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ABSTRACT: The C−X bond of halobenzenes (X = Cl, Br) has a dual character, its electron
density being depleted in its prolongation and built-up on its sides. We have recently considered
three protein or nucleic acid recognition sites of halobenzenes and quantiﬁed the energy gains
that either electron-attracting substituents or electron-donating ones contribute due to such a
character (El Hage et al., paper in revision). Nonadditivity was found to impact the total
interaction energies. We focus here on one recognition site, that of the HIV-1 integrase, in
which the halobenzene ring of the drug elvitegravir is sandwiched between a guanine and a
cytosine base. We perform energy-decomposition analyses of the ab initio quantum-chemistry
(QC) binding energies of the parent halobenzene ring and its derivatives with this G−C base
pair. In these complexes, the nonadditivity of ΔE could be traced back mostly to the polarization
contribution Epol. In view of large-scale applications to the entirety of the complex formed
between the integrase, the viral DNA, and the whole drug, the analyses were performed in
parallel with a polarizable molecular mechanics method, SIBFA. This method could faithfully
reproduce most features of the QC energies. This is due to its use of QC-derived distributed
multipoles and polarizabilities, which enable us to account for both nonisotropy and nonadditivity.

■

INTRODUCTION
Halogenated benzyl rings constitute an important moiety of
several drugs and drug candidates in clinical use and
development.1−3 The presence of a “σ-hole”, namely electron
deﬁciency prolonging the CX bond (X = Cl, Br, I),4−6 enables
halobenzenes to target electron-rich sites of proteins and DNA
receptors along such a bond. The concomitant buildup of
electron density around the CX bonds could enable
halobenzenes to target electron-deﬁcient sites of such receptors
as well, and several protein and DNA recognition sites of
halobenzenes show the halobenzene residing in the neighborhood of electron-rich as well as electron-deﬁcient sites of the
receptor.7−10
We have recently considered three targets, namely farnesyl
transferase, coagulation factor Xa, and HIV-1 integrase.
Halobenzene binding to both kinds of sites could be enhanced
by well-deﬁned substituents that respectively deplenish or
replenish the CX electron density [El Hage et al., paper in
revision]. Comparisons with the parent compounds showed in
addition some unanticipated features. One of these bore on the
impact of polysubstitutions on the solvation energy ΔGsolv.
Such polysubstitutions, in addition to increasing local electrostatic interactions with a targeted site, could in some cases
reduce ΔGsolv, thus impacting favorably the energy balances.
© 2014 American Chemical Society

This was due to a reduction of the total molecular dipole
moment, as occurs with, e.g., two identical substituents para
with respect to one another. Instructive departures from
nonadditivity were found in several cases as a consequence of
polysubstitution. That is, the resulting energy gains with respect
to the parent compound could be larger than the sum of the
gains resulting from all monosubstitutions considered alone.
Finally, the intermolecular interaction energies between the
halobenzene derivatives and the two closest residues or DNA
bases of the recognition site diﬀered in magnitude from the
sum of the three pairwise interactions, being either cooperative
or anticooperative. Such a nonadditivity is a recurrent feature of
multiply H-bonded complexes on the one hand, and of
polycoordinated complexes of metal cations on the other hand,
and has been previously analyzed by parallel quantumchemistry (QC) and polarizable molecular mechanics (PMM)
analyses (see ref 11 and references therein). To our knowledge,
its occurrence in stacked complexes in protein or DNA
recognition sites does not appear to have precedents.
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Figure 1. Representation of the INT−DNA-elvitegravir complex. (a) Recognition site of the halobenzene ring focusing on its interaction with G4
and C16 bases. (b) Interaction distances between the chlorine atom of elvitegravir and the two bases.

interaction energy into four contributions (2): the ﬁrst-order
(E1) Coulomb (ES) and short-range exchange−repulsion (EX)
and the second-order (E2) polarization (POL) and charge
transfer (CT). The basis set superposition error (BSSE)19,20 is
evaluated within the virtual orbital space.
We used the GAMESS software21 and the cc-pVTZ(-f) basis
set.22,23 This basis set was shown to reproduce closely the
results from the more extended aug-cc-pVTZ basis set in
several test calculations bearing on inter- as well as intramolecular interactions.24
Correlated Calculations. The intermolecular interaction
energies ΔE were computed at the correlated level using the
dispersion-corrected B97-D functional by Grimme and coworkers25 with the G09 software26 and the cc-pVTZ(-f) basis
set. The values of ΔE were also corrected for BSSE. The use of
the aug-cc-pVTZ basis set was hampered by convergence issues
for several complexes and could not be pursued for the present
work.
At both HF and DFT-d levels, nonadditivity was computed
as the diﬀerence between the interaction energy of the ternary
complex and the sum of the three pairwise interaction energies.
For a given complex, the dispersion contribution (Edisp) is
evaluated as the diﬀerence between the BSSE-corrected B97-D
intermolecular interaction energies and the HF ones. The
structures of all complexes, as well as those of the ligands taken
in isolation, were energy-minimized using G09 using as a
starting structure for the one determined by X-ray crystallography.
2. SIBFA Computations. In the SIBFA procedure,11 the
intermolecular interaction energy is computed as the sum of
ﬁve contributions: electrostatic multipolar (EMTP), short-range
repulsion (Erep), polarization (Epol), charge transfer (ECT), and
dispersion (Edisp)

The present study focuses on the halobenzene recognition
site of HIV-1 integrase, INT (1). INT is the enzyme
responsible for the integration of viral DNA into host DNA
and is the target of several eﬃcient anti-HIV-1 drugs.12 Among
these, elvitegravir was developed by Gilead Sciences and has an
in vitro EC90 of 1.7 nM.13−15 It was FDA approved in 2012 for
AIDS therapy.16 The X-ray structure of its INT complex shows
its chloroﬂuorobenzene ring stacked over a cytosine, while its
CCl bond points toward the center of an electron-rich ring of a
guanine.17 The complex is represented in Figure 1a,b, the
molecular structure of the drug being shown in Figure 1B. The
present analysis can thus be limited to the halobenzene ring and
its derivatives and to the C and G bases. We will quantify the
weights of the individual contributions of the interaction energy
by QC energy decomposition analyses at the HF level. The
impact of correlation/dispersion is quantiﬁed upon passing to
the correlated B97-D level. Simulations on the complexes of
elvitegravir and its novel derivatives with the entirety of INT
and bound DNA could only be done in the context of
molecular mechanics/dynamics. The nonadditivity shown with
the ternary complex, let alone the presence of two Mg(II)
dications and of several structural waters in the entirety of the
complex, render it necessary to resort to polarizable molecular
mechanics. Speciﬁcally, we will run parallel analyses with the
SIBFA anisotropic polarizable molecular mechanics (APMM)
[reviewed in ref 11]. For the present purposes, there are two
essential assets of this procedure: (1) Distributed multipoles are
used to compute the electrostatic contribution and the
polarizing ﬁeld. This was shown to be instrumental to enable
one to closely account for the pronounced in-plane and out-ofplane anisotropies of the QC Coulomb contribution.11 (2)
Distributed polarizabilities are used to compute the polarization
contribution. Both distributed multipoles and polarizabilities
are derived from the ab initio QC molecular orbitals of the
individual molecules and molecular fragments. How closely
could then an APMM method account for both nonisotropy
and nonadditivity features of the QC intermolecular interaction
energies, and to what an extent could each QC contributions be
matched by its APMM counterpart?

■

ΔEtot = EMTP + Erep + Epol + ECT + Edisp

EMTP is computed with distributed multipoles (up to
quadrupoles) derived from the QC molecular orbitals
precomputed for each individual molecule. They are derived
from the Stone analysis27,28 and distributed on the atoms and
the bond barycenters using a procedure developed by VignéMaeder and Claverie.29 This was done by a home-built routine
(Devereux, M., Paris, 2010). It is augmented with a penetration
term.30 The anisotropic polarizabilities are distributed on the
centroids of the localized orbitals (heteroatom lone pairs and
bond barycenters) using a procedure due to Garmer and

METHODS

1. QC Computations. Energy Decomposition Analysis.
The decomposition of the ab initio SCF interaction energy is
done using the reduced variational space (RVS) analysis of
Stevens and Fink.18 This procedure separates the total
9773
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Figure 2. Representations of the investigated halobenzene derivatives.

Table 1. Nonadditivity Values of ΔE (kcal/mol) of Rings A, B, D, E, G, H, I, J, K, and L at the DFT Level with the B97-D
Functional
ΔEgas (kcal/mol)

ring A

ring B

ring D

ring E

ring G

ring H

ring I

ring J

ring K

ring L

∑ binary complexes
ternary complex
nonadditivity

−36.3
−36.0
0.3

−39.2
−38.9
0.3

−41.2
−43.0
−1.8

−42.2
−43.4
−1.3

−41.5
−41.1
0.5

−47.4
−44.0
3.3

−42.6
−42.1
0.5

−48.6
−45.2
3.4

−40.8
−39.9
0.9

−41.7
−40.6
1.1

Table 2. Nonadditivities of the Individual HF Contributions Rings A, B, C, D, E, F, G, H, and L, Obtained from RVS Energy
Decompositions
nonadditivity (kcal/mol)

ring A

ring B

ring C

ring D

ring E

ring F

ring G

ring H

ring L

ΔEtot
ES
EX
Epol(RVS)
Epol(KM)
CT
E1
E2

0.1
0.0
−0.3
0.3
0.3
0.1
−0.3
0.4

−0.2
0.0
−0.2
0.2
0.1
0.1
−0.2
0.2

0.2
0.0
−0.2
0.5
0.4
0.2
−0.2
0.7

−1.8
0.0
−0.2
−0.8
−1.7
0.0
−0.2
−1.6

−1.3
0.0
−0.1
−0.5
−1.2
0.1
−0.1
−1.1

0.4
0.0
−0.2
0.5
0.4
0.2
−0.2
0.5

0.3
0.0
0.0
0.3
0.1
0.1
0.0
0.2

0.8
0.0
0.2
0.6
0.4
0.2
0.2
0.5

0.8
0.0
−0.1
0.7
0.7
0.2
−0.1
0.9

Stevens.31 The parameters for F and Cl have been previously
calibrated so that ΔE(SIBFA) matches ΔE(RVS) upon Mg2+
and water approach along the CX bond and the corresponding
equilibrium distances match to within 0.1 Å.32 Erep and ECT, the
two short-range repulsions, are computed using representations
of the molecular orbitals localized on the chemical bonds and
on localized lone-pairs. Edisp is computed as an expansion into
1/R6, 1/R8, and 1/R10, and also embodies an explicit
exchange−dispersion term.33

■

mutual impacts of chlorination and substitution on the binding
aﬃnities.
We present ﬁrst an analysis of the nonadditivity of ΔE, by
comparing its values in the ternary complexes with the G and C
bases simultaneously to the ΔE sums of the three binary
complexes. Table 1 recasts ﬁrst the values found at the
correlated level with the B97-D functional.
For nine selected derivatives, Table 2 lists the nonadditivities
of the individual HF contributions obtained from the energy
decompositions. Two values are given for Epol. These are
Epol(RVS), resulting from SCF iterations in which each
monomer is relaxed while the others are frozen, and Epol(KM)
as computed by the Kitaura−Morokuma (KM) procedure,34 in
which all monomers are relaxed simultaneously.
It is ﬁrst observed that the three rings enabling the largest
energy gains with respect to the parent compound are E, H,
and J. Ring E has solely an electron donor, −NHCH3, ortho to
chlorine, whereas rings H and J have the −NHCH3 group
coexisting with electron attractors, namely two F atoms ortho
and para to Cl in ring H and a triﬂuoromethyl group para to it
in ring J. These compounds enable energy gains in the range
−5.1 to −6.9 kcal/mol with respect to the parent compound.
For ring E, chlorination results in a weak (−0.4 kcal/mol)
energy gain with respect to unchlorinated ring D. By contrast,
chlorination enables −3 kcal/mol energy gains, both for ring H
as compared to unchlorinated ring G and for ring J as
compared to I. This could be a reﬂection of the “Janus-like”

RESULTS AND DISCUSSION

Energy Calculations. Along with ring A, namely
unsubstituted benzene, Figure 2 recasts the 11 halobenzenes
whose binding aﬃnities were compared in a preceding study
[El Hage et al., paper in revision]. One meta position to
chlorine is left unsubstituted, because in complete elvitegravir,
it is used for the connection to the rest of the molecule. Ring C,
with a ﬂuorine ortho to the chlorine, is the representative of
elvitegravir. This group of compounds encompasses rings with
one electron-donating group, N-methylamine, on either side of
the Cl atom, as in rings E and F. It can also encompass
electron-withdrawing groups, namely two or four ﬂuorines or a
triﬂuoromethyl group. These can coexist with the N-methylamine substituent, as in rings G, L, and I, or substitute without
it, as in rings K and L. For each kind of substitution, the
nonchlorinated analog is considered as well, to evaluate the
9774
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Table 3. SIBFA versus QC Energy Decomposition Calculations (kcal/mol) (a) for the Ternary and the Binary Complexes of
Rings A, C, D, E, G, H, and L and (b) for the Complexes with the Sole Cytosine or Guanine Rings
ring A
E (kcal/mol)
EMTP
Erep
E1
Epol*/Epol(RVS)
Epol/Epol(KM)
ECT*
ECT
ΔE
Edisp
ΔEtota
ΔEtotb
ΔEtotc
EMTP
Erep
E1
Epol*/Epol(RVS)
Epol/Epol(KM)
ECT*
ECT
ΔE
Edisp
ΔEtota
EMTP
Erep
E1
Epol*/Epol(RVS)
Epol/Epol(KM)
ECT*
ECT
ΔE
Edisp
ΔEtota

a

SIBFA
−33.9
27.1
−6.8
−5.9
−6.8
−2.0
−15.6
−21.0
−36.6

−1.1
5.3
4.2
−0.4
−0.4
0.0
3.7
−7.0
−3.3
−4.6
6.9
2.3
−0.6
−0.7
−0.1
1.9
−5.8
−3.9

ring C
QC

−33.0
27.4
−5.6
−6.0
−7.5
−3.0
−4.2
−17.1
−19.0
−36.0
−33.3
−33.9
−0.4
5.6
5.2
−0.5
−0.6
−0.1
−0.5
4.2
−7.9
−3.7
−3.3
6.7
3.4
−0.4
−0.7
−0.2
−0.6
2.3
−7.6
−5.3

SIBFA
−32.7
25.0
−7.7
−5.6
−6.5
−1.9
−16.1
−21.0
−37.1

−3.03
6.05
3.0
−0.54
−0.54
0.00
2.48
−9.9
−7.4
−1.13
3.93
2.8
−0.29
−0.30
−0.01
2.50
−3.3
−0.8

ring D
QC

−32.6
26.4
−6.2
−6.0
−7.4
−2.9
−4.2
−17.9
−20.4
−38.3
−34.0
−34.9
−3.24
6.53
3.3
−0.6
−0.7
−0.21
−0.79
1.87
−9.3
−7.4
−0.08
4.74
4.7
−0.55
−0.65
−0.16
−0.53
3.6
−8.0
−4.4

SIBFA
−37.3
26.4
−11.0
−8.3
−10.0
−3.3
−23.6
−18.3
−41.8

−4.2
5.4
1.3
−0.7
−0.7
−1.1
−0.5
−4.9
−5.9
−5.6
6.0
0.4
−1.9
−2.0
−0.4
−1.5
−4.7
−6.2

ring E
QC

SIBFA

C−G Ring
−37.9
−37.5
27.1
26.9
−10.8
−10.6
−8.5
−8.4
−11.0
−10.2
−3.5
−3.4
−4.6
−26.3
−23.2
−16.8
−18.6
−43.0
−41.9
−41.9
−42.0
C Ring
−4.8
−2.9
5.8
6.0
1.0
3.1
−0.9
−0.7
−1.3
−0.8
−0.6
−1.1
−0.8
−0.9
1.2
−5.4
−5.3
−6.7
−4.0
G Ring
−3.7
−7.0
5.5
5.9
1.7
−1.0
−1.5
−2.3
−1.6
−1.7
−0.3
−0.5
−0.7
−0.6
−3.1
−6.6
−5.2
−7.2
−8.4

ring G

ring H

ring L

QC

SIBFA

QC

SIBFA

QC

SIBFA

QC

−37.7
27.3
−10.3
−8.1
−10.5
−3.6
−4.7
−25.4
−18.0
−43.4
−41.1
−41.5

−36.6
29.3
−7.3
−6.2
−7.3
−2.5

−36.4
29.0
−7.4
−6.5
−8.2
−3.5
−4.8
−20.2
−20.9
−41.1
−38.2
−39.7

−36.4
30.2
−6.1
−6.3
−7.3
−2.3

−35.7
30.9
−4.7
−6.4
−8.1
−3.5
−5.0
−17.6
−26.4
−44.0
−40.3
−42.9

−35.7
28.0
−7.7
−5.7
−6.6
−5.6

−33.5
27.8
−5.7
−5.7
−7.3
−3.1
−4.9
−17.5
−23.1
−40.6
−36.2
−38.2

−3.4
6.3
2.9
−0.9
−1.2
−0.5
−0.8
1.1
−6.9
−5.8
−5.1
5.9
0.8
−1.5
−1.7
−0.4
−0.8
−1.7
−7.4
−9.0

−17.1
−23.3
−40.4

−9.4
11.5
2.1
−0.9
−1.0
−0.1
1.1
−11.9
−10.8
1.3
2.8
4.2
−0.6
−0.6
−0.5
3.1
−3.2
−0.1
C−G

−8.2
11.6
3.4
−1.1
−1.3
−0.7
−1.4
0.8
−12.3
−11.5
1.0
2.1
3.2
−0.5
−0.5
−0.1
−0.4
2.3
−5.0
−2.7

−15.9
−26.6
−42.6

−8.6
11.2
2.6
−0.8
−0.9
−0.1
1.7
−13.7
−12.1
0.8
4.0
4.8
−0.8
−0.8
−0.5
3.6
−4.7
−1.1

−7.0
10.7
3.6
−1.1
−1.3
−0.8
−1.5
0.9
−15.6
−14.7
1.5
3.9
5.3
−0.6
−0.6
−0.2
−0.5
4.3
−9.6
−5.4

E (kcal/mol)

SIBFA

QC

EMTP
Erep
E1
Epol*/Epol(RVS)
Epol/Epol(KM)
ECT*
ECT
ΔE
Edisp
ΔEtota

−28.6
15.3
−13.3
−5.1
−6.0
−1.9

−29.2
15.3
−13.9
−5.3
−6.5
−2.7
−3.2
−23.6
−3.8
−27.3

−21.2
−7.9
−29.0

−17.5
−23.1
−40.8

−3.0
4.8
1.8
−0.5
−0.5
−0.1
1.1
−6.4
−5.3
−3.5
8.4
4.9
−0.8
−0.8
0.0
3.5
−9.4
−6.2

−1.3
4.2
2.9
−0.6
−0.7
−0.1
−0.6
1.8
−6.8
−5.0
−3.0
8.4
5.4
−0.6
−0.8
−0.4
−1.3
3.5
−12.9
−9.3

B97-D functional. bWB97X functional. cM062X functional.

Thus, whereas the complex of ring E is cooperative (δE = −1.3
kcal/mol), those of rings H and J are anticooperative (δE = 3.3
kcal/mol). Chlorination appears to be systematically detrimental to cooperativity, which can be seen upon comparing the δE
trends in the nonchlorinated versus chlorinated analogues (e.g.,
rings D versus E, G versus H, and I versus J). Analysis of
cooperativity was pursued for representative rings A−H and L
upon performing RVS energy decompositions at the Hartree−
Fock level, which to our knowledge is presently the only
approach available to analyze complexes of more than two

character of the C−Cl bond lending itself to energy gains due
to simultaneous enrichment of the electron density on the sides
of the CX bond and its depletion in its prolongation. Rings E,
H, and J are also those which among the chlorinated
compounds give rise to the largest nonadditivities, but these
are contrasted. We denote by “cooperative” those ternary
complexes for which the interaction energy has a larger
magnitude (ΔE more attractive) than the sum of the
interaction energies of the three binary complexes, and by
“anticooperative” those in which it is less attractive than it.
9775
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monomers during the KM procedure. ECT has magnitudes
close to those of ECT*, which denotes the value of the RVS
contribution after the BSSE correction. Such term-to-term
agreements enable ΔE(SIBFA) to closely reproduce ΔE(RVS).
Comparable agreements are observed for the binary complexes
of the rings with cytosine and guanine. In turn, Edisp(SIBFA) in
the ternary complexes reproduces closely Ecorr/disp(QC), with
the exception of ring H, for which a diﬀerence of 3.4 kcal/mol
is observed. A lesser agreement is seen, however, for the binary
complexes. In these, Edisp(SIBFA) appears to underestimate
Ecorr/disp(QC) for the complexes of the rings with guanine and
with cytosine but, conversely, overestimates in the guanine−cytosine complex. This indicates the possibilities and limitations
of the present formulation of Edisp(SIBFA), considering that in
the present study it was not reﬁt to handle aromatic−aromatic
interactions or halogen interactions. Ongoing reﬁnements
include the use of correlated multipoles and polarizabilities
and augmenting the exchange-dispersion term by contributions
from the lone pairs (Gresh et al., work in progress). They will
be reported in due course.
Could Epol(SIBFA) reproduce the nonadditivity of Epol(QC)?
This evaluation is given in Table 4. It shows that the

interacting molecules. It is reported in Table 2. Table 2 shows
that the nonadditivity of ΔE(RVS) originates predominantly
from polarization. The values of Epol(RVS) and Epol(KM) are
comparable, except for the cooperative complexes of rings D
and E, for which Epol(KM) contributes twice as much as
Epol(RVS) to cooperativity. The nonadditivity of Eexch never
exceeds 0.3 kcal/mol in magnitude and is generally
compensated by that of ECT.
It is noted that the nonadditivities at the RVS/HF level
reﬂect closely those found at the B97-D level, with the
exception of ring H, where it is signiﬁcantly larger at the B97-D
level than at the RVS one, namely 3.3 kcal/mol as compared to
0.6 kcal/mol. Nevertheless, the magnitude of this eﬀect could
be to some extent dependent upon the nature of the functional.
Thus, as observed by El Hage et al. (paper in revision), it was
reduced to 2.4 and 1.8 kcal/mol upon resorting to the WB97X35 and M06-2X36 functionals.
It will be essential to subsequently evaluate if the predicted
gains in aﬃnity could be retained upon passing to the entirety
of the INT−DNA complex, and following inclusion of the ring
derivatives in the entire elvitegravir group as a replacement for
parent ring C. QC calculations are not tractable for such large
complexes. MM approaches should be able to handle both the
nonadditivity issue and the anisotropy of the energy surface
around the CX bond due to the σ-hole. The ﬁrst issue is only
amenable to treatments by polarizable MM. The second should
be most safely handled upon resorting to distributed multipole
treatments.32,37 For such reasons, we have resorted to the
SIBFA procedure, which computes the electrostatic and
polarization contributions with distributed QC multipoles and
polarizabilities. The use of multipoles should enable us to
account for the modulation of the electrostatic contribution as a
function of the electron-donating or -withdrawing nature of the
substituents, and how it evolves upon passing from mono- to
polysubstitution. The use of QC polarizabilities, along with the
fact that the polarizing ﬁeld is itself computed with distributed
multipoles, should enable us to account for the related
modulations of Epol and of its nonadditivity.
Table 3 regroups the SIBFA versus QC calculations for the
complexes of rings A, D, E, G, H, and L. As with the QC
computations, two values are given for Epol. The ﬁrst, denoted
as Epol*, corresponds to the polarization energy in which each
monomer is polarized by the ﬁeld due to the permanent
multipoles on the others. To compute the second, denoted as
Epol, the polarizing ﬁeld on each monomer is computed in an
iterative fashion, upon including the contributions due to the
induced dipoles on the other monomers from the preceding
iteration. Thus, for consistency with the QC computations,
Epol* is to be compared to Epol(RVS) and Epol is to be
compared to Epol(KM). The results for the ternary complexes
are listed ﬁrst. They are followed by the corresponding results
with the sole cytosine and guanine rings. We denote by
Ecorr/disp(QC) the increment of interaction energy observed
upon passing from the HF level to the B97-D one. In the
ternary complexes, the two ﬁrst-order contributions, EMTP and
Erep, are seen to reproduce closely their RVS counterparts, EC
and Eexch. Epol*, which denotes the polarization contribution
prior to performing the iterations on the induced dipoles, itself
reproduces closely Epol(RVS). Epol, which results from such
iterations, increases in magnitude similarly to Epol(KM), but its
magnitude is smaller. This could be due to the fact that
Epol(KM) tends to overestimate the “true” polarization energy
owing to the nonorthogonalization of the MO’s of the

Table 4. Compared Nonadditivities of Both Epol(KM) and
Epol*(RVS) with Their SIBFA Counterparts
ΔE
nonadditivity
(kcal/mol)
ring
ring
ring
ring
ring
ring

A
D
E
G
H
L

Epol/Epol(KM)

Epol*/
Epol(RVS)

SIBFA

QC

SIBFA

KM

SIBFA

RVS

0.3
−1.1
−0.9
0.1
0.7
0.9

0.1
−1.8
−1.3
0.3
0.6
0.8

0.2
−1.2
−1.0
0.2
0.4
0.8

0.3
−1.6
−1.2
0.1
0.4
0.7

0.3
−0.7
−0.4
0.3
0.4
0.8

0.3
−0.8
−0.5
0.3
0.6
0.7

nonadditivities of both Epol(KM) and Epol(RVS) are closely
reproduced by their SIBFA counterparts. This outcome is fully
consistent with results previously published on cooperative38−40 as well as anticooperative41,42 complexes. It is recalled
that ECT(SIBFA) is also nonadditive, but consistent with QC,
this appears essentially in charged complexes. Although Erep is
additive, nonadditivity could be conferred by the explicit
introduction of three-atom exponentials, as was done in the
complexes of metal cations.43 The nonadditivities of both
contributions are found by QC to be negligible in the present
complexes and will thus not be investigated further. In a
forthcoming work, we will investigate the impact on nonadditivities of using correlated multipoles and polarizabilities.
Figures 3 give graphical comparisons of the QC and SIBFA
interaction energies for the complexes of the ﬁve rings in the six
ternary and the 12 binary complexes. Figure 3a ﬁrst compares
the values of ΔE(RVS) and ΔE(SIBFA). Figure 3b compares
the corresponding evolutions of E1 and E2. Panels c−h of
Figure 3 compare the evolutions of the individual contributions: EC and EMTP; Eexch and Erep; Epol(RVS) and Epol*;
Epol(KM) and Epol; ECT(QM) and ECT(SIBFA); Ecorr/disp(QC)
and Edisp(SIBFA). Finally, Figure 3i compares the evolutions of
ΔEtot(QC) and ΔEtot(SIBFA).
The evolutions of ΔE(SIBFA) reproduce closely those of
ΔE(RVS). This is also the case for E1 and E2, as shown in
Figure 3b, where it is clear that both contributions are needed
9776
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Figure 3. Compared evolutions of QC and SIBFA interaction energies and their individual contributions in the 18 investigated complexes: (a)
ΔE(RVS) and ΔE(SIBFA); (b) E1 and E2; (c) EC and EMTP; (d) Eexch and Erep; (e) Epol(RVS) and Epol; (f) Epol(KM) and Epol; (g) ECT; (h)
Ecorr/disp(QC) and Edisp(SIBFA); (i) ΔEtot(QC/B97-D) and ΔEtot(SIBFA); (j) ΔEtot(QC) with the B97-D, WB97X, and M062X functionals and
ΔEtot(SIBFA).

to confer its shape to ΔE. For all 18 complexes, whether ternary
or binary, the stabilization due to the summed second-order term
E2 is larger than that due to the f irst-order term E1. This
reemphasizes the need to explicitly include the polarization
contribution. Within E1, both EMTP and Erep reproduce the
trends of their QC counterparts, and the curves are virtually

superimposable except for the binary complexes of D and E
with guanine (Figure 3c,d). Although Epol(SIBFA) can also
closely reproduce the evolutions of Epol(RVS), a slightly lesser
agreement could be observed for the ternary complexes of D,
G, and H, although the diﬀerences remains less than 1 kcal/
mol. ECT(SIBFA) is for some complexes underestimated by 1
9777
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Figure 4. Correlations between the interaction energies of rings A, C, D, E, G, H, and L in the ternary complex as computed using SIBFA or three
DFT functionals: (a) ΔE(SIBFA) and ΔE(QC/HF); (b) ΔEtot(SIBFA) and ΔE(QC/B97-D); (c) ΔE(QC/B97-D) and ΔE(QC/WB97X); (d)
ΔE(QC/B97-D) and ΔE(QC/M062X); (e) ΔE(WB97X) and ΔE(QC/M062X).

ΔEtot(QC) can be sensitive to the choice of the functional.
Thus, with the WB97-X functional, the ordering of ΔEtot(QC)
values is reversed, and their values are closer to the values of
ΔEtot(SIBFA).
For the seven rings considered, we have in Figure 4a plotted
the evolutions of ΔE(SIBFA) against those of ΔE(RVS) in the
form of a scatter plot. The close agreement is translated by a
slope of 0.89 and an r2 correlation of 0.98. The agreement is
somewhat lesser upon comparing ΔEtot(SIBFA) to ΔE(B97D), with a slope of 1.18 and an r2 of 0.94. This could translate
the need for an improved formulation of Edisp(SIBFA) and/or
the need to resort to distributed multipoles and polarizabilities,
and work is in progress along both lines (Gresh et al.,
manuscript in preparation). We could nevertheless note that,

kcal/mol with respect to ECT(RVS). This could illustrate some
diﬃculties expressing the contributions of the π lone pairs to
charge transfer (as is the case for ring A), and possibly also the
need for a more focused calibration of ECT contributed by the σ
lone pairs of the ﬂuorine substituents, as is the case for rings G,
H, and L. In the ternary complexes, Edisp(SIBFA) can reproduce
Ecorr/disp(QC) closely, except for the case of ring H. The trends
are also followed in the binary complexes. For these, as
mentioned above, the underestimation of Ecorr/disp(QC) by
Edisp(SIBFA) is compensated by a corresponding overestimation in the G−C complex. As a consequence of the
overall satisfactory agreements at the level of the individual
contributions, ΔEtot(SIBFA) can closely match ΔEtot(QC),
with the exception of ring H. On the other hand, the values of
9778
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with the exception of ΔE(B97-D) versus ΔE(M062X) giving a
slope of 1.19 and r2 of 0.97 (Figure 4d), the scatter between
some functionals could be even larger than the present one,
such as that between ΔE(B97-D) and ΔE(WB97X) with an r2
of 0.89 (Figure 4c), or that between ΔE(WB97X) and
ΔE(M062X),with an r2 of 0.93 (Figure 4e). While this work
was in progress, a paper appeared44 benchmarking the
accuracies of several DFT and dispersion-corrected DFT
functionals for the interactions of small halogenated molecules
with the benzene ring, as compared to CCSD(T)/CBS
calculations. The M062X functional was found to aﬀord better
agreements for chlorinated compounds than B97-D. This
should not alter the essential conclusions of this work aiming to
compare the trends of ΔE as a function of chemical substitution
as well as those of the separate ﬁrst- and second-order
contributions within ΔE. Furthermore, for the present class of
compounds, ΔE(B97-D) could be seen to have a very
satisfactory agreement with ΔE(M062X) with a 0.97 value of r2.
Possible Impact of the Molecular Dipole Moment and
of the Polarizability on Nonadditivity. The propensity of
some of the substituted rings for nonadditivity in the G−C
recognition site was unanticipated. Such eﬀects could be
ampliﬁed in the complete INT−DNA complex, because the
two Mg(II) metal cations, as well as charged or polar residues
neighboring the complexed DNA bases or the drug could
further increase the magnitude of the polarizing ﬁeld and,
depending upon the ﬁeld direction, amplify either cooperativity
or anticooperativity. An ideal derivative would be one giving
rise to cooperativity, which has only be obtained so far with
derivatives D and E. Would it then be possible to anticipate the
amplitude and nature of the nonadditive response from some
molecular properties such as the molecular dipole or the
molecular polarizability? Table 5 reports the value of δEnadd as a
function of the dipole moment of the ring and its polarizability
for 19 substituted rings, nine of which are represented in Figure
2 (Table 5 top), and for ten additional substituted rings (Table
5 bottom). Figure 5 gives a map in which the amplitude of
nonadditivity, δEnadd, is given as a function of these two
properties. Increasing the molecular polarizability increases the
magnitude of δEnadd. Thus, for a value of the dipole moment
(μ) of 2.8 D, it increases in magnitude from 0.3 to 0.8 to 1.3
kcal/mol as the polarizability increases from 78 Å3 to 96−105.
The latter increase gives rise to a cooperativity instead of
anticooperativity. On the other hand, increasing μ also
increases nonadditivity but favors anticooperativity. Thus, for
a polarizability of 90 Å3, δEnadd increases from 1.1 to 1.7 kcal/
mol upon increasing μ by 3 D, from 4 to 7 D. For a
polarizability of 96 Å3, it increases from 0.8 to 3.6 and 3.7 kcal/
mol upon increasing μ from 2.5 to 4.5 and 6 D. For a
polarizability of 105 Å3, it increases in magnitude (and becomes
anticooperative) from 1.3 to 3.3 kcal/mol upon increasing μ
from 2.5 to 5 D. The trends are clearly preliminary at this stage
because they are in an environment limited to the two closest
sites to the halogenated ring, namely guanine and cytosine. It
could be very instructive to monitor how they evolve, on the
one hand, in the more complex environment of the protein that
has anionic residues and two metal cations at less than 8 Å from
the ring and, on the other hand, in the presence of the ﬁeld
generated by the other molecular fragments that make up the
drug (Figure 1). This could further highlight the need for
polarizable potentials and is the object of ongoing work [El
Hage, K., work in progress].

Table 5. Representation of the Nonadditivity δEnadd in the
Ternary Complexes as a Function of the Ring Molecular
Dipole and Polarizability of the (Top) Majority of Rings
Shown in Figure 2 and (Bottom) Several Other Substituted
Rings

■

CONCLUSIONS AND PERSPECTIVES
The present study has focused on the halobenzene ring of
elvitegravir, an inhibitor of HIV-1 integrase (INT), which has
an in vitro EC90 of 1.7 nM and is presently used in therapy
against AIDS. In the INT−DNA recognition site, this ring
binds inside a cleft formed by a cytosine and a guanine. In line
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accordingly tested the SIBFA procedure and compared the
numerical values and the evolutions of each of its ﬁve
contributions to the QC ones, and close agreements could be
seen in the majority of complexes. One possible exception
relates to Edisp in the complex of ring H, which lacks the
nonadditive behavior of its Ecorr/disp counterpart using the B97D functional. However, the magnitude of such a nonadditivity
was reduced with another functional, WB97X. It was, on the
other hand, very encouraging to observe that the nonadditivities of Epol, whether from the RVS or from the KM
approaches, could be reproduced by Epol* and Epol, respectively,
that is, before and after iterating on the induced dipoles.
Following these validations, we have initiated simulations on
the complexes of DNA-bound INT with elvitegravir derivatives
with rings A−H, and the results will be reported subsequently.
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with a study by El Hage et al. (paper in revision), we
considered halobenzene rings having diﬀerent or additional
substituents, some of which could give rise to signiﬁcant energy
gains (up to −5 kcal/mol) with respect to the parent chloroortho ﬂuoro parent compound. QC energy-decomposition
analyses were done to identify the energy contributions
aﬀording such gains. It was found at the HF level that the
electrostatic contribution EC alone does not suﬃce to dictate
the trends. On the one hand, its preferences could be either
reinforced or counteracted within E1 by the short-range
repulsion E exch . On the other hand, the polarization
contribution Epol displayed preferential trends of its own,
which could, again, either reinforce or counteract those of EC
or Eexch. This appeared clearly upon comparing the evolution of
ΔE(RVS) as a function of the considered ring derivative to
those of the separate ﬁrst- and second-order terms E1 and E2.
None of the E1 and E2 curves alone could match the ΔE(RVS)
curve and had to complement one another. In addition, E2 had
invariably larger (or at least equal) magnitudes than E1.
Furthermore, for some complexes, Epol displayed some
signiﬁcant nonadditivities. Although these are a hallmark of
several multiply H-bonded complexes and polycoordinated
complexes of metal cations, their occurrence in stacked
complexes is much rarer. They are most likely facilitated here
by the fact that the two bases interacting with the ring are
themselves mutually interacting by the Watson−Crick triple Hbond. Upon passing to the B97-D correlated level, Ecorr/disp
displayed again some preferences of its own.
In view of large-scale simulations on the complexes that the
entirety of the drug derivatives form with INT and its bound
DNA, and due to the large size of the INT−DNA recognition
site beyond the sole G4 and C16 bases, molecular mechanics/
dynamics methods could be the most important surrogate to
QC. The distinct preferences imposed by the separate energy
contributions, the nonadditivities of ΔE, and the strongly
anisotropic nature of the binding around the CX bond due to
the σ-hole, imply that MM procedures equipped with a
separable expression of ΔE, along with distributed QC
multipoles and polarizabilities, as done by SIBFA and the
eﬀective fragment method45,46 could be necessary. We have
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(29) Vigné-Maeder, F.; Claverie, P. The Exact Multicenter Multipolar
Part of a Molecular Charge Distribution and its Simplified
Representations. J. Chem. Phys. 1988, 88, 4934−4948.
(30) Piquemal, J.-P.; Gresh, N.; Giessner-Prettre, C. Improved
Formulas for the Calculation of the Electrostatic Contribution to
Intermolecular Interaction Energy from Multipolar Expansion of the
Electronic Distribution. J. Phys. Chem. A 2003, 107, 10353−10359.
(31) Garmer, D. R.; Stevens, W. J. Transferability of Molecular
Distributed Polarizabilities from a Simple Localized Orbital Based
Method. J. Phys. Chem. 1989, 93, 8263−8270.
(32) Hage, K. E.; Piquemal, J.-P.; Hobaika, Z.; Maroun, R. G.; Gresh,
N. Could an Anisotropic Molecular Mechanics/Dynamics Potential
Account for Sigma Hole Effects in the Complexes of Halogenated
Compounds? J. Comput. Chem. 2013, 34, 1125−1135.
(33) Creuzet, S.; Gresh, N.; Langlet, J. Adjustment of the SIBFA
Method for Potential Maps to Study Hydrogen-Bondng Vibrational
Frequencies. J. Chim. Phys. 1991, 88, 2399−2409.
(34) Kitaura, K.; Morokuma, K. A New Energy Decomposition
Scheme for Molecular Interactions Within the Hartree-Fock
Approximation. Int. J. Quantum Chem. 1976, 10, 325−340.
(35) Chai, J. D.; Head-Gordon, M. Long-Range Corrected DoubleHybrid Density Functionals. J. Chem. Phys. 2009, 131, 174105−
174113.
(36) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements: Two
New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120,
215−241.
(37) Bereau, T.; Kramer, C.; Meuwly, M. Leveraging Symmetries of
Static Atomic Multipole Electrostatics in Molecular Dynamics
Simulations. J. Chem. Theory Comput. 2013, 9, 5450−5459.
(38) Gresh, N. Model, Multiply Hydrogen-Bonded Water Oligomers
(N = 3−20). How Closely Can a Separable, ab Initio-Grounded
Molecular Mechanics Procedure Reproduce. J. Phys. Chem. A 1997,
101, 8680−94.
(39) Guo, H.; Gresh, N.; Roques, B. P.; Salahub, D. R. Many-Body
Effects in Systems of Peptide Hydrogen-Bonded Networks and their
Contributions to Ligand Binding: A Comparison of the Performances
of DFT and Polarizable Molecular Mechanics. J. Phys. Chem. B 2000,
104, 9746−9754.
(40) Piquemal, J.-P.; Chelli, R.; Procacci, P.; Gresh, N. Key Role of
the Polarization Anisotropy of Water in Modeling Classical Polarizable
Force Fields. J. Phys. Chem. A 2007, 111, 8170−8176.
(41) Tiraboschi, G.; Gresh, N.; Giessner-Prettre, C.; Pedersen, L. G.;
Deerfield, D. W. Parallel Ab Initio and Molecular Mechanics
Investigation of Polycoordinated Zn(II) Complexes with Model
Hard and Soft Ligands: Variations of Binding Energy and of Its
Components With Number and Charges of Ligands. J. Comput. Chem.
2000, 21, 1011−1039.
(42) Tiraboschi, G.; Roques, B. P.; Gresh, N. Joint Quantum
Chemical and Polarizable Molecular Mechanics Investigation of
Formate Complexes with Penta- and Hexahydrated Zn2+: Comparison
Between Energetics of Model Bidentate, Monodentate, and ThroughWater Zn2+ Binding Modes and Evaluation of Nonadditivity Effects. J.
Comput. Chem. 1999, 20, 1379−1390.
(43) Chaudret, R.; Gresh, N.; Parisel, O.; Piquemal, J.-P. Many-Body
Exchange-Repulsion in Polarizable Molecular Mechanics. I. Orbital
Based Approximations and Application to Hydrated Metal Cations
Complexes. J. Comput. Chem. 2011, 31, 2949−2957.
(44) Forni, A.; Pieraccini, S.; Rendine, S.; Sironi, M. Halogen Bonds
with Benzene: an Assessment of DFT Functionals. J. Comput. Chem.
2014, 3, 386−394.
(45) Day, P. N.; Jensen, J. H.; Gordon, M. S.; Webb, S. P.; Stevens,
W. J.; Krauss, M.; Garmer, D. R.; Cohen, D. An Effective Fragment
9781

dx.doi.org/10.1021/jp5079899 | J. Phys. Chem. A 2014, 118, 9772−9782

The Journal of Physical Chemistry A

Article

Method for Modelling Solvent Effects in Quantum Mechanical
Calculations. J. Chem. Phys. 1996, 105, 1968−1986.
(46) Gordon, M. S.; Smith, Q. A.; Xu, P.; Slipchenko, L. V. Accurate
First Principles Model Potentials for Intermolecular Interactions.
Annu. Rev. Phys. Chem. 2013, 64, 553−578.

9782

dx.doi.org/10.1021/jp5079899 | J. Phys. Chem. A 2014, 118, 9772−9782

