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This tutorial review summarises B-DNA structure and metallomolecule binding modes and
illustrates some DNA structures induced by molecules containing metallic cations. The effects of
aquated metal ions, cobalt amines, ruthenium octahedral metal complexes, metallohelicates and
platinum complexes such as cis-platin are discussed alongside the techniques of NMR, X-ray

crystallography, gel electrophoresis, circular dichroism, linear dichroism and molecular dynamics.
The review will be of interest to people interested in both DNA structure and roles of

metallomolecules in biological systems.

1. Introduction to DNA

In 1868 Miescher' first isolated cell nuclei from pus cells and
observed the presence of a phosphorus-containing compound.
The resulting nucleic acids were found on hydrolysis to yield
the purine bases: adenine and guanine and the pyrimidine
bases: thymine and cytosine (Fig. 1). In 1950, Chargaff
observed that the molar ratio of total purines to total
pyrimidines was close to one to one, and that in deoxyribo-
nucleic acid (DNA), the amounts of adenine and thymine were
equivalent and of guanine and cytosine were also equivalent.”
Three years later, Watson and Crick proposed a DNA
structure made up of two helical chains, consisting of phos-
phate diester groups joining deoxyribofuranose residues, held
together by purine and pyrimidine bases.> The combination of
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the base and sugar is called a nucleoside, which upon addition
of a phosphate group generates a nucleotide.

Watson and Crick also suggested that the two helical chains
were joined together in pairs, a single base from one being
hydrogen bonded to a single base from the other chain and,
using Chargaff’s rule, that one base had to be a purine (A or
G) and the other a pyrimidine (T or C).> Furthermore, the
normal pairings of bases are adenine with thymine and
guanine with cytosine. The pairs of bases, being planar, can
be stacked one above the other. The molecule is therefore
represented as a spiral staircase with the base pairs forming the
steps. DNA exists in biological systems mainly in so-called
B-form which is a right-handed helical structure (Fig. 2)*
where the base pairs are perpendicular to the helix axis. Under
idealised conditions, the diameter of the B-DNA helix is 2 nm,
its pitch (the distance a helix rises along its axis per turn) is
3.4 nm and since there are 10 base pairs in each turn of the
helix, there is a distance of 0.34 nm between each base pair.
The pairing of the non-symmetric bases and their stacking, at
approximately a 36° torsion angle (the angle between base
pairs observed in the plane perpendicular to the helix axis),
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gives rise in B-DNA to a small (minor) groove and a large
(major) groove® (Fig. 3). The realisation that the planar bases
can associate in particular ways by means of hydrogen
bonding was a major step in the understanding of the structure
and function of DNA.°

It does not take much reading to recognise that DNA is a
key molecule for the operation of almost any biological
system, since it contains the instructions for making the correct
proteins. However, it is not simply a genetic code to be read.
One of the big challenges of today is to work out how
transcription of certain pieces of DNA occurs at the correct
times and to the correct extent to maintain a viable system. It is
reasonable to conclude that DNA structures are important in
this control. Thus, once one has established the ‘norm’ (usually
B-DNA) for a system it becomes extremely attractive to find
out about the deviations from this standard. In the case of
DNA there are different polymorphs such as A-DNA and
Z-DNA, each of which has roles to play. We also know there is
a wide range of DNA structures without which biology would
not be as we know it. Holliday junctions (mobile junctions

Fig. 2 Schematic representation and space-filling model of B-DNA
(created using VMD?).
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Fig. 3 Adenine-thymine and guanine—cytosine base pairs showing the minor and major grooves. The wiggly bonds indicate the links to the

sugar backbone.

between four strands of DNA),” for example, look like a mess
of spaghetti until one sees a colour-coded ribbon version at
which point it becomes apparent that this is a very clever way
of exchanging genetic material during cell meiosis.

Rather than grasping the whole topic of DNA structure and
all its roles, in this review a brief overview of how some
metallobiomolecules can be used to control DNA structure is
given. Metal complexes are particularly attractive systems
to study as they are usually cationic, which ensures their
attraction to DNA. Furthermore, the fact that, in most such
complexes mentioned the metal holds ligating organic mole-
cules firmly in place means that the shape and surface features,
e.g. hydrogen bond donors or acceptors, can be used to affect
the DNA-metallocomplex interaction. In the text that follows
some well-known examples are summarised which illustrate
the variety of effects metallomolecules can have on DNA.

2. Modes of molecular binding to DNA

Despite the view often formed of DNA as a naked train track
stretching out to infinity (on a molecular scale) this is not
realistic. In practice DNA is wrapped up tightly like a ball of
anionic (negatively charged) knitting wool. At the very least it
needs some cationic species there to enable it to hold together.
Much of this role in cell nuclei is provided by histone proteins,
however, metal salts and other small molecules such as poly-
amines (see below) contribute significantly to this task. When
one wishes to consider DNA structure control by specific
molecules, it is important to consider where and how they bind
to the DNA. Often the process of molecular recognition
involves conformational adjustments on the part of the
interacting species, and the DNA helix may end up consider-
ably distorted. DNA distortion induced by molecules contain-
ing metals are the subject of this review. Three fundamentally
different modes of DNA binding by metallomolecules can be
identified: non-specific external association, (major and minor)
groove binding, and intercalation between DNA bases.

2.1 External association

In 1968, Eichhorn and Shin discussed the ability of metal ions
to interact with DNA and suggested two essential binding
modes: external association with the negatively charged phos-
phate backbone and interactions with the electron donor

groups of the bases.® (It should be noted that when we say
‘metal ion’, particularly in the context of transition metals, that
the ion almost certainly has at least a solvation sphere and may
also have explicitly coordinated (attached) solvent molecules
making it a larger entity.) The factors influencing the backbone
mode of binding are predominately electrostatic interactions
and include the charge of the molecule, the ligand hydrophobi-
city and the total size of the ions. Metals can also bind covalently
to the phosphate groups. One of the main consequences of
external association of cations to the DNA backbone is that
separate DNA duplexes associate together to form aggregates
or condensed structures rather than repel each other.

2.2 Major and minor groove binding

In 1981, Gale et al.® noted that most small molecules that bind
to B-DNA grooves do so either in or via the minor groove of
the double helix, while DNA binding proteins or gene-targeted
oligonucleotides interact with the major groove (Fig. 2 and 3).
The reason for this is that many DNA binding molecules are
small, fairly flat and cationic so the minor groove presents a
better receptor for such molecules in terms of its size, flexibi-
lity, electrostatic potential and water bonding properties.®
Goodsell and Dickerson later observed that minor-groove-
binding drugs have a characteristic structure, usually contain-
ing two to five aromatic heterocycles linked by amide or vinyl
groups with cationic groups at either ends.!° Thus metal
complexes do not fit neatly into the minor groove, though in
some cases part of such a molecule may slot into the minor
groove, e.g. ref. 11. The minor groove binder illustrated in
Fig. 4 is stabilised on the DNA by van der Waals interactions
with the walls and floor of the groove, as well as hydrogen
bonds with the concave curvature of the inner surface of the
molecule complementing the convex surface of the floor of the
DNA minor groove. Such molecules have a preference for A-T

H K\N\
H
Fig. 4 Chemical structure of a typical minor groove binder Hoechst
33258.
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Fig. 5 Chemical structure of cis-platin.

rich sequences for which the groove has a deeper electrostatic
potential and less steric hindrance. As a general rule, minor
groove binding molecules have little effect on the structure of
the DNA to which they bind, for example having little or no
effect on DNA circular dichroism (though the spectrum may
change if the ligand has a transition in the DNA region of the
spectrum) or on the DNA orientation in a Couette flow linear
dichroism cell (though the ligands themselves are being
oriented as a result of binding).'?

2.2.1 Platinum complexes. Despite the accepted preference of
groove binding molecules for the minor groove, there are
classes of small molecules which are accommodated by the
major groove. For example, platinum complexes such as cis-
platin (brand name Platinol, (Fig. 5), discovered by Rosenberg
et al.'®) and its second and third generation derivatives are
major groove binders. They have proved to be the most
extensively used anti-tumour agents invented to date. In 1970,
the biological target of cisplatin was identified as DNA and it
was shown to bind covalently to purine bases, in particular the
major groove N7 of guanines.'*

In the context of this article, a key feature of the favoured
binding mode of cis-platin to DNA is that it binds to two
neighbouring guanines on the same strand and induces
unstacking of the bases at the Pt-binding site. This causes
the DNA to kink by 53° (Fig. 6).'° The first indication that cis-
platin causes such a distortion was the crystal structure for
the major cis-platin-DNA adduct, cis-[Pt(NH3),{d(pGpG)}],

obtained in 1988'® which showed the platinum metal centre
co-ordinated in a square planar mode to two cis-ammine
ligands and two guanine N7 atoms, in a manner that caused
unstacking of the guanines.'® The concomitant bending and
local unwinding of the DNA double helix caused by platinum
binding are important structural motifs; in recognition and
differential processing of damaged DNA by repair enzymes or
alternatively the binding of proteins which protect the lesion
from repair — as in the case of cis-platin.'”

Over the last few years, the field of platinum anti-cancer
drug discovery has widened to polynuclear platinum complexes
with Farrell et al. reporting di- and tri-nuclear platinum com-
plexes (Fig. 7) showing some unique potential anticancer agent
properties and activities against cis-platin-resistant tumours.'8

2.2.2 Ruthenium complexes. Scientists are also looking at
the possibility of using transition metals other than platinum
as chemotherapy agents. Using different metals would offer
possibilities such as having additional co-ordination sites,
different oxidation states, and different ligand affinities, as
well as providing the opportunity for electrochemical or
photodynamic therapy (treatment with light-activated drugs
in vivo)."

In particular, Alessio and co-workers have prepared a ruthe-
nium(111) compound, imidazolium trans-imidazoledimethyl-
sulfoxide tetrachlororuthenate, ImH[¢rans-RuCly(DMSO)Im],
(Fig. 8) which is the first ruthenium-based compound to
undergo clinical trials for its anti-metastasic properties.?
It currently has successfully passed phase I clinical trials
and entered phase II administered in combination with a
primary antiblastic compound in the summer of 2006 in
the Netherlands. Although the location of the molecule on
DNA is not yet known, it does form inter-strand cross-links
and appears to be a groove binder.

Fig. 6 DNA kinking induced by cis-platin binding.'®

HsN_ Cl Cl_ NH3 Cl. NHj HaN_  NHp(CHz)gHoN, NH3
AN F (NO3), P pas (| Nog)
H3N NH2(CH2)gH2N NH3 H3N NH»(CHs)sHoN NH3 H3N Cl

Fig. 7 [{cis-PtCI(NH3),}>H,N(CH,)sNH,]Cl, and BBR 3464.'%
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Fig. 8 ImH[trans-RuCly(DMSO)Im].>*

Ruthenium(11) complexes have been widely used in binding
studies for many years because of their stability (chemically,
electrochemically, geometrically and enantiomerically) and
also because of the sensitivity of their photophysical properties
(luminescence enhancement and absorption hypochromism in
the intense metal to ligand charge transfer bands) to binding
interactions with DNA. An extensive debate can be found in
the literature even over the binding modes of the simplest of
the metal complexes with unsaturated ligands: ruthenium
tris(1,10-phenanthroline), [Ru(phen)s]*" (Fig. 9). One thing has
been clear to all workers and that was that the two
enantiomers of this complex interacted differently with
DNA. In terms of structural effects, Hiort er al?' showed
that the two enantiomers had different effects on the ability of
DNA to be flow oriented. A did not alter the DNA orientation
parameter until high loading whereas A reduced the orienta-
tion parameter by 50% at a DNA base : metal complex ratio of
~40 : 1. Coggan er al.' later concluded that at low loading, A
bound with two of its chelates inserted into the minor groove,
which distorts the DNA, resulting in it bending into a less
effective flow orientation. A by way of contrast fits snugly and
thus the major groove with one chelate partially inserted at the
edge of the base pairs and does not bend or stiffen the DNA
significantly.

2.2.3 Metal ions. Metal ions can have quite dramatic effects
on DNA structure in addition to inducing aggregation or
DNA bending (see above). For example, poly[d(G-C)], DNA
has been shown to change from the B form and stabilise in
the Z form when the chloride salts of Mg?*, Ca*", Cd**, Hg*"
or Zn>" are added, even in relatively low concentrations.?
Available X-ray data suggests that these ions bind in the
major groove of B-DNA and cause the major groove to
disappear, the minor groove to deepen and the helix to become
left-handed.

2.2.4 Cobalt amine complexes. Another class of DNA
structure altering metal complexes which have been extensively
studied is cobalt amine complexes. The original motivation
for this work stemmed from their apparent ability to
mimic the behaviour of two DNA binding polycations:
spermidine [H3N(CH2)3NH2(CH2)4NH3]3+ and spermine
[H3N(CH,);NH,(CH,)4sNH,(CH,);NH;]*" which are present
in all cells.*® The precise cellular functions of polyamines are
unclear but they are known to charge neutralise over 40% of
chromosomal DNA and they inhibit damage by reactive
oxygen species, radiation, and alkylating agents. Further,
polyamines stabilise DNA to heat and induce and stabilise A,
B, Z (usually observed with alternating G—C sequences) and
collapsed DNA structures such as toroidal condensates. They
also readily induce structurally ill-defined DNA aggregates.
Cobalt(li1) amine transition metal complexes, e.g.
[Co(NH3)6]™, (+)-{Co(en)s]*™, and (=)-[Co(en)s]* (en = ethyl-
enediamine) mimic different aspects of the DNA interaction
of the small polyamine molecules spermidine and spermine
(references in ref. 24). From molecular modelling of
[Co(NH3)¢J*", (+)-[Co(en)s]*, and (—)-[Co(en)s*" with DNA
it was concluded that the cobalt amines do not bind in the
minor groove of DNA, and their residence times in the major
groove decreases in the order: spermine > [Co(NH3)e]*" > (+)-
[Co(en)3]3+ > (7)-[C0(en)3]3+.24 These amines bend DNA (as
seen in gels and linear dichroism (LD)) as a precursor to
condensing it and a key feature was concluded to be the
presentation of a triangular NNN face to the DNA to optimise
the bend-causing interaction. A similar geometric argument is
required for the induction of the B—Z transition. Crystal
structure data are consistent with the formation of five
hydrogen bonds between [Co(NH;)e]>" and the major groove
convex surface of Z-DNA, specifically to guanine O6 and N7
and phosphate oxygens, thus stabilising Z-DNA.?* In a more
extensive study the overall effectiveness of the amines in
conferring thermal stability on the calf thymus (ct) DNA was
found to proceed in the order:

Spermine > (+)-[Co(en);]*" & (—)-[Co(en)s]* & [Co(NH3)e]*
~ spermidine > [Pt(NH;),J*" > [Co(NH3)sH,O" ~
[Co(NH3)sCI** ~ [Co(NH;3)sBr]** > cis-[Co(en),NH;CI}** >
[Co(NH3)s(NO,)I*" & trans-[Co(NH3)a(H,0),]**

Fig. 9 The enantiomers of [Ru(phen);]**: A on left and A on right.
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Fig. 10 Imine-based ligand used to bind metal co-factors such as Fe**
to form a helicate.”’

whereas the B—Z transition induction ordering is:

Spermine ~ [Co(NH3)e]>" > (+)-[Co(en)s]*" ~
[Co(NH3)s(H0)]™" > (=)-[Co(en)s]*" >
[Co(NH;)sBr]** > [Co(NH3)sCI**

with the other amines failing to cause the transition under the
11 mM salt and temperature ramp conditions used. The DNA
bending ranking is:

Spermine > [Co(NH3)]*" > (+)-[Co(en)]*" >
(—){Co(en)I** > [Co(NH3)s(H,0)*" >
trans-[Co(NH3)4(H,0),]** > spermidine

with the other amines having comparatively little effect. The most
notable things about the above lists is that the rankings of the
molecules varies with the structural effect being investigated. There
is a general trend of reducing efficacy with reducing charge (the
aquo complexes will be deprotonated at pH = 6.8) but the key
conclusion from this work is that the molecular interaction
surfaces are important for determining how metal complexes affect
DNA structure. For example, the inability of the nitro and halo
compounds to significantly bend the DNA (they are absent from
the list above) leads to the conclusion that the bend-inducing
binding mode requires deep penetration of the groove by hydrogen
bonding donors. In accord with the hypothesis that a triangular
face of amines facing the DNA is required to induce the B—Z
transition, neither frans-[Co(NHs)4(H,0),]*" nor [Pt(NH;) ] %

are capable of inducing the B—Z transition (even in the absence of
NaCl). The other compounds’ ranking are consistent with their
ability to face the DNA with NNN faces.>*

2.2.5 Metallohelicates. A considerable amount of research in
recent years has been focussed on the synthesis of supra-
molecular helicates with the purpose of having them interact
with DNA to cause conformational changes. The term helicate
in this context refers to helical coordination arrays containing
at least one metal centre. The ligands that surround the metal
ions must contain multiple coordination sites and flexibility in
order to wrap around in a helical fashion and must include
sufficient spacer groups to prevent adjacent binding domains
binding to the same metal ion. The helicates may be 2, 3 or
4-stranded.

The simplest examples of our helicate are the tris-chelate
complexes such as [Ru(phen)s]”* mentioned above. More
complicated examples of this type of compound involve the
imine-based ligand systems®’ (Fig. 10) synthesized by Hannon
and co-workers. Depending on the metal and the ligands, they
form double or triple two-metal helicates with iron, copper,
silver and nickel centres. The two metal binding sites of each
individual chelate are prevented from binding to the same
metal centre by the phenylenes in the ligand whilst the
methylene group allows sufficient flexibility to wrap around
in a helical manner.?’

The most studied of the imine dinuclear iron-centred triple
helicates has been shown to bind to DNA in the major
groove and induce dramatic intra-molecular coiling.”® Induced
circular dichroism (CD) signals in the DNA and metal-ligand
charge transfer region indicate that the helicate is binding in a
single mode for helicate concentrations lower than 5 base pairs :
1 helicate, and positive LD signals for metal-ligand charge
transfer transitions show that the helicate is binding in an
oriented non-random fashion.**

Atomic force microscopy used in tapping mode showed that
this helicate causes intramolecular supercoiling of free line-
arised DNA (Fig. 2.2.5.2) which is in distinct contrast to the
commonly observed DNA intermolecular condensation and
aggregation mentioned above with e.g. hexammine cobalt. The
location of the helicate binding site was investigated using
nuclear Overhauser effect spectroscopy (NOESY, see below
for technique details).>' There were a number of cross-peaks in
the resulting spectra which indicated contact between the
helicate and the major groove of DNA confirming that the
helicate does indeed bind in the major groove. A later study™
using CD and flow-LD spectroscopies noted the difference in

W

Fig. 11 AFM image of helicate inducing intramolecular DNA supercoiling.®
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binding mode of each enantiomer. The conclusion was that
the M enantiomer binds in the major groove whilst the P
enantiomer may bind in the minor groove due to different
complementarities of helicate-DNA surfaces.

Recently, this tetracationic helicate has been shown in an
X-ray crystallography study to induce a junction with three-
fold symmetry made up of three oligonucleotides with the
helicate residing in the central cavity. The cavity induced in the
DNA structure is a triangular shaped hydrophobic domain?®
formed by three double-strands of DNA that converge on one
locality. This type of structure is unprecedented for a synthetic
molecule but nicely illustrates how the symmetry possibilities
afforded by metallomolecules can be used to template DNA
structures. Whether such structures could be formed in the
presence of polynomic DNA remains to be seen.

The basic message from this particular recent example is
that we have in no way exhausted the range of structures that
can be induced in DNA wupon interaction with metallo-
systems. The challenge is invariably how to recognise that a
new structure has been formed and to identify its nature and
function.

2.3 Intercalation between DNA base pairs

DNA intercalation was defined by Mainwaring et al. as the
sandwiching of a molecule between two adjacent pairs of bases
in the DNA double helix.>? Intercalating ligands are charac-
terised by the possession of an extended electron deficient
planar aromatic ring system. Upon binding, they extend and
unwind the deoxyribose—phosphate backbone and are stabi-
lised by m—m stacking interactions with the planar aromatic
bases.** Intercalation also leads to hydrodynamic changes in
the DNA due to the decrease in twisting between the base pair
layers, the lengthening of the DNA itself, the stiffening of the
helix, and the decrease in mass per unit length. These effects
are fully reversible upon removal of the intercalator as long as
the DNA duplex structure is not destroyed by the process of
removal. Lerman showed that a bound intercalator lies in a
plane perpendicular to the helix axis, and that the perpendi-
cularity of the base pairs to the helix is not significantly
altered.*

Thus for a metal complex to be an intercalator it must either
be planar or have an extended planar component which can
slot between base pairs. In 1978 Lippard et al published
details of several planar platinum-based metallo-intercalators
(Fig. 12) whilst seeking to understand the binding modes of
the genre of platinum-based anti-tumour agents that were

beginning to emerge (references within ref. 16). Another class
of potential metallo-intercalator is the cationic porphyrins,
which combines readily with metal centres in their central
cavity and exhibits a strong binding affinity for DNA. There
have been three binding methods described in the literature for
such molecules (references within ref. 35): self-induced external
auto-aggregation along the DNA helix axis, binding in either
the major or minor groove of DNA and intercalation between
base pairs. However, intercalation only occurs if the metal lies
in the same plane as the porphyrin ring.

The ability of porphyrin compounds to bind to DNA has
been used to bring other moieties into close proximity to
DNA by using a porphyrin core as a molecular anchor. These
moieties can be designed to increase binding affinity or to
include chemical functionalities which can modify DNA
structure via an independent method. Cu?* compounds have
been shown to operate as DNA cleavage agents®® and recently
dimetallo-copper-bipyridyl porphyrins®> have been shown to
bind to DNA by intercalation and external association and
cleave DNA under certain experimental conditions. These
molecules are formed by combining a copper—porphyrin ring
which anchors the complex to DNA with a copper—bipyridi-
nium moiety that hydrolyses phosphodiester bonds (Fig. 13).
This rather dramatic structural effect on DNA is potentially
useful either in the molecular biology laboratory or in drug
design.

The less direct method of achieving intercalation of a
metallo-system is illustrated by dipyridophenanzine-bi(phe-
nanthroline) ruthenium(ir), [Ru(phen)>dppz]*™ ¥ (Fig. 14)
where effectively a phenanthroline of [Ru(phen);]** (Fig. 9)
is extended by a planar aromatic group which prefers an
intercalated binding mode. Its binding to DNA causes an
elongation of the rod-like DNA molecule consistent with
classical intercalation.®’

3. Detecting DNA structure changes

The above discussion demonstrates that metal-containing
molecules can have dramatic effects on DNA structure.
However, how does one conclude that this is the case for a
new molecule and determine what the effect is? There are
various ways of measuring the deviation of the helix backbone
from a straight line and various measures of DNA base
displacement from the canonical B-DNA positions. Such mea-
sures really rely on having atomic level structural information
from nuclear magnetic resonance spectroscopy (NMR), X-ray
crystallography or molecular modelling studies and are

T2+
\ 7/ \ /
N g N
H2N\/ \/NHZ
H20—CH2

Fig. 12 Platinum complexes [Pt(bipy)(en)]*", [Pt(terpy)(HET)]" and [Pt(o-phen)(en)]**."?
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Fig. 13 3-[Cu-bpy-(CH,),]-Cu-tMPyP.**

valuable when such data are available. Other techniques
provide less detailed information but are usually easier to
implement.

Given below is a description of the main techniques used to
detect and analyse DNA structural changes in this context,
alongside examples of how these techniques can be used. Note
that the examples given are not intended to provide in-depth
knowledge on all possible occasions where the technique
may be adopted, but rather to give a variety of different
applications where it has already been shown to be of use.

3.1 Nuclear magnetic resonance spectroscopy

NMR spectroscopy is a powerful technique that enables
geometrical details of the structure of DNA on an atomic level
in solution to be elucidated. In addition, changes in chemical
shifts induced by temperature or concentration variation can
provide information about DNA-complex association.

This technique relies on a property of nuclei known as spin,
which is an intrinsic quantum physical property of a nucleus
and has no direct analogue in the macroscopic world, but
behaves like an angular momentum. When a nucleus is placed
in an external magnetic field, its spin magnetic moment moves
around the direction of the field at a frequency termed the

A A
O

N

2+ 37

Fig. 14 The enantiomers of [Ru(phen),dppz]~".

Larmor frequency, which is directly proportional to the
strength of the magnetic field experienced by the particle.
Although nuclear spin has only a negligible effect on the
chemical and physical properties of atoms, the energy levels or
precession frequencies adopted by nuclei in different spin
states are extremely sensitive to the individual chemical
environment of a nucleus. Thus if one can measure the energy
level gaps or precession frequencies one can in principle
determine the local chemical environment of a nucleus of
interest.

A radiofrequency pulse is applied to the system causing all
the spin polarisations to rotate by 90°. When the pulse is
switched off, a net spin polarisation exists perpendicular to the
external field and since each individual spin precesses, the bulk
magnetic moment does as well. The precession frequency of
this bulk moment is the same as the Larmor frequency and it
decays or ‘relaxes’ over time approximately exponentially and
in an oscillating manner. An electric current is induced in a
wire coil from this alternating magnetic field and is referred to
as the NMR signal or free-induction decay.

NMR delivers information on a submolecular scale to a high
resolution because of the inhomogeneous distribution of
electrons in molecules which results in nuclei at different
points within the molecule being subject to slightly different
magnetic fields. Thus the Larmor frequency depends on the
local chemical environment and leads to different nuclei
having different chemical shifts. This is displayed as a
resonance peak at a particular parts per million (10~%) value
on an (already Fourier-transformed) NMR spectrum. With
metallo-systems binding to DNA, the extent of changes in
chemical shifts for DNA protons upon ligand binding have
often been used as an indication of where the ligand is located:
more shift equals more perturbation hence indicating the
binding site. However, one must take care as this simplistic
approach is really predicated on there being little or no change
to the DNA structure upon ligand binding. A better approach

478 | Chem. Soc. Rev., 2007, 36, 471-483
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is to use a range of alternative NMR techniques which give
through-bond or through space-distances between atoms.

Nuclear Overhauser effect spectroscopy (NOESY) provides
the ability to plot the through space connectivities between
atoms with the strength of the signal observed depending on
their distance. NOESY couplings arise because the use of a
small radio frequency field at the Larmor frequency of one
nuclear spin results in an enhancement of the magnetisation of
some of the non-radiated nuclear spins.’’ Thus one can
identify whether given atoms are near each other in three-
dimensional structures. The NOESY data gives certain inter-
atomic distances, which can be used as restraints in molecular
modelling and one can therefore sometimes determine 3D
structures.

NOESY data cannot be used to analyse the structure of a
long DNA molecule as the peak-assignments on the resulting
spectra becomes prohibitively complicated as the chemical
shifts for various atoms overlap extensively. It can, however,
be used to study oligonucleotides and molecules binding to
oligonucleotides. An example of this is the use of molecular
dynamics restraints obtained from NOESY data to determine
features of the iron helicate mentioned above with a DNA
decamer.*® The accurate interpretation of NOESY spectra,
or related techniques such as correlation spectroscopy
(COSY)*' and rotating frame Ovehauser enhancement
spectroscopy (ROESY)*! rely on molecular modelling to
elucidate the correct molecular structure between multiple
possible arrangements.

One application of NOESY was to show that the X-ray
detected DNA conformational changes induced by cis-platin'®
were consistent with the behaviour observed when in solution.
Assignment of the proton resonances were used to inform
molecular dynamics simulations, from which was elucidated
proton—proton and proton—phosphorus coupling constants.
Analysis of these constants suggested a conformational change
of one deoxyribose moiety leading to a kink in the DNA
oligonucleotide. This is one of many examples of how the
atomic-resolution information gathered by NMR can be used
to provide valuable insights on the structural behaviour of
DNA under the influence of metallomolecules.

3.2 X-Ray crystallography

X-Ray crystallography relies on Bragg’s law which states that
an X-ray beam reflecting from a surface layer of a crystalline
material travels a shorter distance than those reflected by the
inner layers. The beams are in-phase if the difference in these
distances is an integer value of wavelengths of the incident
radiation and hence produces an enhanced signal compared
to when they are out-of-phase. Bragg suggested that the
differences in distances relies upon the angle of incidence of the
beam so that by changing this angle, a diffraction pattern can
be built up which can then be Fourier-transformed and
interpreted to give atomic-level structural information.> It is
extremely attractive to have such data for metal complex—
DNA systems, however, the challenge is that it is necessary to
crystallise the sample. This is often not a trivial exercise, and
always involves carefully chosen short DNA sequences. The
biological significance of such structures is not clear.

It is important to note when studying and utilising the litera-
ture, particularly with X-ray and NMR data where the end
result is a beautiful picture of the DNA-ligand system, that
data determined for oligonucleotide systems are not necessa-
rily applicable for pieces of DNA of the length of a gene or a
genome. A simple illustration is provided by the three-way
junction structure discussed above which is induced in oligo-
nucleotides by a tetracationic dimetallohelicate molecule: it
requires the appropriate base pairing to be available and the
DNA strands to rearrange themselves from the standard form
of B-DNA. There is also the fact that solid state crystalline
structures derived from crystallisation buffers do not necessa-
rily bear any relationship to those adopted in biological
systems.

3.3 Gel electrophoresis

Persistence length is a useful concept when considering poly-
meric pieces of DNA. A working definition for the persistence
length (Fig. 15) of a piece of DNA is taken to be the average
length of DNA required for the helix backbone to bend 1
radian (= 180/r = 57.3°). Typical B-DNA has a persistence
length of about 150 base pairs. When the DNA is bent or made
more flexible, this is reduced. Thus this parameter gives a
measure of bending or flexibility of DNA. For example at the
cis-platin binding site (Fig. 6), the persistence length is reduced
to just a few base pairs. There is no really simple way to
measure this fairly simple parameter. One method is to use
AFM pictures of samples of DNA with and without the ligand
of interest.”” This is tedious and dependent on sampling
methods to get a clear indication of what is happening. An
alternative approach is to measure the changes in mobility of
DNA in gels as a function of ligand loading on DNA.

Gel electrophoresis involves application of an electric field
across the length of the gel causing the migration of charged
molecules toward the oppositely charged electrode. At neutral
pH, DNA is negatively charged so moves through the gel
from cathode towards the anode. The electrophoretic mobility
of a piece of DNA on a gel is dependent on its flexibility, size
and charge.

If, when a molecule binds to DNA it affects the size or shape
of the DNA, then it will affect its electrophoretic mobility. For
example, an intercalator is expected to unwind the DNA,

Fig. 15 Persistence length (p) can be thought of as the minimum
length of DNA required such that the tangents to the helix axis form
an angle of 1 radian.
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Fig. 16 Gel image of pBR322 DNA treated with cis-platin in DNA base : ligand ratios as indicated in the figure. The negatively supercoiled DNA
sample has a small population of relaxed DNA. At 6 : I ratio both bands co-migrate; at higher ratios the DNA is being positively supercoiled.*?

which lengthens and stiffens it. Using circular DNA of known
supercoiling® the degree of unwinding per ligand bound can
be determined. Whether the binding event is consistent with
intercalation can then be determined. Ethidium bromide, the
archetypical intercalator, unwinds DNA by an average of 26°
per ligand (which is 10° less than the base-base twist in
canonical B-DNA). The degree of unwinding induced by a
given metal complex has been shown to indicate which binding
mode it adopts:*! mono-adduct platinum(i) complexes
generally afford little unwinding, whereas bifunctional adducts
such as cis-platin (unwinding angle 13°) have more effect,
though significantly less than that of an intercalator (Fig. 16).*

An alternative application of gel electrophoreis has been
described by Carle and Olson.** They used it as a method of
fractionating DNA into size based fractions by applying a
series of orthogonal electric fields on a gel. By altering the
duration of the electric field pulses in each direction, a greater
accuracy in the DNA separation for a given size range can be
achieved. The technique can also be used to check for DNA
charge reversal** which can occur when DNA is resolubilised
in the presence of multivalent cations. Charge reversal is said
to have occurred if the DNA migrates towards the cathode
terminal.

3.4 Circular dichroism

Circular dichroism (CD), the difference in absorption of left
and right circularly polarised light,** is uniquely sensitive to
chirality or helicity of molecules. Thus DNA CD depends on
the arrangement of the DNA bases and if this is changed, then
the CD spectrum changes. The source of the chirality in
DNA is the ribose sugar backbone of DNA, however, sugar

10—

—20°C

-—30°C

--40°C

CD signals are below 190 nm, so essentially inaccessible in
laboratory-based CD machines. Between 190 and 300 nm,
there are DNA signals observed from the coupling of the
stacked planar bases, which adopt chiral (helical arrangement
in space) structures. CD can be used to probe DNA structures
as illustrated in Fig. 174 since right-handed B-DNA and the
left-handed Z-DNA, for example, have quite different CD
spectra (not mirror images of one another since the structures
are not enantiomeric). In the context of this article, the effect
of DNA on the CD of bound ligands can also be a useful
probe technique. Achiral molecules in solution produce no net
intrinsic CD signal, however, if they bind to a chiral molecule
such as DNA this can result in an induced CD (ICD) signal.
Sometimes this can be used structurally but more often it gives
a method of estimating binding strengths between the DNA
and ligand, or the DNA base : ligand ratio. An example of this
is given in Fig. 18.%

A useful assay developed by Jaroslav Malina (personal
communication) to determine in which groove a metal
complex binds is to probe the displacement of the ligand by
the major groove binding [Co(NH3)¢J** (or conversely). With
poly[d(G—C)]», [Co(NH;3)¢]*" induces Z-DNA. When it dis-
places a ligand and binds, the CD changes polarity at 290 nm
from the positive signal for B-DNA to negative as illustrated
in Fig. 19.*® In other cases, where there is no competition
between the ligand binding sites, there is no induction of
Z-DNA.

3.5 Linear dichroism

Linear dichroism (LD) is a technique that may be used with
systems that are either intrinsically oriented or are oriented

10 —m

w
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Fig. 17

200 220 240 260 280 300 320 340
Wavelength / nm

CD spectra of [poly(dG-dC)], as a function of temperature in the presence of (a) spermine (5 pM and 10 mM NaCl), 90 pM DNA and (b)

[Co(NH3)]*" (5 uM and 10 mM NacCl), 100 uM DNA. Arrows in (a) indicate direction of change in the CD spectra as the B to Z transition

progresses.*®
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Fig. 18 CD titration series for some platinum complexes with GC DNA (200 pM, 50 mM NacCl, except for [Pt-2] where it is 20 mM NaCl and
[Pt-8] where it is 100 uM DNA, 10 mM NaCl). [Pt-X] represents [Pt(L)CI(DMSO)] (HL = R’"C(O)NHC(S)NR,: R’ = aryl, NR, = amine) where
for [Pt-2], NR, = N(CH,CHj3), and R’ = NO,, for [Pt-3], NR, = N(CH,CHj3), and R’ = OCH3;, for [Pt-5], NR, = NO4(CH,) and R" = NO,, for
[Pt-6], NR, = NO4(CH,) and R’ = OCHas, for [Pt-8], NR, = N(CH,CH,OH), and R’ = NO, and for [Pt-9], NR, = N(CH,CH,0H), and

R’ = OCHj;. DNA base:[Pt-X] ratios are in increasing order of CD at 320 nm as indicated on the figures.

during the experiment; it is the difference in absorption of light
linearly polarised parallel and perpendicular to an orientation
axis.* In the case of long DNA molecules (>250 base pairs),
flow orientation such as that induced by a Couette flow cell
(Fig. 20)* is an effective orientation technique. The speed of
the revolving chamber must be such that it is not causing

@ | | .
240 280 320 360 400
Wavelength / nm

-30

Fig. 19 Displacement from poly[d(G—C)], (60 uM base) of a racemic
methyl substituted analogue of the helicate of Fig. 2 (6 uM) by
[Co(NH3)¢]*" and the consequent change of the 290 nm CD signal
from the positive of B-DNA to negative of Z-DNA.*

47

turbulent flow but is still strong enough to orientate the sample
in question, in this case, DNA. DNA base pairs are
approximately perpendicular to the DNA helix axis and their
in-plane n—7* transitions give a negative LD signal under
absorbance bands.

If the DNA is bent or kinked, as occurs with adding the
above mentioned iron triple helicate, the DNA LD signal
magnitude decreases as illustrated (Fig. 21). The bend induced
per bound helicate can be determined.> LD can also be used
to probe the binding of molecules to DNA since small
molecules will only produce a flow LD signal if they are
oriented due to binding in a specific regular manner to the long
DNA. Fig. 21 shows an example of DNA bending (as viewed
by the loss of LD at 260 nm upon addition of ligand) and also
the orientation of the ligand itself in the ligand charge transfer
region at 550 nm.*®

Sample inserted in annular gap

Linearly polarised
Light

Detector

Fig. 20 Schematic diagram of Couette flow cell.*’
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Fig. 21 LD spectra of (a) (R)-Ls, (b) (M)-L; and (c) (P)-L3 binding
to ct-DNA at constant DNA (500 uM) and increasing metal complex
(0-50 puM) concentration. Water was subtracted from each sample
spectra and the data zeroed at 420 nm for the racemic metal complex
and enantiomers. L3 is the 3-methyl subsituted version of the helicate
described in Fig. 2.

3.6 Molecular dynamics simulations

Molecular dynamics simulations provide an atomic-resolution
depiction of molecular systems by the application of Newton’s
equations of motion to generate successive configurations of a
system which combine to give a trajectory.’® In biomolecular
science we can obtain both physico-chemical properties
through statistical sampling of a system in equilibrium and
an understanding of pathways and mechanisms of action by
following individual particle motions. Comparing simulation
results with experimental data is essential because the
experimental data can be used to validate the simulations
and the simulations may help to interpret the experiments
correctly or guide future work. The method is limited,
however, by the necessity for an accurate description of the
experimental situation and the computational power needed
to accurately describe the forces and motions involved.
Concessions have to be made in order to run simulations on
a reasonable timescale, such as limiting the number of degrees
of freedom, the length of time simulated, the system size,
whether solvent molecules are explicitly included and the
accuracy of the relevant force fields. Relevant controllable
parameters in such experiments include the temperature,
pressure, volume of periodic box, and of course the total
length of the simulation. Most DNA simulations are on
relatively short DNA sequences which precludes observation
of any long range effects.

Khalid er al®' have demonstrated the usefulness of
molecular dynamics by analysing the molecular interactions
that lead to binding and subsequent DNA structure control by
the metallohelicate illustrated in Fig. 10. They discovered by
simulating over an array of parameters that the helicate-DNA
interactions that promote DNA coiling are dominated not by
the cationic charge of the molecule (as in the case of DNA
condensation into toroids) but by short-range interactions.

Haworth et al. also found molecular modelling useful as
noted above in determining the binding modes of cobalt amine
complexes and understanding how these metal complexes
influence DNA structural changes such as the B to Z transition
and DNA condensation.>

All-atom molecular modelling as described above is limited
by the time and computational power required to perform the
simulation—particularly in relation to the volume of the system
and the total simulation time. One of the ways to extend the
usefulness of MD is to reduce the number of degrees of
freedom in a technique known as coarse-grain modelling.>
Here, a number of atoms are mapped onto coarse-grain beads
thus eliminating fine atom-atom interaction details and
yielding a simulation that requires fewer resources and runs
faster than an all-atom equivalent. However, at this point in
time it is very difficult to find effective merging of molecular
dynamics and course graining for DNA systems.

Conclusions

The most important molecule in any cell is DNA and
structural changes induced by foreign bodies such as metallo-
molecules are of huge significance in the fields of molecular
biology and medicine. Since the double-helical structure of
B-DNA was recognised in the 1950s,® many synthetic mole-
cules have been shown in bind to DNA in differing binding
modes promoting a variety of structural changes in the DNA.
Whilst some molecules such as cis-platin, a leading chemo-
therapy agent, have been found to be DNA-targeting (a long
time after its introduction into the drug market in 1978), other
molecules such as an array of double and triple metallo-
helicates®® have been specifically designed with DNA as
the target.

The binding modes of metallomolecules can be divided into
an external association with DNA, groove binding in either the
major or minor groove and intercalation between DNA base
pairs. The precise binding mode and consequent DNA
structural changes can be analysed using a range of experi-
mental techniques, such as NMR, X-ray crystallography, gel
electrophoresis, circular dichroism, linear dichroism and
modelling using molecular dynamics. Each of these techniques
has different advantages and different limitations, such as the
need to generate crystals for X-ray crystallography or the
necessity for molecular dynamics simulations to accurately
represent the in vivo situation. Despite these restrictions they
have proved reliable and accurate techniques when used
appropriately for discerning the exact nature of DNA-
metallomolecule interactions.

Synthetic metallomolecules have been proven to have a
range of dramatic effects on the structure of DNA. As
synthetic and analytical chemistry continues to evolve,
metallomolecules have a bright future both in aiding our
understanding of the structure and function of DNA and also
as potential diagnostic or therapeutic agents.
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