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Abstract In this work, molecular modeling methods have
been applied to the interaction characterization of poly-
pyridyl transitional-metal complexes with the oligonucle-
otide (B-DNA fragment). In order to explore the fac-
tors governing the groove recognition and intercalative
depth, we establish a simple and practical docking method
(step-by-step docking operation) to obtain potential curves
while making complexes inset into B-DNA along an as-
signed path. Energy values in the potential curve are ob-
tained from energy minimization of binding geometries.
Modeling results clearly show that the optimum binding
conformation corresponding to the global minimum in the
potential curve for each complex is found to correlate well
with the experimental results. Our results also confirm that
minor changes of the ligand structure can lead to profound
influences on binding geometries, so the molecular shape
of the complexes is a predominant factor in governing the
binding mode. Moreover, we find that the vdW force and
“water molecular effect” are strongly associated with mo-
lecular-shape selection in our model. These results com-
plement and extend the knowledge of the nature of these
complexes binding to B-DNA.

Keywords MM+ force field · Docking · B-DNA · Metal
complex

Introduction

There is substantial interest in delineating those fac-
tors that contribute to B-DNA-site recognition by poly-
pyridyl transitional-metal complexes [1, 2, 3, 4, 5, 6, 7].
Despite a considerable amount of published material, the
detailed structural information on the nature of the bind-
ing interaction has remained relatively modest. For ex-

ample, [Rh(phen)2phi]3+ associates with DNA in the ma-
jor groove through intercalation; however, [Ru(phen)2
dpq]2+, similar to [Rh(phen)2phi]3+, prefers to bind to
DNA in the minor groove; for [Ru(phen)2dppz]2+, the
classical intercalative mode has been accepted by most
scientists, but there is still intense controversy on binding
to DNA from the major or minor grooves [8, 9]. Many
experimental observations have shown that different bind-
ing modes (intercalative orientation and depth) for this
sort complex occur because of the steric structural dif-
ference. Thus, how ligands with varied bulk influence the
binding interaction is an interesting subject. However, it is
difficult to investigate through experimental methods
because different complexes are frequently not reported in
the same piece of work and are not easy to extract from
the literature. Therefore, in order to carry out a systematic
study of the interaction between Ru(Rh) complexes and
DNA, we have compared a set of binding geometries of
complexes from molecular mechanics calculations. The
complexes (only D-isomers) with primary structure prop-
erties in our study are shown in Fig. 1. Using the manual
docking methodology [10, 11], we obtain potential curves
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Fig. 1 Intercalative ligand and ancillary ligand of [Ru(phen)2
dpq]2+, [Ru(phen)2dppz]2+, [Ru(bpy)2dppz]2+, [Rh(phen)2 phi]3+,
[Rh(bpy)2phi]3+



for complexes that insert into the major or minor grooves
of B-DNA along an assigned path. For each complex, the
optimum binding geometry is regarded as occurring at the
global minimum of the potential curve. Through detailed
analyses of the intercalative ligand and ancillary ligand
effects on binding geometries, the vdW (van der Waals)
forces and “water molecule effect” in the microscopic-
environment effects on composite poten-tials, we have
explored how the molecular shape governs the complexes
to B-DNA-site recognition, i.e. molecular shape selection,
and developed a detailed structural understanding of how
these complexes interact with the B-DNA helix.

Computational method

With appropriate parameters, molecular mechanics meth-
ods are useful in elucidating the structure of metal-con-
taining molecules. The MM+ force field in the Hyper-
Chem 6.0 program package is one of the most accurate
force fields widely used for calculations of “small” mo-
lecules [12]. MM+ was not originally parameterized for
Ru and Rh ions. After adding the same parameters for
them except the van der Waals radius (Table 1), we find
that MM+ can treat metal complexes as it would treat any
other molecular. The starting geometry of the complexes
is fully set up in D3 symmetry. Geometry optimization is
performed using a conjugate-gradient procedure with a
convergence criterion of 0.01 kcal mol�1 ��1.

The simulation of complexes bound to the B-DNA
minor or major grooves is carried out using a step-by-step
docking operation. Firstly, the crystallographic structure of
the B-DNA fragment d(CGCAATTGCG)2 was retrieved
from the Brookhaven Protein Database (ID: 252D). The
crystallographic water molecules were deleted, and energy
minimization performed. It has been shown that the
complexes bind relatively unspecifically to B-DNA with a
slight preference for AT-rich regions [13, 14, 15], so we
selected insertion of the complexes into the A5T6/T6A5

base step of the B-DNA fragment in a “head-on” fashion
[16], see Scheme 1. The dpq twofold axis is perpendicular
to both the base-pairs’ long axis and the helical axis.
While the complex atom positions were fixed, the rest are
minimized to allow the free B-DNA to adjust to accom-

modate the complex suitably, and subsequently the whole
system is minimized without any restraints by the Polak–
Ribiere conjugate method with a convergence criterion of
0.5 kcal mol�1 ��1 in vacuum. While manually changing
the intercalative depth of the complex, the binding struc-
tures along the designed pathway are constructed indi-
vidually, and then independently minimized to obtain
energy values as potential curves (energy versus inter-
calative depth). Here, intercalative depth is defined as the
distance from the Ru(Rh) atom to the cross point between
the twofold axis and the helical axis.

In order to explore the “water-molecule effect” in the
intercalation process of the complexes, the same bulk
(40 �, 25 � and 40 �) of TIP3P water boxes hydrate each
composite minimized above in vacuum. In the compos-
ites, intercalative depth and orientation of complex are
different. Keeping all atoms of the composite at fixed
positions, energy minimization of the water molecules is
carried out to adjust their orientations, and subsequently
the whole box system is minimized. Finally, the optimum
conformation of the composites (i.e. the best relative
position of each complex bound to the B-DNA) is found
by analyzing the potential curves in water solvent. All
calculations are performed on a 2.4-GHz PC using the
MM+ force field in HyperChem 6.0, using default settings
consistently (assigning a dielectric of 1.0).

Results and discussion

Metal complexes

In our model, the entire complex is treated as a covalently
bound entity, using standard stretching and bending po-
tentials to describe intramolecular interactions, so the
parameters have a significant effect on the ability of the
force field to reproduce the complex structure to a satis-
factory level of precision [17]. Therefore, we selected the
Ru (Rh) parameters from the literature to match the

Table 1 Metal complex parameters for the MM+ force field

Atom types Parametersa

N–Ru(Rh) 2.6837 mdyn ��1 (kr) 2.056 � (l0)b

2.6941 mdyn ��1 (bond moment)
N–Ru(Rh)–N 0.1760 mdyn � rad�2 (kb)

180.0000 deg (q0)
C–N–Ru(Rh) 0.7195 mdyn � rad�2 (kb)

123.5054 deg (q0)
Ru 2.34 � (van der Waals r)

0.438 kcal mol�1 (�)
Rh 2.71 � (van der Waals r)c

a From [25] and refined
b From [18]
c From Chem3D program package

Scheme 1 Schematic illustration of the complexes intercalated into
the B-DNA fragment
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functional formalism of MM+ (Table 1). As an illustrative
example of the accuracy of the present parameters, the
structural data of [Ru(phen)2dpq]2+ obtained from the
MM+ calculation are compared with the reported X-ray
structure [18], as shown in Fig. 2. The difference between
theoretical and experimental values for the [Ru(phen)2
dpq]2+ is within 0.005 � for bond length and within better
than 4� for bond angles. These results indicate that the
parameters for Ru (Rh) used in our recent work are indeed
very accurate.

Binding simulation in vacuum

The complexes were docked manually from 18 � to 4.5 �
at about 1-� intervals. The H-bonds between nucleobases
are basically maintained in the intercalative process of
complexes. The binding potential curves of five different
complexes are clearly different in Fig. 3. The reason for
the difference may stem from two aspects, including both
intercalative ligands and ancillary ligands.

Intercalative ligand effect

The shape and bulk of the intercalative ligand provide a
primarily structural element in dominating the binding
mode of the complexes. This is indicated strongly by the
fact that the overall curve trends of the same intercalative
ligand show high similarities, even when the ancillary
ligands are not identical (see b and c, d and e in Fig. 3). If
intercalative ligand insertion into the basepairs region is

regarded as the intercalation mode (in contrast to the
groove-binding mode), the modeling results show that
increasing the length of the intercalative ligand is more
favorable for the intercalative mode. For dpq and phi
complexes, the global minima all occur in the groove
region. Comparatively, the global minima of dppz com-
plexes occur in the basepairs region. The reason is easily
understood. The shorter intercalative ligand stacking with
basepairs will of necessity make two ancillary ligands
close to the B-DNA backbone, further leading to vdW
repulsion. In contrast, the longer dppz not only increases
the amount of direct overlap between the intercalative
ligand and the bases, but also puts the ancillary phen (or
bpy) further away from the groove bottoms of the B-DNA
to avoid steric shielding. Thus, the dppz can insert deeply
into the base stack. On the basis of the above analysis, we
suggest that the length of the intercalative ligand is a
primary factor for the intercalation mode selected.

Structurally, the width of the intercalative ligand pro-
vides another constraint and selection for the binding
mode, such as groove selection. When the phi inserts into
the basepairs region from the minor groove, the potential

Fig. 2 Comparison of the theoretical and experiment values of the
[Ru(phen)2dpq]2+ structure

Fig. 3 Relative potential curves for the five complexes binding B-
DNA in vacuum. The heavy line shows major-groove intercalation;
the dashed line is for the minor groove. The starting energy value of
the minor groove is regarded as the reference value
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profiles for [Rh(phen)2phi]3+ and [Rh(bpy)2phi]3+ are up-
hill with a “peak”, which shows an obvious difference to
other profiles (see d and e in Fig. 3). Due to the use of
imines as coordinating chelators, the phi has an expanse
of aromatic structure along the basepairs’ long axis so as
to form a broad head. The shape of a B-DNA intercala-
tion site, though flexible, is distinctly trapezoidal, with its
widest edge on the major groove side (Scheme 2). This
shape, combined with the bottom widths of the B-DNA
minor groove (9.2 �) and the head width (9.3 �) of the
phi, support the conclusion that B-DNA binding for the
phi complexes must occur from the major groove. In this
orientation, the steric overlap between the overhanging H
atom of the phi and either O atom (the ribose ring oxygen)
or H atom on the other side of the intercalation site shown
through the “peak” in the potential curve is avoided, and
the extended orientation of the nucleobases facing the
major groove also allows significant aromatic–aromatic
overlap.

Ancillary ligand effect

Firstly, ancillary ligands are brought into position against
the B-DNA phosphate skeleton and basepairs, and as a
result the intercalative depth of complexes will be af-
fected by ancillary ligands. For example, when the surface
area of ancillary ligands (phen>bpy) decreases, the point
A, a local minimum in the potential profiles of minor
groove, moves right to point B (see b, c and d, e profiles
in Fig. 3). The phenomenon shows clearly that the com-
plexes with smaller ancillary ligands intercalate deeper.
Secondly, Fig. 3 shows that, for the five complexes, the
relative potential of the minor groove is always lower
than that of the major groove in the groove region. This is
explained by the fact that the vdW fit between B-DNA
and ancillary ligands is substantially better in the minor-

groove orientation, i.e. the distance between C atoms of
B-DNA and C atoms of ligands is not too close so as to
provide a steric blockade, but sufficiently close to allow a
stabilizing vdW contact. Graphic measurement results
show that the widths of the minor and major grooves are
about 10.0 � and 17.0 � respectively, and the widths of
the complexes are about 6.8 �. In this model the C–C
nonbonded distance is about 4.0 �. Therefore, a favorable
nonbonded contact (10 ��6.8 �=3.2 �) will only be
available binding from the minor groove.

Intrinsic force

The above discussion reveals that the entire molecular
shape is a significant factor governing the site selection.
Thus, what is an intrinsic force to be associated with
molecular shape selection? By delineating the changes of
mainly energetic terms for the [Ru(phen)2dpq]2+ interca-
lation from the minor groove, it is clearly observed that
the descending trend of potential is only consistent with
that of vdW energy under the simulation conditions of
our study (Fig. 4). No matter what binding mode the five
complexes adopt, the characteristic occurs in general in
downhill potential profiles. By this token, vdW forces
play a major role in stabilizing the composite. In other
words, only when the complex shape fits the B-DNA
helix in the intercalation site well enough, does the bind-
ing produce vdW attraction, which makes the system
potential drop substantially. Therefore, it is reasonable to
deduce that vdW forces are an intrinsic force for site
specificity dominated by molecular shape.

Scheme 2 Schematic representation of a base pair fragment with a
phi complex intercalated from the major groove Fig. 4 The change trend of several energetic terms for [Ru(-

phen)2dpq]2+ binding system in vacuum
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Binding simulation in water environment

The potential curves in the water environment show that
the molecular shape is still the main factor dominating the
binding mode based upon the following two aspects.

Groove selection

There are still divergences about intercalative orientations
of dppz complexes from experimental data. Among all
sorts of viewpoints Barton’s and Norden’s are the most
representative. Barton suggested that the intercalation
occurs from the major groove [19]. In contrast, Norden
proposed that this sort complex binds to B-DNA from the
minor groove [20, 21]. Here, the intercalative orientation
will in theory be explored according to potential curves, in
which the global minimum corresponds to the optimum
binding structure. For [Ru(phen)2dppz]2+, the global mini-
mum does occur in the minor groove with a deep val-
ley (Fig. 5a), and a minor-groove intercalative fashion is
adopted. The lateral view of its optimum binding confor-
mation (Scheme 3) shows that the ancillary phens are
located in the minor groove together with the terminal
ring of the dppz projecting out into the major groove and

the adjacent basepairs fully separated. However, Fig. 5b
shows that the major-groove potential is generally lower
than that of the minor-groove, so [Ru(bpy)2dppz]2+ is
a classical intercalator of major-groove binding. The
[Ru(bpy)2dppz]2+ differs from [Ru(phen)2dppz]2+ only by
removing the protruding –CH–CH– group of the ancillary
phen moiety, which makes their binding modes distinctly
different in a water environment. Thus, it can be seen that
the binding model of the dppz complexes is sensitive to the
change of molecular shape. How does the complex shape
affect the binding? Through observing modeling graphics
we find that the shape-match difference between phen and
bpy with the B-DNA brings about the marked differences
in the number and distribution of water molecules in the
fixed box. Because the interaction of water molecules is
the main contribution to the decreasing potential values of
the box system in our model, a small change of the water
system will lead to an obvious change of potential value,
thereby affecting the binding mode selected. Considering
that the binding model of the dppz complexes is uncertain
in experimental studies, we infer that the dppz complexes
may adopt multi-binding modes based upon the ancillary
ligands and DNA sequence differences. In addition, the
optimum intercalative depths for [Ru(phen)2dppz]2+ and
[Ru(bpy)2dppz]2+ are different (5.4 � and 7.8 �, respec-
tively). The reason is that for [Ru(bpy)2dppz]2+, the in-
tercalative orientation of the dppz is not in accord with
the extending orientation of basepairs, thereby produc-
ing strong vdW repulsions (see Scheme 2). Similar to
[Ru(phen)2dppz]2+, [Ru(phen)2dpq]2+ also prefers to bind
B-DNA in the minor groove based on potential calcula-
tions (Fig. 5c), in good qualitative agreement with Col-
lins’s experiment result [22]. Its intercalative depth
(10.5 �) is much smaller due to the shorter intercalative
ligand dpq. The edge of the dpq is only coplanar with the
basepairs, but does not open the basepairs’ stack, and
accordingly suggests that groove-binding fashion or “par-
tially inserted” modes from the minor groove are possible.

Fig. 5 Potential curves for a [Ru(phen)2dppz]2+, b [Ru(bpy)2
dppz]2+ and c [Ru(phen)2dpq]2+ binding in a water environment.
The heavy line shows major-groove intercalation; the dashed line is
for the minor groove

Scheme 3 The lateral view of the optimum binding conformation
for the [Ru(phen)2dppz]2+
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For [Rh(bpy)2phi]3+ and [Rh(phen)2phi]3+, the major
binding orientation can be revealed clearly by the po-
tential curves in Fig. 6: the major-groove potential is
considerably lower in most sites and the potential profiles
only cross partly in the boundary between the basepairs
region and the groove region. NMR studies indicated that
the phi complexes intercalate only from the major groove
[23, 24]. The consistency of molecular modeling and
experimental results confirm the feasibility of our mod-

eling protocol. Moreover, the water environment simu-
lated by TIP3P water molecules makes the binding modes
more reasonable for reproducing the NMR deduction: the
phi ligand produces sufficient stacking interactions with
the nucelobases in the major groove orientation. Potential
profiles show that their optimum intercalative depth
changes from about 12.0 � in vacuum to about 7.0–7.8 �
in water (see Fig. 3 and Fig. 6, respectively). This is ex-
plained by the fact that for the water box with free water
molecules, the complexes approaching the groove bottom
of B-DNA will vacate space to accommodate more water
molecules. An increase in water molecules will make the
potential rapidly descend, while there is no such water
effect in vacuum.

In the case of the five complexes, the relation of mo-
lecular shape and groove selection is evident: (1) geo-
metric characters (long and thin) for the intercalative li-
gand such as dppz are favorable for the minor-groove
intercalative fashion; (2) the phi complexes with broad
heads bind only from the major groove; (3) the ancillary
phen may be favorable for the complex bound in the
minor groove.

Water-molecule effect

The water environment is simulated with a fixed water
box, where the number of water molecules is associated
with the binding conformation. The above results show
that the binding modes obtained by simulations are ba-
sically identical with those provided by experiments. This
implies that the water microheterogeneity in number and
orientation may better embody the effect of water mole-
cules on the complexes’ binding. The water number de-
pends on intercalative depth, molecular bulk and groove
selection (Table 2). For [Ru(bpy)2dppz]2+, [Rh(phen)2
phi]3+ and [Rh(bpy)2phi]3+ the mean number of water
molecules in the major groove is larger than that in the
minor groove (997>990, 998>989, 1000>989), in contrast

Fig. 6 Potential energy curves for [Rh(bpy)2phi]3+ and [Rh(phen)2
phi]3+ binding in a water environment. The nature of the lines is the
same as in Fig. 5

Table 2 The dependence of the water number in the fixed box on the intercalative depth

Depth
(�)

[Ru(phen)2dpq]2+ [Ru(phen)2dppz]2+ [Ru(bpy)2dppz]2+ [Rh(phen)2phi]3+ [Rh(bpy)2phi]3+

Minor
groove

Major
groove

Minor
groove

Major
groove

Minor
groove

Major
groove

Minor
groove

Major
groove

Minor
groove

Major
groove

18.0 984 991 991 978 981 1001 977 994 980 993
16.7 989 990 994 987 985 995 976 992 981 998
15.4 985 991 988 993 987 988 976 992 977 992
14.1 989 1001 996 992 983 995 980 991 978 1002
12.8 994 993 1000 991 980 993 983 993 984 999
11.5 1006 997 1003 993 988 992 983 997 982 1006
10.2 1008 994 1003 991 990 996 1001 997 992 993
9.4 1000 996 1002 990 991 1005 999 993 1002 997
8.6 1000 1002 990 999 1002 996 998 997 1003 1003
7.8 1001 996 996 997 998 998 991 1001 998 1005
7.0 998 1002 996 1000 990 1000 1004 1007 989 1006
6.2 994 999 1001 997 993 997 993 1006 992 1009
5.4 992 1000 1004 999 996 998 995 1006 998 1004
4.6 997 995 1007 994 998 1000 998 1001 994 999

Mean
number

995 996 998 993 990 997 989 998 989 1000
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to the [Ru(phen)2dppz]2+, the mean value in the minor
groove is larger (998>993). These sequences correspond
completely to their optimum binding orientation. More-
over, the optimum intercalative depths for every complex
occur at the maximum water-number region (see bold text
in Table 2). These features strongly indicate that the
better the fit between complex and intercalative site, the
more room for water molecules and the lower potential
afforded by water interaction. Hence, it may be said that
the action of molecular shape governing the binding mode
is repeated in the “water-molecule effect”.

Conclusions

Through the use of molecular modeling, this work has
characterized the structural details of the interactions of
polypyridyl Ru(Rh) intercalators with the B-DNA oligo-
nucleotide. First, optimum binding modes of the five
complexes have been obtained, and these modes corre-
spond well to the experimental results. Second, these
complexes are found to display vastly different binding
modes because of subtle differences in their individual
shapes, which suggests that this sort of metal complexes
might serve to recognize DNA sites based upon matching
shape. More importantly, we have further illustrated that
changes in the ligand architecture will lead to profound
influences on binding geometries mainly from both vdW
force changes and the “water-molecule effect”. In short,
this modeling work will increase an understanding of the
complexes’ binding to the helix. It will be important to
make the octahedral metalointercalaters become useful in
biological applications and assays.
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