGB as a function of time during MD for a period of 13 ns at
300 K and their corresponding backbone RMSD during the same MD, compared to the starting coordinates
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Fig. 9 The structures of the
complexes of the full-length
model with LO1 (upper leff), LO2
(upper right), LGA (lower left)
and LGB (lower right) obtained
from the frame with the largest
population superimposed with
their corresponding starting
coordinates. For each picture,
open brown represents the
starting coordinates whereas open
blue represents the complex
subjected to MD calculations

calculations performed on the CCD point out that the helix
and sheet parts of this domain does not undergo conforma-
tional changes while the loops, particularly those between 139
and 150, and 186 and 195 residues seem to experience signif-
icant conformational changes during the MD (Fig. 2b). They
also shows that magnesium ion forms slightly shorter bonds
with the residues involved and shifts about 1.33 A compared
with X-ray structure as illustrated in Fig. 11. The results
produced from the MD calculations of NTD point out that
parameters employed for zinc and associated residues are
acceptable since this part of the protein maintains its structural
characteristics (Fig. 2c). They also signify that the domain
does not experience significant conformational changes ex-
cept some changes in the loop with residues 39-60.

The superimposed structure of the constructed full-length
model with X-ray structures of its corresponding domains
(Fig. 3a) provides a promising posture to start with. Potential
energy of this model as a function of time during MD
indicates that the structure has converged to a reasonable
level (Fig. 3b). The backbone RMSD during the same MD
(Fig. 3) demonstrates that most of the fluctuation is due to the
conformational changes in the last 18 residues. It seems that
there is not much change in the rest of the protein as observed
in the individual domains (Fig. 3c). It was observed that the
full-length model lacking metal ions experiences significant
conformational changes, especially in the regions where ions
are held and the HHCC motif in NTD and DDE motif in
CCD compared to the one involving metal ions as seen in
Fig. 5.

The superimposed structure of the model with the previ-
ously reported one [31] illustrates that deformations occurrs in
the previously constructed model in the one of the helices
between the residues 19 and 5 in the NTD region and also
significant changes in the sheets in the CTD region (Fig. 4c). It
is also obvious to see that a tendency of folding at the

-10- [ ]

-20+

=30

40

-50+

-604

70

AGgg (kcal mol™)

-90+
1008

-110 T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

[1Cs0] (M)

Fig. 10 The correlation of binding energies for the complexes of the
ligands with the CCD calculated by MM/PBSA with available ICs, of
ligands. The value for L02 is excluded from the correlation
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Table2 Dock scores and binding

DS (kcal mol )° AGgg(keal mol 1) AGpg (kcal mol )¢

energies calculated by MM/ Ligands ICso(uM)*
PBSA for the complexes of CCD
with the ligands LO01 21
L02 0.009
LO02t 0.009
L03 1.83
Lo4 0.015
L05 0.02
L06 0.05
L07 0.007
L08
L09
L10
L11
L12
L13 0.8
L14 4.0
L15
L16 1.1
L17 0.17
L18 0.01
L19 0.01
L20 0.2
L21 0.9
L22 0.2
L23
L24
L25 1.00
L26 0.01
L27 0.017
) The half maximal inhibitory L28 0.095
concentration, which is a measure L29 0.01
of the effectiveness of a com- L30
pound in inhibiting biological or
biochemical function. They are L31
taken from the corresponding lit- L32 -
erature listed in Table 1 L33 _
®Y Dock scores obtained by L34 _
Dock 6.5 L35 _
9 AGgpg is the final estimated LGA B
binding free energy using gener-
alized Born solvation model LGB -
9 AGpg is the final estimated LGC -
binding free energy using LGD -
Poisson-Boltzmann LGE _

solvation model

—41.19 —10.45+4.07 —6.87+4.00
—50.57 —22.68+6.40 —12.28+3.74
—51.85 —81.42+6.90 —29.16+4.12
—58.65 —60.24 £5.50 —30.64+3.02
—56.38 —97.11+11.26 —22.21+4.20
—43.01 -
—49.16 -
—46.22

—46.58

—43.89

—45.43

—48.45

—49.14

—70.93 —15.46+8.04 —18.26+4.44
—37.53 -
—37.52

—43.56 -
—94.41 —87.88+9.81 —46.23+7.14
—51.50 —99.04+7.78 —40.38+3.44
—47.76 -
—59.07 —89.21+6.08 —45.49+3.86
—57.62 —87.38+7.53 —37.74+4.88
—56.61 —58.30+6.48 -30.50+5.15
—34.38

—33.79

—51.74 —55.13+5.53 —27.61+3.60
—47.98 -
—59.85 —97.29+8.84 —36.52+5.71
—43.98 -
—44.46 -
—40.37

—41.31

—60.77 —14.83+8.67 —6.24+6.04
—60.70 —102.47+11.66 —49.60+4.95
—59.67 —5.2349.09 —1.61+£4.81
—42.45 —50.09+5.08 —22.42+2.99
—67.21 —156.20+8.14 —84.05+5.32
—67.81 —138.86+9.56 —45.24+6.35
—58.74 —1.34+11.86 —8.88+5.60
—41.23 —13.98+6.88 —0.37+10.37
—63.01 —89.15+10.68 —28.60+5.65

connecting point (residues 209-210) between the CCD and
the CTD occurs. This change was also observed in the com-
plex of our model with the ligands as it will be discussed later
(Figs. 8-9). As to the comparasion with the struture of the
FPV, apart from the CCDs, there are quite large structural
differences, particularly in the orientations of the domains
(CTD and NTD) (Fig. 4).

@ Springer

Dock 6.5 procedure successfully located 40 ligands on the
surface of magnesium ion binding site with scores —94.41 to
—33.79 kcal mol™'. The docking algorithm is proved to be
reliable since it locates LO1 with a similar conformation to that
of X-ray structure (Fig. 6). The complexes of 22 ligands
including five newly designed ones with good scores were
chosen for MD calculations. Binding free energies calculated
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Table 3 Binding energies and energy contribution to binding energies
calculated by MM/PBSA for the complexes of the full-length model with
the ligands

Ligands EE* vdW®  AGgg, keal mol™'  AGpg, kcal mol™!
LO1 —57.94 -9.18 —5.66+5.88 2.04+4.13
L02 -7842 —12.60 —12.64+4.88 —12.29+5.98
LGA —366.71 -449 -113.75£11.70 —50.06+9.58
LGB —280.44 =787 —126.43+9.38 —60.24+4.38

*) ELE is non-bonded electrostatic energy+1,4-electrostatic energy

®) vdW is non-bonded van der Waals energy+1,4-van der Waals energy

for the ligands by MM/MPBSA demonstrate that raltegravir
L.02 has a lower value of binding energy (—22.68 kcal mol )
compared to its salt LO2t (—81.42 kcal mol ') while L.22, L33
and LGB (newly designed) possess a binding energy around
—45 keal mol ™' compared to LGA, also newly designed,
which has the largest negative energy of binding (around
—156 kcal mol™") compared to the rest in the list (Table 2). It
is quite interesting to see that calculated binding energies by
MM/PBSA are significantly correlated with available ICs,
determined experimentally (Fig. 10).

Calculations indicate that L01, L.02, L02t and L.32 do not
undergo significant conformational changes during MD cal-
culations while the rest shows rather dynamic behaviors, L35
with little conformational changes. Two water molecules ac-
company L01, L13, L.17, L34 and L35 to interact with the
metal while only one interacts with the metal in the case of the
rest of the ligands. However, the complexes of LGA and
LGD do not involve water coordination. The results from
MD calculations reveal that L01 interacts with the metal ion
via its O2 and N2 donor atoms with average bond lengths of
2.19 and 3.37 A and forms hydrogen bonds with ASN117 by
hydroxyl and with GLU152 by HN of the indole ring.

It is interesting to see that L02 (raltegravir) and its salt L2t
coordinate to the ion in a similar mode through O1 and O4
donors with average bond lengths of 1.91 and 3.40 A for the

Fig. 11 The position of the
magnesium ion in the protein
subjected to MD calculations
superimposed on the original
X-ray structure [24]

former and 1.90 and 2.09 A as indicated in Fig. 12. THR66
and LYS159 interact with oxadiazole ring while SER119
interacts with florine through hydrogen bonding in the com-
plex of the protein with L02t. These two interactions were not
observed for the complex of L02. However, the difference in
the calculated binding energies between raltegravir and its
salt, which is almost fourfold, is largely due to a better chela-
tion capacity of the salt compared with its neutral form,
obviously bacause of a better donor capacity of O4 in its
ionized (O) form compared with that in its neutral form
(OH). On the other hand, experimantal calculations indicated
that they have similar ICs values [51, 52]. It is apparent that
L02 would be in its ionized form at physiological pH since it
has a pK, of 6.7 [84] and therefore it would interact with
integrase with this form, which is a key point in the interaction
of integrase with these types of ligands.

Magnesium is chelated by L.04 through O2 and 04 donors
with the average bond lenths of 1.85 and 3.52 A. Its phenolic
hydroxyl forms hydrogen bond with LYS159, which also
provides electrostatic interactions with the flour, while the
other hydroxyl forms hydrogen bond with CYS65. The results
also confirm that L.13 interacts with the metal ion via O11
donor with an average bond length of 1.99 A. One of the
hydroxyl groups on the chromene ring forms a hydrogen bond
with ILE141 while the other two rings which are not involved
in the chelation form pi-pi interactions with TYR143 and
PHE139 residues. .17 exhibits a very peculiar interaction
mode with the active site of HIV-1 IN. It is folded to chelate
magnesium through the carboxylate and the amide carbonyl
attached to the chrysene ring. The other amide group forms a
hydrogen bond with HIE67 and ILE141 is involved in van der
Waals interactions with the chrysene ring. L18 chelates mag-
nesium via O1 and O2 donors with average bond lengths of
1.93 and 1.90 A and also form van der Waals interactions with
ILE141 as in L17 through biphenyl rings. L20 shows similar
chelating mode to that of L18 and the flouroaryl group is
sandwiched between TYR99 and ILE97. L21 only interacts
with the magnesium ion with the carboxylate group and forms

@ Springer
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Fig. 12 The position of L02 (in
open brown) and its salt L02t (in
open blue) in the active site of the
CCD obtained from MD
calculations

hydrogen bonds with GLU152, ASN155 and LY S156 via aryl
hydroxyls while with THR66 via the amide carbonyl.L.22 is
also coordinated to the metal ion via only one carboxyl group
and one of its aryl hydroxyls forms a hydrogen bond with
SER119 whereas the metal is chelated by the carboxyl and
keto functions of L25 (O1 and O4 donor atoms) with average
bond lengths of 1.96 and 1.89 A. 1.27 also chelates the ion via
the carboxyl and keto functions (O6 and O8 atoms) with
average bond lengths of 2.00 and 2.13 A and forms hydrogen
bonds with LYS156 and 159, and THR66 via its other head
bearing keto carboxyl group. L.32 is bound to the metal by N4
and O6 donors with average bond lenths of 2.19 and 2.20 A
although the coordination with the carboxyl groups is expec-
ted. Instead, these groups form hydrogen bonds with LYS156
and LY S159 as in L27. Magnesium is chelated by the terminal
carboxylate of L33 whose pteridine part is surrounded by
three LYS residues (156, 159 and 160) through hydrogen
bonds. L34 interacts with the metal via pyrimidin ring (N4
donor with 2.11 A) rather than via two carboxyl groups, one of
which forms a hydrogen bond with HIE67. L35 coordinates to
magnesium via carboxylate with 1.89 A and forms hydrogen
bonds with THR66 and ASN155. However, it is the one with

Fig. 13 The conformation of
LO1 (left) and L02 (right) in the
proteins: the full-length (open
blue) and CCD (open brown)

@ Springer

poorest binding energy among the ligands studied (Table 2).
It is quite noticeable to find out that the binding energies
calculated by MM/PBSA for the ligands are significantly
correlated with the available ICsq values as illustrated in
Fig. 10.

From the ligands, newly designed, LGA is held within the
active site by coordinating to the metal through O4, O8 and O9
donor atoms with 1.88, 1.90 and 1.84 A average bond lengths
and also by interacting with THR66 and LYS159 through
hydrogen bonds. It is interesting to see that the ligand caps
the magnesium ion so that the coordination of water molecules
are completely blocked, which are thought to be involved in
the cleavage of the viral DNA (3’-processing) [85]. LGB is
structurally similar to LGA but it has a different binding mode
compared to LGA, probably due to the existence of two
phenolic hydroxyl groups in LGA. LGB forms coordination
with the ion through O2 and OS5 atoms with 1.86 and 1.91 A,
and has hydrogen bonds through THR66 GLU152 and
ASNI156. LGC exhibits to interact with magnesium via O4
and O7 donors with average bond lengths of 2.03 and 2.03 A,
and forms hydrogen bonds with CYS65, GLU152, ASN155
and LYS156. LGD interacts with the metal ion to form a
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Fig. 14 The conformation of
LGA (left) and LGB (right) in the
proteins: the full-length (open
blue) and CCD (open brown)

complex with CCD through one of the phenolic hydroxyls and
carbonyl donors with 3.231 and 2.090 A average bond lengths,
and forms hydrogen bonds TYR143, GLN148 and GLU152.
LGE interacts with one carbonyl oxygen in the caffeine ring
and the peptide carbonyl attached to it with average bond
lengths of 2.004 and 2.008 A, instead of two carboxylates,
which form hydrogen bonds with THR66, LYS159 and
ASN155. The other carbonyl group in the caffeine ring also
forms a hydrogen bond with GLN148.

In summary, calculations indicate that all ligands interact
with the protein through the coordination of at least one of the
donor atoms in ligands with the metal ion, regardless of struc-
tural differences. It seems that the chelation and the interaction
of the other parts of ligands with the periphery of the active site
of the protein via non-covalent interactions enhance the bind-
ing energy, particularly in LGA as mentioned above.

The complexation mode of the full-length model with
L01 and L02 is quite similar to those with CCD (Fig. 13),
though there is some conformational changes in the resi-
dues between 199-217 in the CCD complexed with L01
and a slight change in the same area of the full-length
model complexed with L02, leading connection to the
NTD. However, the complexation mode of LGA with the
full-length model is slightly different than that with the
CCD, with almost changes in the protein backbone (a ten-
dency of folding, thus deformation in the connecting point
between the CCD and CTD) observed in the complexes
with LO1 and L02 (Figs. 8-9). The later occurs via the
coordination of O4, O8 and O9 atoms with average bond
lengths of 1.87, 1.93 and 1.91 A while these average bond
lengths are 1.86, 1.86 and 3.73 A in the complex with the
full-length model as exhibited in Fig. 14. This means that
09 does not strongly participate in the complexation with
the model as in the CCD. Whereas LGB as shown in L01
and L02 gives similar binding mode to interact with the
full-length model compared to the CCD. The average
bond-lengths for the interacting atoms (O2, O5 and N2)
with magnesium ion for the complex of LGB with the
full-length model are 1.86, 1.91 and 3.53 A and those with
the CDD are 1.87, 1.88 and 3.30 A.

Conclusions

A full-length structure of HIV-1 IN was successfully modeled
based on available X-ray structures of its individual domains.
Docking and molecular dynamic calculations produced for the
complexes of the CCD with a large number of accessible
inhibitors presented consistent results with experimental ones.
The calculations obtained for this model complexed with two
newly designed compounds offered significant results that
may lead to the development of new anti-HIV drugs. The
involvement of DNAs and two metal ions in the complextion
as well as the experimental calculation of the binding energies
of newly designed compounds to HIV-IN will be the focus of
further perspectives.
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