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Although recognized in small molecules for quite some time, the implications of halogen bonding in
biomolecular systems are only now coming to light. In this study, several systems of proteins in complex
with halogenated ligands have been investigated by using a two-layer QM/MM ONIOM methodology. In
all cases, the halogen-oxygen distances are shown to be much less than the van der Waals radius sums.
Single-point energy calculations unveil that the interaction becomes comparable in magnitude to classical
hydrogen bonding. Furthermore, we found that the strength of the interactions attenuates in the order H ≈
I > Br > Cl. These results agree well with the characteristics discovered within small model halogen-
bonded systems. A detailed analysis of the interactions reveals that halogen bonding interactions are
responsible for the different conformation of the molecules in the active site. This study would help to
establish such interaction as a potential and effective tool in the context of drug design.

Introduction

Intermolecular forces have been the subject of intense interest
from both experimental and theoretical points of view due to
their fundamental role in determining the three-dimensional
structure of a wide number of important molecules such as
proteins, DNA, and enzyme-substrate complexes. Hydrogen
bonding, the most common and important type of weak
interaction, has been extensively studied over the past several
years. Recently, a specific molecular interaction where halogen
atoms act as electrophiles is under active investigation.1 Such
interaction is now referred to as halogen bonding to emphasize
their characteristics in parallel with those of hydrogen bonding
in terms of strength and directionality.2

The ability of halogen atoms to function as general, effective,
and reliable sites for directing molecular recognition processes
was completely ignored until the 1990s. During the past decade,
many applications of halogen bonding in fields as diverse as
crystal engineering, enantiomer’s separation, and supermolecular
architectures were reported and reviewed.2-8 For example, the
potential of the interaction shown in the design of novel and
high-value engineering functional materials was overviewed in
detail by Resnati and co-workers.3-5 They also pointed out that
halogen bonding has an impact on all areas where the control
of intermolecular recognition and self-assembly processes plays
a central role. Some other research groups have explored the
competition between hydrogen bonding and halogen bonding
in molecular assemblies, and more importantly, effective
supermolecular synthetic strategies around a hierarchy of
synthons that comprise both hydrogen bonding and halogen
bonding through systematic cocrystallization reactions were
preliminarily developed.9 Very recently, Dutremez et al. have
reported the structural characterization of molecular assemblies
constructed from imidazolyl-containing haloalkenes and ha-
loalkynes and found that N · · · I halogen bonding interactions

observed in certain systems were shown not to be presented as
the arrangement of the molecules is governed by two interwoven
hydrogen bonding networks.10

Albeit recognized in small molecules for quite some time,
the implications of halogen bonding, or halogen to oxygen (or
nitrogen) interactions that are equal to or below the van der
Waals radius sums in biological molecules, are only, nowadays,
coming to light.3,11-20 These short contacts have rarely been
observed in biological systems, probably because of the scarcity
of available crystal structures of halogenated biomolecules to
date. Halogens do, however, play crucial roles in natural
systems. The peculiar chemical features of halogens render them
very useful in designing protein inhibitors and drugs; about half
of the molecules applied in high-throughout screening are
halogenated. The importance of halogen bonding in the field
of biology was first recognized by Ho and co-workers, and in
a pioneering work, they have characterized the prevalence and
geometry of halogen bonds (X · · ·O interactions) in biological
systems.11 One example of the use of halogen bonding in drug
design was the development of 4-(3,5-dimethylphenoxy)-5-
(furan-2-ylmethylsulfanylmethyl)-3-iodo-6-methylpyridin-2(1H)-
one (R221239),15 a pyridinone derivative, which strongly
inhibits wild type human immunodeficiency virus-1 (HIV-1a)
reverse transcriptase and drug-resistant variants, including
Tyr181Cys and Lys103Asn mutants. This compound contains
an iodine atom that forms a halogen bond with the Tyr188
carbonyl oxygen; this interaction was regarded as one of the
important interactions leading to the overall protein-ligand
binding affinity.15

The current Protein Data Bank (PDB) (December 2008
release) contains over 1000 structures in which the ligands are
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halogenated. From these structures, we collected those with
X · · ·O distances that are less than their respective van der Walls
radius sums,21 i.e., d(Cl · · ·O) < 3.27 Å, d(Br · · ·O) < 3.37 Å,
and d(I · · ·O) < 3.50 Å, as well as with halogen bonding angles,
∠(C-X · · ·O), that are larger than 140°. It was found that 154
protein structures associated with halogen-oxygen contacts
satisfy the criteria, leading to a total of 248 distinct X · · ·O
interactions, as summarized in Supporting Information. The
amount of X · · ·O interactions increased by more than one time
compared to those assembled in 2004 with a less standard angle
criterion, ∠(C-X · · ·O) g 120°.11 We, consequently, believe
that more and more X · · ·O interactions will be identified along
with the enlarged number of halogenated biomolecules. Similar
to those observed in 2004, present database includes 47%
Cl · · ·O, 22% Br · · ·O, and 31% I · · ·O interactions with backbone
carbonyl oxygens or side chain hydroxyl and carboxyl oxygens.
Noteworthily, there are 39 halogen bonds, about one-sixth of
total X · · ·O contacts, in 24 structures of protein kinases in
complex with halogenated ligands.

Protein kinases mediate most of the signal transductions in
eukaryotic cells and also control many other essential cellular
processes, from metabolism and cell cycle progression to
differentiation and apoptosis.22 The broad variety of function
associated with protein kinases has made them the major drug
targets of the twenty-first century, with utilization as immuno-
suppressants and to treat a number of diseases such as cancer,
diabetes, and inflammation.23-25 Protein kinases share a catalytic
domain conserved in sequence and structure; the overall
structure can be divided into two distinct lobes: the N-terminal
lobe consists of a �-sheet and at least one R-helix, while the
C-terminal lobe is mostly helical (see Figure 2 as a representa-
tive structure).26 The adenosine triphosphate (ATP) binding
pocket is between the two lobes that are connected via the hinge
region. This site, together with less conserved surrounding
pockets, has served as targets for the design of protein selective
inhibitors and drugs.26 As mentioned above, halogen substitution
is an important approach for drug design. Nonetheless, the
accurate chemical and structural basis for their contribution to
drug-protein affinity and recognition has been largely over-
looked and hence has not been fully exploited for rational drug
design. More recently, Ho and Voth have surveyed 12 single
crystal structures of protein kinase complexes with halogenated
molecules and concluded that halogen bonds play important
roles in inhibitor recognition and binding based only on a
qualitative analysis.17 Therefore, understanding the nature and
strength of halogen bonding in biological systems and identify-
ing the contribution of halogens to the overall effectiveness of

the inhibitors would be very helpful in aiding new protein design
and drug discovery.

Halogen bonding within small model systems has been
thoroughly studied by means of high level quantum chemical
methods.27-41 The key geometrical and energetic properties of
the interaction are fairly well established. For example, the
attractive nature of the interaction gives rise to halogen bonding
lengths shorter than the sum of van der Waals radii of involved
atoms; the strength of the interaction decreases in the following
order I > Br > Cl. For large molecules of biological relevance,
however, it is not feasible to apply full quantum chemical
treatment and still no theoretical works concerning halogen
bonding in biomolecules has been reported to our knowledge.
The large size of biological systems prohibits the efficient use
of electronic structure methods with a reasonable computational
cost. At present, the strategy widely applied to investigate
biomolecular systems is known as the combined quantum
mechanics/molecular mechanics (QM/MM) method,42 e.g., our
own N-layered integrated molecular orbital and molecular
mechanics (ONIOM) method introduced by Morokuma and
co-workers.43-45 The advantage of using the ONIOM method-
ology is that a large biologically relevant system can be
partitioned into two layers: the most important part of the
system, involving “active-site” atoms, can be treated with
accurate QM methods, while the remaining part can be
calculated using MM methods. The ONIOM method has
currently been proved to be a powerful and practical tool in the
study of several enzymatic systems.46-52

In the present work, a two-layer ONIOM-based QM/MM
approach was employed for the study of protein-ligand
complexes. For this purpose, six representative systems of
protein kinases, including c-Jun terminal kinase 3 (JNK3),
cyclin-dependent kinase 2 (CDK2), cyclin kinase 2 (CK2), and
mitogen-activated protein kinase kinase 1/2 (MEK1/2), in
complex with small molecule inhibitors, were selected. Also
considered are other four systems of glucose-regulated protein
94 (GRP94), adenosine diphosphate-ribosyl transferase (ART),
adenosine kinase (AK), and human thyroid hormone receptor
(hTR�) with their halogenated ligands. In all cases, halogen
atoms in the ligands form halogen bonds with the backbone
carbonyl oxygen of residues Ala, Val, Glu, Gln, Gly, Thr, and
Phe, or with the side-chain carboxyl oxygen of residue Asp, as
shown in Table 1. The major objective of this work is to provide
some insights into the origin and magnitude of halogen bonding
in biological systems and, in particular, to compare with those
found within small model systems that have been extensively
examined. This study would help to clarify how halogen bonds

Table 1. Summary of Halogen Bonds in Selected Protein-Ligand Complexes

proteins ligands PDB ID
resolutions,

Å IC50 halogensa
electron
donorsb

d(X · · ·O),
Å

∠(C-X · · ·O),
deg

∠(C-O · · ·X),
deg

Protein Kinase Systems
JNK3 compd 153 1PMN 2.20 7 nM Cl1 Ala91 O 2.83 159 96
CDK2 NU6086 (2)54 1H1R 2.00 2.3 µM Cl1 Asp86 O 2.84 140 110
CK2 K37 (3)55 1ZOG 2.30 250 nM Br1 Val116 O 2.98 175 130

Br2 Glu114 O 3.23 144 162
K44 (4)55 1ZOH 1.81 740 nM Br1 Val116 O 2.89 177 129

Br2 Glu114 O 3.18 145 164
MEK1 PD318088 (5)56 1S9J 2.40 s I1 Val127 O 3.13 174 129
MEK2 PD334581 (6)56 1S9I 3.20 s I1 Val131 O 3.17 176 118

Other Systems
GRP94 2ClddA57 1QYE 2.10 s Cl1 Gly153 O 2.92 142 101
ART BNA58 1GXZ 2.10 s Br1 Gln187 O 3.16 169 122
AK 7-iodotubercidin59 1LIJ 1.86 s I1 Thr45 O 3.34 149 108
hTR� T360 1NQ2 2.40 s I1 Phe272 O 3.07 171 120

a The numbering of halogens is defined in Figure 1. b Asp O is the side chain oxygen, while others are backbone carbonyl oxygen.
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participate in ligand binding and how they can potentially be
used in rational drug design.

Computational Methods

The model systems used here were chosen from the reported
data of protein complexes with halogenated ligands, and the
structures were built on the basis of the corresponding X-ray crystal
structures deposited in the Protein Data Bank (PDB codes: 1PMN,53

1H1R,54 1ZOG,55 1ZOH,55 1S9J,56 1S9I,56 1QYE,57 1GXZ,58

1LIJ,59 and 1NQ260). The chemical geometries of the small
molecule ligands are systematically depicted in Figure 1. Because
there are two almost identical protein complexes in the PDB files
of 1H1R, 1S9I, and 1GXZ, we removed one of them by deleting
the B chain for 1S9I and 1GXZ and the B (cyclin A3), C, and D
(cyclin A3) chains for 1H1R. The normal valency of the atoms in
all the model systems was satisfied by adding exact number of
hydrogen atoms.

The main goal of this work is to understand the characteristics
of halogen bonding in biological systems. To achieve this, the whole
systems for the ONIOM-based QM/MM optimizations were
segmented into two layers: the ligands and the corresponding protein
residues that form halogen bonds with the ligands were in the QM
layer (see Figure 4), while the rest atoms were in the MM layer.
Hydrogen atoms were used as link atoms to saturate the dangling
bonds. For the QM layer, two different density functional theory
(DFT) methods were adopted: one is the widely used B3LYP61,62

method, the other is MPWLYP,62,63 which has been testified to
provide accuracies close to high level correlated ab initio methods
in a very recent benchmark study of halogen bonding.64 The
standard 6-31G(d) basis set was applied for 1PMN, 1H1R, 1ZOG,
1ZOH, 1QYE, and 1GXZ, while for 1S9J, 1S9I, 1LIJ, and 1NQ2,
the lanl2dz basis set was used. The MM layer of the systems was
treated by means of the AMBER parm96 force field, and the water
molecules were described by the TIP3P model.65 The restricted

electrostatic-potential (RESP) fitting procedure was employed to
obtain partial atomic charges of the ligands, and the generalized
amber force field (GAFF) package66 was used for parameters not
found in AMBER force field.

The structures of the model systems were fully optimized based
on the two-layer ONIOM-based QM/MM methodology described
above without any constraints. The electrostatic interactions between
the two layers were treated in terms of mechanical embedding
scheme to save computational cost. The optimizations of the model
structures are in principle capable of calculating halogen bonding

Figure 1. Chemical structures of the ligands.

Figure 2. The structure of the catalyst domain of JNK3 in complex
with 1 as a representative case.

2856 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Lu et al.
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energies. For this aim, the QM layer of the model was selected for
single-point energy computations, which were performed at the
B3LYP(MPWLYP)/6-311+G(d) level for the systems of 1PMN,
1H1R, 1ZOG, 1ZOH, 1QYE, and 1GXZ, and at the B3LYP
(MPWLYP)/lanl2dz level for 1S9J, 1S9I, 1LIJ, and 1NQ2. The
binding energies between the ligands and protein residues including
basis set superposition error (BSSE) corrections67 were assessed
from eq

∆E)E1 - (E2 +E3)+BSSE (1)

where ∆E is the binding energies, E1 is the energies of the QM
layer of the full models, E2 is the energies of ligands in the QM
layer, and E3 is the energies of QM layer of the protein residues.
All of these calculations were carried out with the help of Gaussian
03 suite of programs.68

Results and Discussion

The graphical illustration of electrostatic potential surfaces
for three ligands, viz. 2, 3, and 5, is depicted in Figure 3. It is
obvious that a small positive electrostatic potential cap is shown
at the end region of halogen atoms along the C-X axis, which
is surrounded by an electroneutral area and, farther out, a large
electronegative domain. An electronegative atom (or group)
tends to approach the positive cap, thereby giving rise to a linear
interaction. From Figure 3, we can also see a clear tendency of
increasing positive cap upon going from Cl to Br and further
to I within halogenated compounds. In recent articles, Murray
et al. termed the positive cap of halogen atoms as “sigma-hole”
that intersects the C-X axis and also extended this concept to
atoms of Group V and VI to explore their ability to form
directional nonbonded interactions.69-73

The optimized structures of the QM layer of the full models for
protein kinase systems at the level of ONIOM(B3LYP:AMBER)
are given in Figure 4. Halogen atoms in the ligands interact with
the backbone carbonyl oxygen of residues Ala, Val, Glu, Gly, Gln,
Thr, and Phe, with the exception of 1H1R, in which the Cl atom
forms a halogen bond with the side chain carboxyl oxygen of
residue Asp. Interactions in the former cases belong to
conventional halogen bonds, whereas in the latter, the interaction
should be classified as charge-assisted halogen bonds. Note that
two of Br atoms in 3 and 4, selective tetrabromo-benzimidazole
(TBB) derivatives, interact with the backbone oxygens of
residues Glu114 and Val116, respectively. The geometrical
parameters of halogen bonds in the studied systems and the root-
mean-square derivation (rmsd) values of the QM layer of the
models relative to their X-ray structures at different levels are
summarized in Table 2. It can be seen that the interatomic
X · · ·O contacts are predicted to be within a range of 2.771-3.173
Å and 2.741-3.143 Å at the B3LYP and MPWLYP levels of
theory, respectively. These separations are significantly smaller
than the sums of van der Waals radii of the atoms involved.21

Inspection of Tables 1 and 2 reveals that the calculated halogen
bonding lengths are roughly consistent with the experimentally
determined values. For example, the distances between the I
and O atoms for 1S9J and 1S9I are computed to be 3.068 and
3.173 Å, respectively, via the B3LYP/lanl2dz method, while at
the MPWLYP/lanl2dz level, the corresponding distances are
2.981 and 3.111 Å, respectively. These predicted separations
reproduce the experimentally measured values (3.134 and 3.165
Å) reasonably well. In addition, the differences of the distances
obtained at the two levels are quite limited (less than 0.1 Å),
albeit the MPWLYP optimizations fail to converge for the

Figure 3. The electrostatic potential mapped on the surface of molecular electron density (0.02 e au-3). The electrostatic potential varies between
-0.03 (red) to 0.03 (blue) au.

Halogen BondingsA NoVel Interaction for Rational Drug Design? Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2857
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systems of 1ZOG and 1ZOH. The calculated halogen bonding
energies show, however, a distinct discrepancy between B3LYP
and MPWLYP (vide infra).

From Table 2, it is evident that the C-X · · ·O contacts are
rather linear. The C-X · · ·O angles are estimated to be within
a range from 150° to 175° at both levels of theory, which in
general fall into the main statistical scope of halogen bonding
found in biological molecules (140-170°).11 The directionality
of the interaction similar to hydrogen bonding accords with the
anistropic distribution of electrostatic potential of halogen atoms
with the presence of a positive cap along the C-X axis, as
illustrated in Figure 3. Of note are that striking departures from

linearity of the interactions in some cases take place (∠(C-
X · · ·O) < 160°), whereas in most small halogen-bonded
complexes, the interactions are indeed found to be essentially
linear (∠(R-X · · ·O) ≈ 180°).30,31 The noticeably greater
variation in the geometry of halogen bonding in biological
molecules compared to that observed in small model systems
is not surprising, considering the much increased complexity
of biomacromolecules. The surrounding proteins thus would
have a pronounced effect on halogen bonding geometries. On
the other hand, the C-O · · ·X angles are predicted to be larger
than 120° for all systems studied herein, except for 1PMN and

Figure 4. Optimized structures of the QM layer of the full models at the ONIOM(B3LYP:AMBER) level.

Table 2. Geometrical and Energetic Parameters of Studied Systems and the rmsd Values of the Full Models Relative to X-ray Structures at Different
Levels

d(X · · ·O), Å ∠(C-X · · ·O), deg ∠(C-O · · ·X), deg rmsd (QM) ∆E (kcal/mol)

systems B3LYP MPWLYP B3LYP MPWLYP B3LYP MPWLYP B3LYP MPWLYP B3LYP MPWLYP

Protein Kinase Systems
1PMN 2.966 2.967 157.5 155.8 95.2 96.2 2.828 2.837 2.75 2.07
1H1R 2.771 2.741 153.1 152.6 150.0 148.9 1.944 1.966 0.34 -0.98

2.892 174.8 s 128.3 s 2.034 s -0.22 s
1ZOG 3.168 not converged 163.9 s 144.1 s
1ZOH 2.983 160.5 138.0 s 0.818 s -2.13 s

2.932 not converged 170.4 s 127.2
1S9J 3.068 2.981 165.4 167.0 133.7 128.8 2.550 2.387 -1.60 -1.90
1S9I 3.173 3.111 172.2 174.6 137.1 137.4 2.355 2.360 -1.96 -3.05

Other Systems
1QYE 3.060 3.092 147.4 148.2 98.0 95.3 0.213 0.225 0.89 0.18
1GXZ 3.032 3.020 149.2 148.2 123.6 123.4 0.360 0.371 2.05 1.36
1LIJ 3.151 3.143 155.5 153.2 122.2 120.1 2.231 2.245 -1.39 -2.02

1NQ2 3.000 3.109 170.8 174.6 120.0 122.5 2.643 2.648 -1.66 -3.22

2858 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 Lu et al.
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1QYE, in which the C-O · · ·X angles are close to 90°. In these
two cases, it is the π electron density rather than the O lone
pair electrons that serves as electron donor. In fact, the
perpendicular approach of halogens toward OdC oxygens of
peptide bonds occurs frequently in biological molecules.11

Generally, the calculated C-X · · ·O and C-O · · ·X angles
compare relatively well to the values in X-ray structures. The
deviation of the structures of the optimized full models from
their X-ray structures can be quantified by the computations of
rmsd values. It can be seen from Table 2 that the calculated
rmsd values for the present models are around the scale of X-ray
diffraction resolutions of studied protein crystals, indicating that
the optimized model structures should be reliable. This can be
visualized from superposing the X-ray structures and the
optimized model structures of 1PMN, 1ZOH, and 1S9J shown
in Figure 5 as examples. In addition, given that the rmsd values
for the MPWLYP method are remarkably close to those for
B3LYP, the structures optimized via the two approaches should
be highly identical.

Also included in Table 2 are the binding energies between
the ligands and protein residues, i.e., halogen bonding energies,
computed at both levels. It is clear that most of the contacts
between halogen and oxygen atoms are shown to be attractive
interactions. But for the systems of 1PMN and 1QYE, regardless
of the methods used, positive values of the binding energies
are attained, resulting in repulsive interactions in these two
models. This is not unexpected, taking into account of the
substantially small size of electrostatic positive crown of chlorine
in relation to bromine and iodine, as displayed in Figure 3. On
the basis of these, most of the Cl · · ·O interactions in biomol-
ecules appear to be extremely weak or even repulsive. By
performing single-point calculations, we estimate binding ener-
gies to be -0.23 to -1.96 kcal/mol by using the B3LYP method
and -0.98 to -3.22 kcal/mol at the MPWLYP level. Halogen
bonding interactions seem to become comparable in magnitude
to the well-studied hydrogen bonds, especially for the more
polarizable halogens. In view of the directionality and strength,
halogen bonding would be a novel interaction in drug design.
Such interaction, however, has to a large degree been unrec-
ognized in the world of biology. It is worth mentioning that
the MPWLYP method predicts more negative binding energies
in comparison with B3LYP, albeit the structures optimized with
the two approaches are highly identical (vide supra). For
instance, the interaction in the system of 1H1R is shown to be
repulsive when using the B3LYP method, while the binding
energy of this system calculated at the MPWLYP level amounts
to -0.98 kcal/mol. In contrast, the rmsd values of the full model
of this system are insensitive to the methods applied (1.944 vs
1.966). The better performance of MPWLYP has been substan-
tiated in our recent benchmark study of halogen bonding in small
model molecules.63 Not surprisingly, the Cl · · ·O interaction in
1H1R is evaluated to be much stronger than that in 1PMN,
which can be attributed to the negative charge-assisted halogen
bond presented in 1H1R. From the data of these two systems
tabulated in Table 2, a trend can be observed that the stronger
the interaction, the shorter the Cl · · ·O distance, which has been
well documented in small halogen-bonded complexes. Nonethe-
less, in the systems of 1S9J and 1S9I, the interactions exhibit
a contrary kind of behavior as those in 1PMN and 1H1R. This
irregular variation of halogen bonding in biomolecular systems
also mirrors the considerably enhanced complexity of biomac-
romolecules.

The thyroid hormones, such as thyroxine (T4) and triiodot-
hyronine (T3), are tyrosine-based hormones produced by thyroid

gland. An important component in the synthesis is iodine. The
thyroid hormones are essential to proper development and
differentiation of all cells of the human body.74 Particularly,
synthriod (levothyroxine sodium), the typical band of T4, has
now been one of the most popular prescription drugs in the
United States. According to our present survey, a huge number
of short I · · ·O contacts, which occupy approximately 50% of
all statistical I · · ·O interactions between these hormones and
their associated proteins, have been identified. One of the
systems, 1NQ2, was selected to investigate in this work. Table
2 shows that for this system the I · · ·O interaction from T3 to
its receptor hTR� is calculated to be quite linear (∠ (C-X · · ·O)
≈ 170°), and the interaction energy is as high as -3.22 kcal/
mol at the MPWLYP/lan2dz level. Given the linearity as well
as the stability, the I · · ·O interactions must play pivotal roles
in the recognition of the hormones by their cognate proteins,
which supports previous perspectives of Ho and co-workers.11

We then focus our attention on the system of 1H1R. The
X-ray structure of CDK2-cyclinA3 in complex with the inhibitor
NU6094 (7),54 which in comparison with 2 the chlorine
substituent is superseded by H, is also available (PDB code
1H1Q54). Figure 6a displays the superposition of the models in
the X-ray structures of 1H1R and 1H1Q. It has been stated by
Newell and co-workers that the mode of inhibitor binding of 2
was identical to 7, while the affinity of 2 for CDK2 was not
improved over 7 (see Table 3).54 To provide a detailed
understanding of the interactions between the inhibitors and
protein residue Asp86, the model structure of 1H1Q was
optimized at the ONIOM(MPWLYP:AMBER) level. Also
considered at the same level of theory are other two systems,
1H1R-Br and 1H1R-I, i.e., the Cl atom in the 1H1R system is
substituted by Br and I, respectively. To ensure that the data of
the four systems are comparable, calculations with the lanl2dz
basis set were also performed on 1H1Q and 1H1R-Br. Table 3
lists the geometrical and energetic characteristics for these
systems of interest. It can be seen that the strength of the
interactions between the ligands and residue Asp 86 decreases
in the following order H ≈ I > Br > Cl, which agrees with the
properties of halogen bonding in small molecules noted above.
The binding energies of 1H1R-Br and 1H1R-I are shown to be
markedly greater in magnitude than that of 1H1R, whereas the
optimized structures of the full models are almost identical for
these systems (cf Figure 6b). In this regard, the potency of
inhibitor 2 may be much increased when displacing the Cl atom
to Br or I. This would be, of course, concluded with great
caution and requires further experimental verifications. From
Figure 6, it is apparent that the conformation of 7 in the active
site varies to some degree as compared to 2 and other two
halogenated molecules. Because the mode of inhibitor binding
of 2 was demonstrated to be similar to 7, the interactions
between the ligands and residue Asp86 appear to play a major
role in orienting the ligands inside the active site. To sum up,
halogen substituents not only interact with backbone or side
chain oxygen atoms of protein residues but affect the conforma-
tions of parent compounds. These would make halogen bonding
a novel or at least a potential tool for designing protein inhibitors

Table 3. Geometrical and Energetic Properties of Four Systems at the
MPWLYP Level

rmsd (QM) ∆E (kcal/mol)

systems IC50 6-31G(d) -311+G(d) Lanl2dz

1H1Q 1.0 µM 2.864 -5.83 -6.89
1H1R 2.3 µM 1.966 -0.98 s
1H1R-Br s s -5.00 -2.59
1H1R-I s s s -6.71
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and drugs. It should be pointed out that the statements presented
here are based only on a single system and thus have great
limitations. Nonetheless, the conclusions derived from the single
system may cast some light on the important role of halogen
bond in rational drug design. In fact, the introduction of halogen
atoms in ligands also causes many other factors that influence
inhibitor recognition and binding, such as specificity surface
and hydrophobic effect.17

Conclusions

Despite the limited systems studied here, halogen bonding
was demonstrated to play an important role in inhibitor
recognition and binding, at least by protein kinases. Calculations
on the basis of the ONIOM-based QM/MM scheme unravel
that the distances between the halogen and oxygen atoms are
predicted to be much shorter than the van der Waals radius sums.
Single-point energy computations carried out on the full models
show that the interactions are comparable in strength to classical
hydrogen bonds. Moreover, we found that the strength of the
interactions decreases in the order H ≈ I > Br > Cl. These
results are in good agreement with the properties detected within
small model complexes associated with halogen bonding.
However, a notably greater variation in the geometry and
energetics of halogen bonding in biomolecular systems com-
pared to those in small molecules is observed, which can be
rationalized by the conspicuously increased complexity of
biomolecules. A further analysis of the interactions indicates
that halogen bonding interactions are responsible for the different
conformation of the molecules in the active site. The compu-
tational findings in this work can be readily extended to other
enzyme-ligand systems so that halogen bonding, which has long
been underappreciated in the field of biology, would enable the
discovery of new, potent enzyme inhibitors. It should be pointed
out here that halogen bonding in biological systems seems to
be somewhat weak according to our calculations, especially for
the lighter halogens, while hydrogen bonding interactions of
biological importance, indeed, have a wide range of stabilization

energy (1-20 kcal/mol).75,76 However, the linear preference of
this type of nonbonded interaction and the special chemical
properties of halogen atoms should render halogen bonding very
useful in drug design, e.g., inducing significant conformational
perturbations, particularly in nucleic acids.16

As a result of the unique features of halogen bonding, present
molecular dynamic simulations, which rely primarily upon
empirical force fields that in general do not explicitly account
for the anistropic distribution of charge density, appear to be
not appropriate for describing halogen bonding. Developing
accurate and reliable force fields for halogen bonding is currently
underway in our laboratory.
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