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Cl)udio N. Alves,*[a] Sergio Mart0,[b] Raquel Castillo,[b] Juan Andr4s,[b]

Vicent Moliner,*[b] IÇaki TuÇ8n,[c] and Estanislao Silla[b, c]

Introduction

The human immunodeficiency virus type-1 (HIV-1) virus
has the capability of selectively infecting and ultimately in-
capacitating the immune system. The global acquired immu-
nodeficiency syndrome (AIDS) killed 3.1 million people in
2005 and the estimated number of infected people living in
the world was 39.4 million, becoming one of the most seri-
ous world health problems.[1–3]

Three enzymes are essential for the replication cycle of
HIV-1: reverse transcriptase (RT), protease (PR) and inte-
grase (IN). These enzymes are important targets in the de-
velopment of anti-AIDS drugs.[4] Anti-retroviral chemother-
apy in the treatment of AIDS is based on the use of a com-
bination of drugs that inhibit RT, PR and the fusion of the
virus with the host cell.[5] Because of problems of drug toxic-
ity and the development of drug resistance, HIV-1 IN has
recently received much attention as a possible target in anti-
AIDS drug design because of its crucial role in the viral life

Abstract: Human immunodeficiency
virus type-1 integrase (HIV-1 IN) is an
essential enzyme for effective viral rep-
lication. Diketo acids such as L-731,988
and S-1360 are potent and selective in-
hibitors of HIV-1 IN. In this study, we
used molecular dynamics simulations,
within the hybrid quantum mechanics/
molecular mechanics (QM/MM) ap-
proach, to determine the protein–
ligand interaction energy between
HIV-1 IN and L-731,988 and 10 of its
derivatives and analogues. This hybrid
methodology has the advantage that it

includes quantum effects such as ligand
polarisation upon binding, which can
be very important when highly polaris-
able groups are embedded in aniso-
tropic environments, as for example in
metal-containing active sites. Further-
more, an energy decomposition analy-
sis was performed to determine the

contributions of individual residues to
the enzyme–inhibitor interactions on
averaged structures obtained from
rather extensive conformational sam-
pling. Analysis of the results reveals
first that there is a correlation between
protein–ligand interaction energy and
experimental strand transfer into
human chromosomes and secondly that
the Asn-155, Lys-156 and Lys-159 resi-
dues and the Mg2+ ion are crucial to
anti-HIV IN activity. These results may
explain the available experimental
data.

Keywords: diketo acids · HIV-1
integrase · inhibitors · molecular
dynamics · quantum mechanics/
molecular mechanics

[a] Dr. C. N. Alves
Departamento de Qu>mica, Centro de CiÞncias Exatas e Naturais
Universidade Federal do ParB
CP 11101, 66075-110, BelCm, PA (Brazil)
Fax: (+55)3201-1635
E-mail : nahum@ufpa.br

[b] Dr. S. Mart>, Dr. R. Castillo, Prof. J. AndrCs, Dr. V. Moliner,
Prof. E. Silla
Departament de Qu>mica F>sica i Anal>tica
Universitat Jaume I, 12071, CastellFn (Spain)
Fax: (+34)964-728-066
E-mail : moliner@uji.es

[c] Dr. I. TuÇFn, Prof. E. Silla
Departament de Qu>mica F>sica, Universitat de Valencia
46100 Burjasot, Valencia (Spain)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Figure S1: Repre-
sentation of the most important interactions between HIV-1 IN and
the nine selected compounds not shown in Figure 1. Figure S2: Popu-
lation analysis of all the compounds. Figure S3: Representation of the
different relative orientations of the Mg2+ ion between HIV-1 IN and
compound A and compound F, respectively, computed at the AM1/
MM level of theory. Figure S4: Time evolution of the interaction
energy between the protein and the 11 inhibitors during QM/MM
molecular dynamics during the last 100 ps of the simulations. Fig-
ure S5: Representation of the most important interactions between
HIV-1 IN and compounds A and F, computed at the DFT/MM level
of theory. Table S1: Averaged hydrogen-bond distances (J) between
the tetrazole or carboxylic ring of each ligand and the hinge region of
the integrase active site.

Chem. Eur. J. 2007, 13, 7715 – 7724 K 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 7715

FULL PAPER



cycle and the fact that there is no cellular homologue in
humans.[6–8] IN catalyses the integration of viral DNA into
the human genome, which facilitates stable viral replication
and sustained infection.[4–6] In vitro studies using recombi-
nant protein have permitted the distinction between the two
main reactions catalysed by IN: cleavage of a dinucleotide
pair at the 3’-end of viral DNA (named 3’-processing) and
insertion of the shortened strands into the human chromo-
some (strand transfer).[4] Both reactions involve a nucleo-
philic attack of a hydroxy group on a phosphodiester bond
with participation of a divalent metal ion (Mg2+ or Mn2+)
as cofactor.[4] However, the mechanism of inhibition in both
processes is still unclear.
Previous studies were designed to identify the key interac-

tions associated with inhibitory processes.[9–16] Structure–ac-
tivity relationship (SAR) studies have illustrated that an ar-
omatic portion is crucial for the action of many inhibi-
tors.[9–13] There is also a possible charge–charge interaction
between the metal ions and the ionic or partial charges of
the ligands.[9–15] Other work has also suggested a binding
mode in which inhibitors bind through bidentate chelation
of this ion,[11,13,14, 16] and recently Pommier et al. also pro-
posed that some inhibitors be classified as interfacial inhibi-
tors.[17]

A number of compounds bearing a diketo acid (DKA)
moiety have been independently discovered by scientists
from Shionogi & Co. Ltd[18] and Merck Research Laborato-
ries.[19] These compounds represent one of the most promis-
ing classes of IN inhibitors in terms of potency and selectivi-
ty. ShionogiPs DKA, 5CITEP (with PDB code 1QS4), crys-
tallises in the active site of the catalytic domain;[18] it is a
well-known bioisoester of a carboxylic acid.[20] Several mo-
lecular dynamics (classical MD)[21] and docking[22] studies of
HIV-1 IN complexed to the inhibitor 5CITEP and its deriv-
atives have been published. Recently, Briggs and co-work-
ers[23] performed classical MD simulations on the inhibitor
L-731,988. These simulations demonstrated that the most fa-
vourable orientation of the inhibitor L-731,988 is similar to
the one adopted by 5CITEP in the crystal structure. More
recently, some bifunctional DKA inhibitors, characterised
by the presence of two diketo acid chains, were report-
ed[10,11,24] and their mechanism of action investigated by
docking techniques.[25]

A consideration of protein flexibility may be indispensa-
ble for a critical evaluation of ligand-binding affinity.[26–29]

Docking techniques usually ignore the flexibility of the re-
ceptor and only the ligand is allowed to suffer conforma-
tional changes during the docking procedure. This shortcom-
ing can be partially overcome by considering several recep-
tor structures conveniently identified by simulations. In any
case, the possibility of cooperative structural changes be-
tween a ligand and the receptor are not incorporated into
this strategy. On the other hand, MD methods can be used
to calculate the free energy of protein–ligand binding, in-
cluding the flexibility of the full system.[30] The main prob-
lem associated with this methodology is the computational
effort required in sampling adequately the full configura-

tional space and also in parametrising each new ligand as-
sayed. We herein investigate a strategy to overcome these
two computational bottlenecks based on the use of com-
bined quantum mechanical/molecular mechanical (QM/
MM) methods.[31–33] These methods are now widely used in
the analysis of enzymatic reactions.[34,35] In hybrid QM/MM
methods, the ligand/substrate species may be described by a
QM model, whereas the protein and solvent environment
are represented by means of MM force fields. This hybrid
methodology avoids most of the work needed to obtain new
force-field parameters for each new functional group, like
the ones presented in these compounds. Treating the ligand
quantum mechanically has the additional advantage of
being able to include quantum effects such as ligand polari-
sation upon binding.[36] This can be very important when
highly polarisable groups are embedded in anisotropic envi-
ronments, as for example in metal-containing active sites.
Moreover, as the largest part of the system is described clas-
sically, sufficient sampling can be achieved at a reasonable
computational cost. In some recent computational studies,
the combined QM/MM method was successfully applied to
the study of protein–ligand interactions in the HIV-1 pro-
tease[37] and trypsin systems.[38] In this work we have em-
ployed a combined QM/MM approach to determine the
protein–ligand interaction energy for L-731,988 and 10 of its
derivatives or analogues acting as IN strand-transfer selec-
tive inhibitors[10,18,19, 39] (Scheme 1). We chose compounds
that selectively inhibit the strand-transfer reaction of IN
with comparable IC50 values. These values were obtained by
using the same experimental protocol and it is expected that
all the compounds bind in a similar way in the active site of
the protein. A detailed analysis of the interactions of each
inhibitor with the key residues inside the binding pocket is
given. We further suggest that the results can be used to
design more potent synthetic inhibitors.

Methods

The initial coordinates for the QM/MM calculations were taken from the
A-chain of the trimeric crystal structure of HIV-1 IN complexed to the
inhibitor 5CITEP (PDB code 1QS4, compound A in Scheme 1).[18] This
structure was chosen as it is the only one that binds the inhibitor to the
IN catalytic core domain. The unresolved amino acids (141–144) were
added to the 1QS4 of the initial crystallographic structure using the HY-
PERCHEM[40] program in order to have a complete protein system.

All the hydrogen atoms of the 1QS4–IN system were positioned in the
protein according to electrostatically based pKa calculations,

[41] as imple-
mented by Field et al. ;[42] no unusual amino acid ionisation states were
predicted. All of the inhibitors were modelled in a deprotonated form
owing to the ability of these moieties to stabilise the negative charge by
electron delocalisation under physiological conditions (the N�H bond of
tetrazoles or the O�H bond of carboxylic acids).[20] Initially, the hydrogen
atoms of the protein were added and relaxed by means of successive min-
imisation steps and different search algorithms: steepest descent, conju-
gated gradient and LBFGSB.[43] During this process all the heavy atoms
in the protein and the inhibitor were restrained using a harmonic tether
with an umbrella constant of 1000 kJmol�1J�2. In the next step, the pro-
tein was relaxed using the same restraining scheme applied to just the
peptidic backbone but with a smaller constant (100 kJmol�1J�2). Then
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the optimised protein was placed in a cubic box of pre-equilibrated
waters (80 J a side) using the principal axis of the protein–inhibitor com-
plex as the geometrical centre. Any water molecule with an oxygen atom
lying within a radius of 2.8 J of a heavy atom of the protein was deleted.
The remaining water molecules in the final structure were then relaxed
using several steps of the conjugated gradient algorithm followed by a
LBFGSB optimisation. The final system was equilibrated using hybrid
QM/MM Langevin–Verlet molecular dynamics (NVT) over 50 ps. Only
the atoms of the inhibitor were treated quantum mechanically, as long as
there are no covalent bonds between subsystems, using the AM1 semiem-
pirical method.[44] Thus, both protein and water molecules have been de-
scribed using the classical OPLS-AA[45] and TIP3P[46] potentials, as imple-
mented in the DYNAMO[47] library. The resulting structure was used as a
starting point for the rest of the inhibitors, just changing the substrate
molecule by the different inhibitors depicted in Scheme 1. Also, any resi-
due further than 25 J from any of the atoms of the initial inhibitor was
kept frozen in the remaining calculations (10235 mobile atoms). After-
wards, all the systems were equilibrated for 900 ps of QM/MM MD at a
temperature of 300 K. The computed RMSD for the protein during the
last 200 ps renders a value that is always below 0.9 J. Furthermore, the
RMS of the temperature during the different equilibration steps was
always less than 2.5 K and the variation coefficient of the potential
energy during the dynamics simulations was never higher than 0.3%.

To determine the interaction energy between the inhibitor and the solvat-
ed enzymatic system, we must keep in mind the hybrid QM/MM poten-
tial energy given by Equation (1), where VMM ACHTUNGTRENNUNG(RMM) represents the

energy of the molecular mechanics force field, Ĥ0ACHTUNGTRENNUNG(r,RQM) is the in vacuo
Hamiltonian for the selected QM method, Y(r,RQM,RMM) is the polarised
wavefunction due to the presence of an external and flexible electric
field generated by the protein and the solvent molecules, and finally,
V̂QM/MM ACHTUNGTRENNUNG(r,RMM) and VVW

QM=MM ACHTUNGTRENNUNG(RQM,RMM) are the electrostatic and van der
Waals coupling operators between the QM and MM parts (the van der
Waals interaction term does not involve electronic coordinates and thus
does not need to be evaluated in the SCF procedure). The interaction
energy can be then calculated from an analysis of the MD trajectories as
the energy difference between the full QM/MM system and the separated
QM and MM subsystems. Taking into account the fact that in non-polar-
isable force fields the MM energy exactly cancels out, we can write Equa-
tion (2) and Equation (3), which means that in vacuo single-point energy
calculations must be carried out for given nuclear configurations of the
quantum atoms along the trajectory, and then this energy must be sub-
tracted from the QM/MM energy. Note that according to our definition
of the polarisation energy [third term in Eq. (3)] as the gas-phase energy
difference between the polarised and unpolarised wavefunctions, this is a
positive contribution.

E ¼ VMMðRMMÞ þ hYðr,RQM,RMMÞjĤ0ðr,RQMÞjYðr,RQM,RMMÞi
þhYðr,RQM,RMMÞjV̂QM=MMðr,RMMÞjYðr,RQM,RMMÞi þ VVW

QM=MMðRQM,RMMÞ
ð1Þ

Scheme 1. Structures of the selected diketo acid containing HIV-1 IN inhibitors.
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EINT ¼ E�E	ðRQMÞ�VMMðRMMÞ ¼ VVW
QM=MMðRQM,RMMÞ

þhYðr,RQM,RMMÞjV̂QM=MMðr,RMMÞjYðr,RQM,RMMÞi

þhYðr,RQM,RMMÞjĤ0ðr,RQMÞjYðr,RQM,RMMÞi
�hYðr,RQMÞjĤ0ðr,RQMÞjðr,RQMÞi

ð2Þ

EINT ¼ EVWðRQM,RMMÞ þ EQMELECðr,RQM,RMMÞ þ EQMPOLðr,RQM,RMMÞ ð3Þ

This strategy for obtaining the interac-
tion energy was applied in a subse-
quent 100 ps QM/MM MD run at
300 K, using a time step of 1 fs to
solve the equation of motion. In these
calculations, a switched cut-off region
of 11.0–13.5 J was used to calculate
the non-bonding interaction energies.
The polarised wavefunctions are con-
veniently stored during the MD simu-
lations, whereas the unpolarised wave-
functions are obtained a posteriori
using the saved coordinates of the QM
subsystem. Next, contributions of the
different residues to the total enzyme–
inhibitor interaction energy were de-
termined by using the polarised wave-
function. For this purpose we evaluat-
ed the interaction of the polarised
system with the MM centres belonging
to a particular residue. This procedure
provides only the electrostatic contri-
bution to the interaction energy of a
given residue. Thus, the global polari-
sation effect must be derived from the difference between the total inter-
action energy and the sum of the local contribution of each residue. As
stated before, this term is always positive. The described computational
procedure was applied to all 11 investigated inhibitors.

Finally, to measure the goodness of the selected QM method, two pro-
tein–inhibitor complexes (A and F) were optimised by hybrid density
functional theory (DFT) within the BLYP functional[47] and the 6-31G*
basis set, BLYP ACHTUNGTRENNUNG(6-31G*)/MM methods. The main reason for choosing the
AM1 Hamiltonian instead of a more accurate one lies in time limitations:
performing molecular dynamics calculations that are long enough using
ab initio or DFT methods combined with MM is still unaffordable. All in
all, a comparison of potential energy surface explorations carried out at
both levels of theory (AM1/MM and DFT/MM) can provide some useful
results and validate, to some extent, the use of semi-empirical methods in
this theoretical study. Analysis of the interaction energies for each resi-
due obtained by using the AM1/MM method on different optimised sys-
tems are shown to be in a good agreement with those obtained at the
BLYP ACHTUNGTRENNUNG(6-31G*)/MM level of theory within the framework of a QM densi-
ty-fitted electrostatic interaction.[48]

There are two possible orientations for the aromatic part of the com-
pounds E–H. Therefore, in this work we carried out simulations on com-
pound F (L-731,988), which has two different orientations within the
active site, and after 600 ps the orientation obtained was always the
same. Thus, this orientation has been used for the remaining compounds.

Four of the eleven diketo acids studied herein do not yield a precise ex-
perimental value for the anti-HIV-1 IN activity (values reported as “less
than 0.1 mm”). As a consequence, these four inhibitors (compound H, I, J
and K) were not included in the regression model and, therefore, the
linear regression (LR) presented in this study was constructed with only
seven molecules (A–G). The resulting LR will be used on the four re-
maining molecules (H–K) to predict their activity and to check if the the-
oretical values are in fact less than 0.1 mm.

Results and Discussion

As explained in the previous section, we have performed
hybrid QM/MM molecular dynamics (QM/MM MD) simu-
lations of 1.0 ns for the inhibitor L-731,988 and 10 of its de-
rivatives and analogues (Scheme 1). Table 1 shows the
ligand–protein interaction energies for the 11 inhibitors

studied herein, as well as their decomposition into electro-
static and polarisation terms and their experimentally deter-
mined anti-HIV IN activities. The reported values are aver-
aged over 100000 configurations from the last 100 ps of the
QM/MM MD simulations. Both the geometrical data and
energy terms were averaged during the simulations and the
standard deviations are given in parentheses alongside the
averaged values. The final structures of compounds A and F
obtained from the 1.0 ns MD simulations are shown in
Figure 1 (see the Supporting Information for the final struc-
tures of the other compounds) and the contributions of indi-
vidual residues to the total interaction energy are displayed
in Figure 2. In Figure 2, negative values correspond to stabil-
ising effects.
In Figure 1 we can observe how the tetrazole ring of com-

pound A (5CITEP) interacts, through hydrogen bonds, with
the pocket created by the Asn155, Lys156 and Lys159 resi-
dues. These interactions favour the stabilisation of the pro-
tein–inhibitor complex, as can be observed in Figure 2a. Al-
though not interacting directly with the ligand, Thr66 seems
to stabilise the cavity created by the three aforementioned
residues, in particular, interacting with Lys159. This result is
in agreement with experimental data for mutations of HIV-
1 IN at Thr66.[19] Another residue that seems to be essential
for catalysis,[49] but that does not participate in substrate
binding (as shown in Figure 2a), is the negatively charged
Glu152 residue. Its role seems to be similar to that of Thr66:
it interacts with Lys156 and Gln148 residues, thus stabilising
the cavity structure around the tetrazole ring. Regarding the
indole ring of the inhibitor, and as previously suggested by
Dougherty,[15] it appears possible that an electrostatic attrac-

Table 1. Averaged QM/MM interaction energies and experimental anti-HIV IN activities.[a] The corresponding
electrostatic (Elec int) and polarisation (Pol int) interaction terms are also reported.

Compound Interaction energy
ACHTUNGTRENNUNG[kJmol�1]

Elec int
ACHTUNGTRENNUNG[kJmol�1]

Pol int
ACHTUNGTRENNUNG[kJmol�1]

Activity
[mm]

A �617.3 ACHTUNGTRENNUNG(
35.8) �644.9 27.6 2.30 ACHTUNGTRENNUNG(
0.10)[18]
B �643.4 ACHTUNGTRENNUNG(
33.8) �683.4 40.0 1.95[10]

C �648.6 ACHTUNGTRENNUNG(
36.8) �681.7 33.1 2.50[10]

D �700.7 ACHTUNGTRENNUNG(
41.7) �738.6 37.9 0.52 ACHTUNGTRENNUNG(
0.10)[10]
E �681.3 ACHTUNGTRENNUNG(
33.7) �715.8 34.5 0.50 ACHTUNGTRENNUNG(
0.22)[39b]
F �708.1 ACHTUNGTRENNUNG(
40.6) �742.5 34.4 0.05[19]

G �734.8 ACHTUNGTRENNUNG(
40.6) �769.4 34.6 0.01[39b]

H �777.6 ACHTUNGTRENNUNG(
44.0) �818.4 40.8 <0.1[39a]

I �707.9 ACHTUNGTRENNUNG(
33.3) �738.5 30.6 <0.1[39a]

J �753.1 ACHTUNGTRENNUNG(
36.8) �785.4 32.2 <0.1[39a]

K �701.0 ACHTUNGTRENNUNG(
34.2) �731.9 30.9 <0.1[39a]

[a] Values have been obtained from refs. [10,18,19,39]. The values in parentheses correspond to the standard
deviations.
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tion between the quadrupole moment created by the p elec-
trons of the aromatic moiety and the Mg2+ cation was estab-
lished (population analysis of all the compounds is reported
in the Supporting Information). This favourable interaction
is reflected in Figure 2a. Correspondingly, the same argu-
ment can be used to explain the electrostatic repulsion ob-
served between negative Asp64 and the indole ring. The
presence of diketo or b-hydroxy keto groups and metal-de-
pendent inhibition by DKAs and DKA-like compounds
have been interpreted as being an indicator of a direct inter-
action of these drugs with the divalent metal in the catalytic
enzyme.[11,13,14, 16] This has been suggested by many studies,
with a binding mode in which inhibitors bind through biden-
tate chelation of this ion. In our calculations the inhibitor
does not chelate the metal, but a favourable interaction with
the metal still exists, as demonstrated in Figure 2a, thus
showing that it is not necessary for the Mg2+ ion to be che-
lated by the inhibitor. In fact, Briggs and co-workers[23] have
recently shown that chelation of inhibitor L-731,988 with
the Mg2+ ion is unfavourable.
These results are compatible with previous experimental

and theoretical data. Thus, docking studies[50] of HIV-1 IN–
viral DNA interactions show that the 3’-hydroxy moiety of
the conserved deoxyadenosine is within hydrogen-bonding
distance of Asp64. Mutagenesis studies show that Asn155
and Lys159 are critical for IN–DNA binding[49a,b,c] and
photo-crosslinking studies[49d] have suggested that the con-
served adenosine binding in the vicinity of Lys159 and
Glu152, as well as the 5’-adenosine overhang, should be in
contact with Gln148.
Finally, as observed in Figure 1A, some water molecules

interact with the inhibitor stabilising the complex. In partic-
ular, one of them, from the coordination sphere of the Mg2+

ion, forms a hydrogen bond with the nitrogen atom of the
indole ring. Another water molecule is involved in hydrogen
bonds with the keto enolic motif. Moreover, three water
molecules interact with the tetrazole ring and one of them
forms a hydrogen bond with Lys156. McCammon[21d] and
Briggs[21c,23] and their co-workers found that water molecules
are important in the stabilisation of the interaction between
5CITEP and L-731,988 and IN, respectively, in accordance
with our theoretical simulations.

Compound B is equivalent to compound A, except the
chlorine atom of the indole ring has been substituted by a
hydrogen atom. With the exception of Asp64 and Thr66, the
pattern of interactions between this inhibitor and the IN
protein is quite similar that of compound A, as observed in
Figure 2a. The new hydrogen bond established between the
hydroxy group of Thr66 and a nitrogen atom of the tetrazole
ring is clearly reflected in Figure 2a. Nevertheless, it is im-
portant to point out that the absence of an electronegative
atom in the indole ring provokes a weaker interaction with
water, however, the interactions with Lys159, Thr66 and
Asp64 are of higher energy than those in compound A (see
Figure 2a). These features are reflected in the total averaged
QM/MM interaction energies reported in Table 1, for which
an increase is observed for compound B compared with
compound A.
In compound C, the tetrazole ring has been substituted by

a carboxylic acid group and the indole ring by bromoben-
zene (see Scheme 1). The carboxylic group adopts a similar
orientation to the tetrazole ring in compounds A and B, and
that observed in the X-ray crystal structure of 5CITEP.[18]

Briggs and co-workers[23] also found the same orientation in
the structure of inhibitor L-731,988 (compound F, discussed
below). Therefore, although they are quite different, com-
pounds A, B and C have similar interaction energies with
the individual residues, as observed in Figure 2a, suggesting,
from the point of view of ligand–protein interactions, that it
is important for there to be a functional group with a high
electron density capable of interacting with the residues of
the pocket: Asn155, Lys156 and, especially, Lys159. Proba-
bly the only dramatic change is observed for Lys156, which
suffers a loss of interaction with the inhibitor owing to its
different size and electron-density distribution. It can also
be shown that the interactions with the Mg2+ ion and the
water molecules are improved. These local effects are re-
flected in the total ligand–protein interaction energy, which
is almost equal to that calculated for compound B (see
Table 1).
The relevance of the interactions with the residues

Asn155, Lys156 and Lys159 can be checked by substituting
the tetrazole ring of compound B by a carboxylic acid group
whilst retaining the indole ring: compound D. Figure 2a

Figure 1. Representation of the most important interactions between HIV-1 IN and compounds A and F.
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shows that the inhibitor–protein pattern of interactions for
this inhibitor is similar to those observed for compounds A,
B and C. However, although the strength of the interactions
with the Mg2+ cation is reduced, the interaction with Lys159
is greater than in compounds A, B and C, suggesting that
the carboxylate group is more efficient at binding than the
tetrazole ring. This, together with the favourable interac-
tions with water molecules, is probably the key factor for
the increase in the overall ligand–protein interaction (see
Table 1). At this point a relationship between ligand–protein
interaction and the anti-HIV IN activity of the inhibitor can
be deduced, as demonstrated in Table 1, in which the experi-
mentally measured activities of the different putative inhibi-
tors (in mm) are reported.
Figure 2a shows the interac-

tion of inhibitor D with Lys156
is markedly higher than with
compound C. This is reflected
in the total ligand–protein inter-
action (Table 1). From a com-
parison of their structures, it
seems that the Mg2+ ion and its
coordination sphere, together
with the Gln148 and Gln152
residues, are displaced away
from the pocket. The average
distance between the Mg2+ ion
and the centre of mass of the
ring increases from 6.27 J in
compound A to 8.86 J in com-
pound D (other key averaged
distances for all the compounds
are reported in the Supporting
Information). This cooperative
movement creates some extra
room in the cavity allowing the
Lys156 to bind the ligand, thus
increasing the intensity of its in-
teraction and stabilising the
protein–inhibitor complex.
Compound E presents a

quite different moiety to inter-
act with the Mg2+ ion and its
surroundings; the indole ring is
substituted by 2-benzylthio-
phene (see Scheme 1). The ab-
sence of the bicyclic ring con-
fers a certain flexibility on this
side of the system. The conse-
quence of this change is that,
although the strong interaction
with Lys159 remains almost in-
variant, the effect on the inter-
actions established on the ring
side of the inhibitor suffers
slight changes. Thus, the unfav-
ourable interaction with Asp64

and the stabilisation offered by the Mg2+ ion appear again
(Figure 2a). Rotation of the inhibitor around the methylene
group forced by steric impediments with the Gln148 residue
is observed in this complex. These changes, although pro-
voking a reduction in the ligand–protein interaction, do not
imply a change in the activity of the inhibitor (Table 1).
A similar analysis was performed on the inhibitor L-

731,988: compound F. Figure 1 and Figure 2a show very
strong interactions between the inhibitor and the Lys159,
Asn155 and Lys156 residues. Furthermore, the interaction
with the Mg2+ ion is much stronger than in the previous
compounds. The averaged distance between the centre of
mass of the benzene ring and the cation is negligible, chang-

Figure 2. Contributions of individual amino acid residues to inhibitor binding of a) compounds A–H computed
at the AM1/MM level, b) compounds I–K computed at the AM1/MM level and c) A and F computed at the
DFT/MM level. Water refers to the effect of all the water molecules in the active site.
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ing from 6.27 J in compound A to 5.61 J in compound F.
Nevertheless the different relative orientations of the Mg2+

ion and the aromatic pyrrole ring in compound A and F
may be responsible for the different behaviour: the favoura-
ble cation–p interaction described above is optimised in the
latter case (a representation of the different relative orienta-
tions can be found in the Supporting Information). This
result is also evident in the total ligand–inhibitor interac-
tions listed in Table 1; compound F exhibits a higher total
energy than the previous compounds and, as a consequence,
it also exhibits higher anti-HIV activity. Analysis of the com-
plete protein–F structure reveals that this inhibitor adopts
an orientation in which it may physically block the possible
interface of the integrase–DNA complexes, in agreement
with the model of Pommier et al.[17]

In compound G, the pyrrole ring in F has been substituted
by a benzene aromatic system (see Scheme 1). This new in-
hibitor, by comparison with F, has lost a cation–p interac-
tion, whereas the interaction with water is much stronger
than in the previous compound (Figure 2a). This result is
also evident from the total ligand–inhibitor interaction ener-
gies listed in Table 1, for which an increase is observed
when comparing G with previous compounds and, following
the observed relationship between interaction energy and
activity, it exhibits a higher anti-HIV activity.

The averaged distance between the centre of mass of the
aromatic ring and the cation is negligible, although following
a reasonable trend considering the changes in the interac-
tion energies observed for compounds A–G : from 6.27 J in
A to 5.61 J in F and 5.41 J in compound G.
The analogues H, I, J and K are formed by the introduc-

tion of 2-methoxy, 4’-fluoro, 2’-fluoro and 2’-chloro into G,
respectively (see Scheme 1). The 2-methoxy group in com-
pound H causes steric impediments with the Mg2+ cation
and, consequently, a lost cation–p interaction. However, the
interaction with Lys159 is markedly higher than with previ-
ous inhibitors and the unfavourable interaction with Asp64
is negligible (see Figure 2a). As a consequence, this com-
pound exhibits the highest total ligand–inhibitor interaction
energy, which is in accordance with a very high anti-HIV ac-
tivity[39b] (see Table 1). Compounds I, J and K also show
very strong interactions between the inhibitor and the
Lys159 and Lys156 residues (not so dramatic in I), whereas
the interaction with Asn155 is variable. A common feature
is the strong interaction with the Mg2+ ion, much stronger
in compound I than in J and K (see Figure 2b). This is be-
cause a water molecule in the coordination sphere of the
Mg2+ ion forms a hydrogen bond with the fluorine atom of
the inhibitor.
Based on the criterion of a direct relationship between

protein–inhibitor interaction
and anti-HIV IN activity, the 11
compounds can be divided into
two groups: the first group of
inhibitors exhibit very high in-
teraction energies (compounds
D–K) and the second group
have interaction energies below
680 kJmol�1, that is, they have
moderate activity (A, B and C).
As observed in the analysis of
individual interactions (Figur-
e 2a,b), the influence of
Asn155, Lys156 and Lys159
seems to be crucial, the interac-
tion established between the in-
hibitor and the latter being es-
pecially important. These inter-
actions, together with those es-
tablished with water molecules
in the cavity created by the pro-
tein and the Mg2+ ion, might be
responsible for the anti-HIV ac-
tivity. In order to check the reli-
ability of the analysis of these
interactions, the time evolution
of the protein–inhibitor interac-
tion energy during the course of
the QM/MM molecular dynam-
ics simulations was studied (see
the Supporting Information).
The resulting plots show no im-
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portant fluctuations in any of the compounds, the first three
compounds present higher interaction energies than the
second group at any time of the simulation and thus sup-
porting the conclusions obtained from the analysis of the
static interactions. Furthermore, much more expensive cal-
culations at the BLYP/6-31G*/MM level of theory were car-
ried out for compounds A and F. In particular, full structural
optimisation (reported in the Supporting Information) fol-
lowed by an analysis of protein–inhibitor interactions (see
Figure 2c) show that both AM1/MM and DFT/MM calcula-
tions render similar results, thus confirming the reliability of
the former.
Other residues, such as Gln148, Thr66, Asp64 and

Glu152, also seem to play an important role in the anti-
HIV-1 IN activity. This result is in agreement with experi-
mental studies that have shown the Lys159, Lys156, Asp64,
Asp116, Gln148 and Glu152 residues to be in close contact
with DNA and to be critical for IN function,[44] whereas
Thr66 and Asn155 residues are associated with drug resist-
ance.[17]

Finally, it is evident that the biological activity of each
ligand is clearly related to its binding energy. Within a
family of compounds, the solvation/desolvation energies, the
enzyme deformation energies and the entropic changes are
proportional to the magnitude of the interactions establish-
ed between the inhibitor and the protein and one may then
express the activity as a function of the interaction energy.
Analysis of the averaged QM/MM total ligand–protein in-

teraction energies of compounds A–G reveals a good linear
correlation between this magnitude and the biological anti-
HIV-1 activity, provided as the log ACHTUNGTRENNUNG(1/IC50) index (correlation
coefficient of 0.90). This correlation is shown in Figure 3, in

which the experimental and predicted activities of the differ-
ent compounds are compared. The model expressed as
Equation (4) was obtained. The squared correlation coeffi-
cient, R2, is a measure of the fit of the regression model, the
Fisher test, F, reflects the ratio of the variance explained by
the model and the variance due to the error in the model
(high values for the F test indicate the significance of the
equation), SEP is the standard error of prediction and N is

the number of tested inhibitors. The fit of the model
[Eq. (4)] is shown in Table 2 and Figure 3. Analysis of the
results shows a satisfactory agreement between the observed
and calculated values.

log ð1=IC50Þ ¼ �7:18� 0:02EINT ð4Þ

R2 ¼ 0:82, F ¼ 23:47, SEP ¼ 0:42, N ¼ 7

Conclusion

This work provides an insight into the activity of potential
inhibitors against human immunodeficiency virus type-1 in-
tegrase (HIV-1 IN). Hybrid QM/MM MD calculations have
been carried out on L-731,988 and 10 of its derivatives to
determine the protein–ligand interaction energies, and the
correlation between this magnitude and the activity of the
putative pharmacophoric compounds has been established.
The results suggest that the stronger the interaction energy
is, the higher the anti-HIV-1 activity of the inhibitor. The
methodology has also allowed contributions of individual
residues to the total enzyme–inhibitor interaction energy to
be determined. It was found that those residues in the active
site of the enzyme, such as Asp64, Thr66, Gln148, Glu152,
Asn155, Lys156 and Lys159, as well as the Mg2+ ion and
water molecules, determine the anti-HIV-1 IN activity.
These results are in accordance with the available experi-
mental data published in the literature. Nevertheless, we
have observed that a very high interaction energy between
Lys-159 and the inhibitor, together with the electrostatic at-
traction established between the positive charge of the Mg2+

ion and the quadrupole moment of the aromatic ring, is an
important feature in compounds exhibiting the highest anti-
HIV activity. In fact, this is the first time that the importance
of the interaction between the magnesium cation and the ar-
omatic ring of the inhibitor has been pointed out. In this
regard, the presence of an electron-donating substituent in
the ring (for example, a methoxy group), maintaining the
flexibility that allows the inhibitor to approach the cation
(changing the position of the pyrrole ring substituent or

Table 2. Theoretical anti-HIV-1 activity, predicted by Equation (4), com-
pared with experimental data, expressed in terms of log ACHTUNGTRENNUNG(1/IC50).

Activity
Compound Experimental Predicted

A 5.64 5.16
B 5.70 5.69
C 5.60 5.79
D 6.28 6.83
E 6.30 6.44
F 7.30 6.98
G 8.00 7.52
H >7.00 8.37
I >7.00 6.97
J >7.00 7.88
K >7.00 6.84

Figure 3. Experimental versus predicted anti-HIV-1 IN activities mea-
sured in terms of log ACHTUNGTRENNUNG(1/IC50).
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even removing it) should improve the properties of the in-
hibitor. Nevertheless, an electron donor can increase the
pKa of the carboxylate group, which would reduce the
ligand–protein interaction.
In conclusion, we have succeeded in quantifying the dif-

ferent interactions between the HIV-1 IN protein and sever-
al inhibitors. This kind of theoretical study will find future
applications in the enzyme-targeted drugs field. In particu-
lar, in any attempt to modify a putative inhibitor in order to
improve its activity, the contribution of all individual resi-
dues has to be taken into account.
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