CHAPTER 7

INTERACTION OF RUTHENIUM(I1) ANTITUMOR COMPLEXES WITH
d(ATATAT), AND d(GCGCGC),

7.1 Introduction

DNA becomes an important cancer target in the design of novel chemotherapeutics to
block the replication step in the cell cycle. Even though the inhibition of DNA
replication is not new in cancer therapy, the use of novel chemical reagents are still
desirable to improve the effects of treatment, particularly by reducing the occurrence
of drug side effects and resistance.’ Biological activity occurs due to the covalent
and non-covalent interactions of transition metal complexes with DNA.*® Last decade
has seen a series of transition metal complexes that have been used as DNA cleaving
agents.>'? However, DNA cleavage by polypyridyl ruthenium(Il) complexes have
become the current topic of research works. Ruthenium(Il) polypyridyl complexes
have received a great deal of attention because of their stability, ease of construction,
chirality, opto-electronic properties, strong binding affinity to DNA and luminescence
characteristics.>®** Barton et. al. ** was among the first group that had analyzed the
interactions of positively charged transition metal complexes with DNA.
[Ru(phen)s]**(binding constant of 10° M) can bind to DNA through three non-
covalent modes namely; electrostatical, hydrophobical or by partial intercalation of
the phenanthroline ligand into DNA.® On the other hand, Ericksson et. al. have
reported that both A and A enantiomer of [Ru(phen)s]** complex bind to DNA only
through intercalative mode.™ Intercalative binding is defined as the non covalent
stacking interaction occurring due to the insertion of a planar heterocyclic aromatic
ring between base pairs of DNA double helix.® [Ru(bpy):(dppz)]*(bpy=2, 2'-
bipyridine) and [Ru(phen).(dppz)]** (phen=1,10-phenanthroline), are the prototype of
DNA intercalators that contain a DNA intercalating ligand namely dipyrido [3,2-a: 2,
3'-c] phenazine (dppz).}”*® Based on recent crystallographic study conducted in
Barton and Lincoln laboratory, the A-enantiomer of [Ru(bpy).dppz]®* have been
found to intercalate into the minor groove at CG/CG and AT/AT, resulting DNA
cleavage.’®? The Ru(bpy).(dppz)]** displayed an extremely high affinity for CT
DNA, having a binding constant of 10° M™, which suggested that an increase in

surface area of bridging ligand can significantly increase the DNA binding affinity.*’
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On the other hand, according to Hall et. al. both A- and A-enantiomer of
[Ru(phen).dppz]** shows intercalation from the minor groove of DNA.?® Erkkila et.
al. have carried out systematic study on rac- [Ru(5,6-dmp)s]** / rac-[Ru(phen)s]**
complexes and observed that presence of 5,6-dimethyl-1,10-phenanthroline ligand
enhances the binding affinity of rac-[Ru(5,6-dmp)s]** with DNA receptor than rac-
[Ru(phen)s]** complex.?* On studying binding affinity of several osmium(ll) tris-
complexes of methyl substituted and unsubstituted 1,10-phenanthrolines with DNA,
Maruyama and his co-workers reported that [Os(5,6-dmp)s]** complex exhibits very
high DNA binding affinity.?®> On the other hand, Lincoln and his co-workers revealed
that methyl substituents on the distant benzene ring of dppz ligand in
[Ru(phen),11,12-dmdppz]** complex substantially increases the luminescence
lifetimes and quantum yields when binds to DNA.?® V. Rajendiran et. al. studied
the DNA binding mode of a series of ruthenium complexes of type [Ru(tmp)./(5,6-
dmp), (diimine)]** with different diimine ligands and demonstrated that with methyl
substituted diimine ligand binds to DNA more strongly than the other complexes.?’
R. Vilar et.al. have investigated that ligands containing substituents such as aromatic
rings and cyclic amine, play an important role in the exhibition of the DNA binding
affinity.”® The interaction between ruthenium polypyridyl complexes and DNA has
been studied for the last thirty years?**! because of their light switching properties
and photosensitizing reactions *** but its detailed mode of action at the molecular
level is still lacking.®* Present study focuses on interaction of Ru(ll) polypyridyl
complexes of the type [Ru(tmp),(diimine)]** with DNA molecule in order to evaluate
the information regarding the intercalative binding mode of the complexes with DNA
receptors.

In principle, various techniques are available to understand the in vitro reversible
binding of metal complexes to the double-helical DNA such as spectroscopy,
voltammetry and quantum chemical calculation. In past few years, many researchers
have utilized ONIOM(QM/MM) method in order to find out the stability and binding
affinity of anticancer drug molecules with DNA and protein receptor.®**° In this
study, molecular docking and ONIOM (QM/MM) method have been used to
investigate the structural and energetic details of DNA duplex with
[Ru(tmp)2(dpg)I*(1), [Ru(tmp)z(dppz)]** (1) and [Ru(tmp)z(11,12-dmdppz)I** (1)
complexes. The mode of coordination of the ligands to Ru?* is depicted in Scheme 1.

156



In order to recognize the appropriate orientation of the metal complex into the binding
site of DNA, in terms of energy, molecular docking simulations are taken up in an
initial step and then quantum chemical calculations are performed using two layer
ONIOM method.

Schemel: Structure of ruthenium(ll) complexes

7.2 Computational Details

7.2.1 Structure

GAUSSIAN 09 program package® is employed to carry out density functional theory
(DFT) calculation on all the ruthenium (1) complexes using the Becke’s* three
parameter hybrid exchange functional (B3) and the Lee-Yang-Parr correlation
functional (LYP) (B3LYP).”* B3LYP functional has been used because of providing
good description of reaction profiles for transition metal complexes.** The LANL2DZ
basis set*> which describe effective core potential of Wadt and Hay (Los Alamos
ECP) on ruthenium atom and 6-311+G(d,p) basis set* for all the non metal atoms
have been used for ground state geometry optimization. The reason for using
LANL2DZ basis set is that it reduces the calculation time containing larger nuclei.
The gas phase geometries of the ruthenium(ll) complexes have been fully optimized
using restricted B3LYP method without imposing any symmetry constrains with tight
convergence criteria. Vibrational analysis has been performed at the same level of

theory for achieving energy minimum.
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7.2.2 Automated DNA— ruthenium complex docking

In our experiment, molecular docking studies of ruthenium(Il) complexes (I, Il and
I11) with DNA duplex of sequence d(ATATAT), and d(GCGCGC), are performed in
order to find out the binding affinity and appropriate orientation of the complexes
inside the DNA groove by using Auto Dock 4.2 program.*” Autodock 4.2 is an
interactive molecular graphics program utilized to study the drug - DNA interaction.*®
First step of this study is to validate the docking method. The starting point is the 3D
structure of a DNA duplex, d(ATGCAT), which is co-crystallized with the native
ligands A- and A-enantiomer of [Ru(phen).dppz]** (PDB code: 4e87). The crystal
structure of DNA duplex d(ATGCAT), is obtained from the research collaboratory
for structural bioinformatics (RCSB) protein data bank whose conformation is
generally B-type DNA with a low overall twist. For docking, the DNA structure in
pdb format is prepared using structure preparation tool available in Auto Dock Tools
package version 1.5.4. All the water molecules and the native ligands have been
removed from the crystal structure of DNA and then polar hydrogen atoms have been
added for saturation, Gasteiger charges are computed and non-polar hydrogen atoms
are merged. Then a grid box through a grid spacing of 0.375 A and dimension of
60x60x60 points along X, y and z axes are built around the active site of DNA. This
grid box carries the complete binding site of the DNA and provides enough space for
the translational and rotational movement of ligand. After that to test the validity of
the docking procedure, a blind docking experiment is run on [Ru(phen).dppz]** (A-
enantiomer) by selecting step sizes of 2 A for translation and 50° for rotation. A
maximum number of energy evaluations are set to 25000 and a maximum number of
27000 GA operations are generated with an initial population of 150 individuals. The
rate of gene mutation and crossover are set to 0.02 and 0.80, respectively. All other
parameters are kept by default. The docking experiment described above are said to
be valid because we obtained the similar orientation and position of the native ligand
inside DNA receptor as reported in original X-ray crystal structure, available in the
protein data bank (4e87) with an RMSD value 0.03 A. The result of validity
experiment is shown in Fig. 7.1. All the studied ruthenium(ll) complexes are docked

with the same method described above.
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Docked structure

Fig.7.1 Docked conformation of native ligand [Ru(phen).dppz]** as compared to the

conformation of ligand in the original crystal structure.

7.2.3 Ruthenium complex-DNA interaction by QM/MM method

For performing ONIOM calculation, we have considered the adduct formed between
native ligand and DNA duplex d(ATGCAT),, as the reference point. Docking
simulation shows that the native ligand intercalates into the 2" and 3™ base pairs of
DNA. Then, AT base pairs are replaced with GC base pairs from d(ATGCAT),
sequence to obtain d(GCGCGC), and GC base pair with AT base pair to obtain
d(ATATAT), duplex. The DNA sequences generated are subjected to optimization by
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treating AT-AT and GC-GC (2" and 3™) base pairs (high level) with QM and
remaining DNA bases and sugar-phosphate backbone (low layer) with MM in order to
get a minimized energy structure. The charges of both the layer are set to be O.
RB3LYP functional with 6-311+G(d,p) basis set is used for QM layer while, UFF
force field is used for the MM layer of the system.

Again docking simulation have been carried out on the ruthenium(ll) complexes with
energy minimized DNA structures namely d(GCGCGC), and d(ATATAT), and best
docked structures of the complexes are selected for ONIOM calculation. The high
level part (QM) includes the 2™ and 3" base pairs of DNA along with the intercalated
ruthenium complex. The charge of this layer is set to be +2. On the other hand,
remaining part of DNA i.e. DNA bases, sugar-phosphate backbone are treated with
MM and charge of this is set to be 0. Finally, the whole structure is optimized using
two layer ONIOM method at B3LYP/ 6-311+G(d,p): UFF (QM:MM) level. All the
atoms in the MM layer are kept fixed at their crystallographic location during
geometry optimization. In the two layers ONIOM method, the total energy (Eoniom)
of the entire system is obtained from three independent energy calculations:

ONIOM2 __ = high low _Elow
E - Emodelsystem + Erealsystem Emodel system

Real system contains full geometry of the system and is considered as MM layer
while the model system contains the chemically most important (core) part of the
system that is considered as QM layer. This QM/MM computation provides a close
approximation of the energy value with whole system calculated at the high-level of

theory.*®°

7.3 Results and Discussion

7.3.1 Structural analysis of metal complexes

Significant optimized geometrical parameters and geometries of the ruthenium
complexes I, Il and 111 evaluated in gas phase at B3LYP level are presented in Table
7.1 and Fig.7.2, respectively. In all the complexes, Ru®* ion is octahedrally
coordinated involving four nitrogen atoms of ancillary ligands (tmp) and two nitrogen
atoms of intercalating ligand (diimine). In complex I, the Ru—N1, Ru—N2, Ru—N3,
Ru—N4, Ru—N5 and Ru—N6 bond length are calculated to be 2.113, 2.116, 2.116,
2.115, 2.106 and 2.096 A, respectively, while, Ru—N35 and Ru—N6 bond lengths are
found to be shorter than that of the Ru—N1, Ru—N2, Ru—N3 and Ru—N4 bond
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lengths, indicating the stronger coordination ability of diimine ligand (intercalating)
than the tmp ligands (ancillary ligand). The bond angles N1—Ru—N2, N3—Ru—N4
and N5—Ru—N6 of the complex | are found to be as: 78.53°, 78.29° and 79.14°,
respectively. As a consequence of this deviation of bond angles from 90° the
geometry about the ruthenium atom is distorted from regular octahedral structure.
Electronic structures of all the three ruthenium complexes are found to be similar. The
dihedral angle, N2—N6—N5—N3 (or N3—N5—N6—N2) as obtained from DFT is
in the range of 9.36°—9.48° forming a twisted conformation of diimine with respect
to the tmp moieties. Theoretical calculation shows that the diimine ligand of
complexes I, Il and IIl are essentially planar, having dihedral angle
(N6—C6—C5—N5) of -0.88°, -0.64° and -0.86°. The calculated geometrical
parameters are in agreement with the similar complex [Ru(dmp).(dppz)]**

investigated using X-ray diffraction by Liu et. al.>*

Table7.1 Bond distances (A), bond angles (°) and dihedral angles (°) of the ruthenium
(11) complexes and X-ray data for [Ru(dmp)2(dppz)]**

Geometrical Complex | Complex  Complex [Ru(dmp)(dppz)]** (X-
Parameters 1 i ray)
Ru—NI1 2.113 2.114 2.113 2.110
Ru—N2 2.116 2.115 2.116 2.092
Ru—N3 2.116 2.116 2.116 2.096
Ru—N4 2.115 2.115 2.114 2.096
Ru—N35 2.106 2.106 2.106 2.073
Ru—N6 2.096 2.095 2.109 2.079
NI—Ru—N2 78.53 78.54 78.53 79.54
N3—Ru—N4 78.29 78.30 78.29 79.63
N5—Ru—N6 79.14 79.21 79.21 78.88
N2—N6—N5—N3 9.38 9.36 9.48 48.60
N3—N5—N6—N2 9.38 9.36 9.48
N6—C6—C5—N5 -0.88 -0.64 -0.86
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Fig.7.2 Optimized geometries of ruthenium (Il) complexes with appropriate
numbering obtained from B3LYP/ (LanL2DZ+6-311+G(d,p)) calculation.

7. 3.2 Stability of the ruthenium complexes

Electronic properties of molecules can be determined from frontier molecular orbital®®
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). DFT calculated LUMO and HOMO energies of the ruthenium
complexes are listed in Table 7.2. A LUMO—HOMO energy separation of a
chemical system is used to predict the Kinetic stability and relative reactivity pattern.
The lower value of energy separation indicates higher reactivity and lower kinetic
stability of the molecules.”® According to Pearson, LUMO—HOMO energy
separation represents the chemical hardness which is a reliable reactivity parameter to
predict the stability of a molecule.>

Maximum hardness principle states that the most stable molecule has the maximum
hardness value.> It is observed from computational investigation that complex 111 has
the higher value of LUMO—HOMO energy gap, hence higher chemical hardness
value. Therefore, complex 11l is found to be more stable than the other two

complexes.
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Table7.2 Energies of HOMO (E, in eV) and LUMO (E, in eV) and chemical

hardness (7 in eV) of three ruthenium(Il) complexes

Complex E, E. AE n
| -10.134 -6.818 3.316 1.658
I -10.258 -6.896 3.362 1.681
Il -10.049 -6.653 3.396 1.698

7.3.3 Molecular docking study

Analysis of the molecular docking simulation shows that all the ruthenium complexes
approach toward the gap between DNA minor groove mainly through diimine ligand.
The relative binding energy, RMSD value and experimental binding constant (Ky in
M™) values®” of the studied complexes with DNA sequences (d(ATATAT), and
d(GCGCGC);) are reported in Table 7.3. Table 7.3 shows that all the complexes have
exhibited RMSD value within a range 0.02- 0.24 A. The relative binding energies of
the docked ruthenium complexes I, 11 and 111 with d(ATATAT); sequence are found
to be -10.88, -11.86 and -11.99 kcal mol™, whereas with d(GCGCGC), sequence are
found to be -8.82, -10.64 and -10.78 kcal mol™, respectively. Higher negative values
of binding energy reveal stronger interaction of drug molecules with DNA. Thus
complex 111 is found to be more efficient towards DNA target as compared to the
other two complexes. This finding correlates well with the experimental DNA binding
data reported in the literature.?” Furthermore, it has been observed that most of the
minor groove binding drug molecules prefer AT rich DNA sequences rather than GC

and this preferential binding leads to the better van der Waals’ interaction between the

Table7.3 Free energy of binding (AG in kcal mol™), RMSD values and intrinsic

binding constant (Kyin M™) of docked structures

Metal complex d(ATATAT), d(GCGCGC), Kp
Experimental

AG RMSD AG RMSD
data
I -10.88 0.02 -8.82 0.02 3.0£0.2x10°
1| -11.86 0.10 -10.64 0.14 1.0+0.09x10°
i -11.99 0.05 -10.78 0.24 6.0+0.3x10°
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drug molecules and DNA functional groups.*®

Our docking result shows that
interaction energy of ruthenium complexes with AT sequences are found to be higher
indicating the preferential binding of these complexes with d(ATATAT), sequence
than that of d(GCGCGC),. The energetically most favorable docked conformation of
complex 1 is shown in Fig.7.3 and possible binding interaction of ruthenium
complexes with the receptor in terms of hydrogen bonding are presented in Table 7.4.
In the minor groove of d(ATATAT), sequence, the complex | binds to an O atom of
sugar fragment through H2 atom of diimine ligand at a distance of 2.18 A. Another
hydrogen bonding between H1 atom of ruthenium complex and O2 atom of thymine
is observed at a distance of 2.28 A. In d(GCGCGC),-1, one hydrogen bond between
H2 atom of diimine ligand and oxygen atom of sugar fragment at a distance of 2.09 A
is noticed. On the other hand tmp ligand of complex I form hydrogen bonding with
N2 atom of guanine (2.50A) and 02 atom of cytosine (2.62A). Similar type of
bonding interactions have been observed for docking structure of complex Il and

complex 111 with respective DNA sequence which are summarized in Table7. 4.

Table 7.4 Hydrogen bond interaction of three ruthenium (I) complexes with
d(ATATAT); and d(GCGCGC); sequences evaluated by docking analysis

Complex H-bond Bond H-bond Bond length

d(ATATAT), length d(GCGCGC),

| H2 of diimine: O of sugar ~ 2.18 A H2 of diimine: O of sugar 2.09 A
fragment fragment

H1 of tmp: O2 of Thymine ~ 2.28 A H1 of tmp: O2 of Cytosine ~ 2.62 A

H3 of tmp: N2 of Guanine 2.50 A

I H2 of diimine: O of sugar ~ 2.15 A H2 of diimine: O of sugar 2.08 A
fragment fragment

H1 of tmp: O2 of Thymine ~ 2.18 A H1 of tmp: O2 of Cytosine ~ 2.66 A

H3 of tmp: N2 of Guanine 2.50 A

11 H2 of diimine: O of sugar ~ 2.15A  H2 of diimine: O of sugar 2.05 A
fragment fragment

H1 of tmp: O2 of Thymine ~ 2.27 A H1 of tmp: O2 of Cytosine ~ 2.65 A

H3 of tmp: N2 of Guanine 243 A
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d(GCGCGC),—I
Fig.7. 3 Docked conformation of complex | with d(ATATAT), and d(GCGCGC),

sequence.

7.3.4 QM/MM study

In this section binding energies of ruthenium complexes with DNA evaluated by
QM/MM method are presented. For this purpose, best docked structure of each
ruthenium complex with DNA duplex d(ATATAT), and d(GCGCGC), have been
taken for two layer ONIOM (DFT/ RB3LYP:UFF) study. Investigation of the whole
DNA with the ligand by quantum mechanics (QM) is very computationally
demanding. Hence, we have applied QM on the two base pairs along with the

——————————————
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ruthenium complex and molecular mechanics (MM) for the remaining part of the
system. Fig.7.4 represents the optimized structures of two isolated hexanucleotide
structures obtained by the two layer RB3LYP/UFF hybrid method. Results reveal that
QM/MM method can properly describe the AT and GC hydrogen bonding and n—n
stacking interaction of base pairs. This result is attributable for the use of the universal
force field in the MM low level layer that describes the entire DNA structure. In other
terms, the universal force field prevents the unphysical occurrence of axial elongation
of the stacked base pairs of the intercalation site at the time of energy minimization.
The optimized structures of d(ATATAT),—I and d(GCGCGC),—I adducts are
shown in Fig.7.5. From Fig.7.4 and Fig.7.5, it is seen that the intercalation of complex
I induces a significant distortion in DNA duplex, compared to the conformation of
isolated hexanucleotides. For monitoring the deformation of DNA duplex at the

intercalation site, the relevant structural parameters are presented in Table 7.5.
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Fig.7.4 Optimized geometry of d(ATATAT), and d(GCGCGC), obtained by two
layer QM/MM method.
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d(ATATAT),—I d (GCGCGC),—I

Fig.7.5 Optimized geometries of d(ATATAT),—I and d (GCGCGC),—I adducts
obtained by two layer QM/MM method.

Table 7.5 The structural parameters between of two AT and GC base pairs of DNA in

free as well in complex forms

Base pair Base pairs stacking Base pair Base pairs stacking
distance (A) distance (A)
Free AT—AT 3.35 Free GC—GC 3.35
AT—I 3.44 GC—I 3.48
AT—II 3.43 GC—II 3.42
AT—II11 3.44 GC—I11 3.49

It is observed from Table7.5 that on interaction of complex I, the average distance
between two base pairs increases from 3.35A to 3.44A for d(ATATAT), and to 3.48
A for d(GCGCGC),, causing a larger axial elongation of GC—GC base pair than
AT—AT base pair. Similar elongation of base pairs of DNA duplex has also been
observed for complex Il and complex Ill. Our calculation suggests that diimine
ligand of ruthenium complexes are situated within the narrower AT—AT region,

indicating the preferential binding of diimine moiety to AT—AT region of DNA.
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On the other hand, in order to compare the relative stability of the d(ATATAT),—I,

d(ATATAT)—II, d(ATATAT)—III adducts  with d(GCGCGC),—I,
d(GCGCGC),—II, d(GCGCGC),—IIl adducts, we have evaluated the binding
energy, AE:

AE = EDNA/Ru—compIex - EDNA -E

Ru-complex

E onasru—compiex 1S the energy of the optimized DNA/Ru-complex, Eg,, is the energy of

the optimized DNA duplex and the E is the energy of the optimized

Ru—complex
ruthenium complexes. The binding energy values of all the ruthenium complexes with
DNA are given in Table 7.6. Results shown in Table 7.6 lead us to conclude that the
binding energy of ruthenium complexes with AT sequences is higher than that with
GC sequences. Hence, complexes with AT sequences are more stable than with
corresponding GC sequences. Again, computed binding energies of adducts
I11—d(ATATAT); and 111—d(GCGCGC), are evaluated to be 222.452 kcal mol™
and 44.802 kcal mol™, respectively. These energy values are higher than that of the
other adducts formed by the complexes I and 11 with DNA. The higher stability of the
complex I11—d(ATATAT), may then be attributed to the higher n—=n stacking and
hydrophobic interaction of complex 11l with d(ATATAT),. Due to the presence of
methyl substituent on 11" and 12" position of benzene ring, complex 111 exhibits
higher interaction energy. These observations are in agreement with the experimental
results reported by Rajendiran et. al.?” and Pyle et al.>’

Table 7.6 The calculated binding energy (AE in kcal mol™) of I, 11 and 111 with
d(ATATAT); and d(GCGCGC); duplex.

AE
Complex d(ATATAT), d(GCGCGC),
| 222.072 -57.005
I 222.076 -53.527
1l 222.452 44.802
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7.4 Conclusion

Systematic molecular docking and QM/MM calculations have been carried out on
ruthenium(Il) complexes I, 11 and 111 in order to evaluate their binding affinity and
stability towards DNA receptors. Molecular docking simulation shows that the
ruthenium(Il) complexes interacted in the minor groove of DNA through diimine
ligand and prefer to bind to d(ATATAT), sequence. Docking result also reveals the
higher binding affinity of complex Ill towards DNA receptor in comparison to
complexes |1 and Il. Again, two layer QM/MM calculation on
d(ATATAT) /ruthenium(1l) and d(GCGCGC),/ruthenium(Il) adducts provide atomic
level structural and energetic details on the intercalated ruthenium complexes. The
interaction energy evaluated by QM/MM calculation suggests the highest stability of
complex 11l with d(ATATAT), sequence. The higher interaction energies of
ruthenium(I1) complexes with AT sequences as compared to GC sequences are in well
agreement with the experimental results. Interaction energy values suggest that
presence of substituted aromatic ring in the intercalating ligand as well as high surface
area of intercalating and ancillary ligands increases the binding affinity of the metal
complex towards DNA receptor. Hence, our computed results obtained from
molecular docking and QM/MM calculations are very encouraging in the field of

drug— DNA interaction.
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