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Since the elucidation of the structure of double helical DNA, the construction of small molecules
that recognize and react at specific DNA sites has been an area of considerable interest. In
particular, the study of transition metal complexes that bind DNA with specificity has been a
burgeoning field. This growth has been due in large part to the useful properties of metal
complexes, which possess a wide array of photophysical attributes and allow for the modular
assembly of an ensemble of recognition elements. Here we review recent experiments in our
laboratory aimed at the design and study of octahedral metal complexes that bind DNA non-
covalently and target reactions to specific sites. Emphasis is placed both on the variety of methods
employed to confer site-specificity and upon the many applications for these complexes.
Particular attention is given to the family of complexes recently designed that target single base

mismatches in duplex DNA through metallo-insertion.

Introduction

DNA is the library of the cell, simultaneously storing and
dispensing the information required for life. Molecules that
can bind and react with specific DNA sites provide a means to
access this cellular information. Over the past few decades,
small molecules that bind to DNA have shown significant
promise as diagnostic probes, reactive agents and therapeutics.
Much attention has focused on the design of organic, DNA-
binding agents." However, over the past twenty five years,
increasing interest has focused on another class of non-
covalent DNA-binding agents: substitutionally inert, octahe-
dral transition metal complexes.
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At first glance, transition metal complexes seem an odd
choice for DNA molecular recognition agents. Certainly,
Nature herself offers very little precedent in this regard. With
few exceptions, biological transition metals are confined to
coordination sites in proteins or cofactors, not in discrete, free-
standing coordination complexes.”> Further, the cell generally
employs organic moieties for the binding and recognition of
DNA. Yet despite the lack of many natural examples,
transition metals complexes offer two singular advantages as
DNA-binding agents. First and foremost, coordination com-
plexes offer a uniquely modular system. The metal center acts
in essence as an anchor, holding in place a rigid, three-
dimensional scaffold of ligands that can, if desired, bear
recognition elements. DNA-binding and recognition proper-
ties can thus be varied relatively easily via the facile
interchange of ligands. Second, transition metal centers benefit
from rich photophysical and electrochemical properties, thus
extending their utility far beyond that of mere passive
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Fig. 1 The three binding modes of metal complexes with DNA: (a) groove binding, (b) intercalation, and (c) insertion.

molecular recognition agents. Indeed, these characteristics
have allowed metal complexes to be used in a wide range of
capacities, from fluorescent markers to DNA foot-printing
agents to electrochemical probes.’

With few exceptions, non-covalent, DNA-binding metal
complexes share a few important characteristics. All are
kinetically inert, a requisite trait due to the paramount
importance of stability. Indeed, most of the complexes are d®
octahedral or d® square-planar. In addition, most exhibit a
rigid or mostly rigid three-dimensional structure, an important
facet considering that in many cases undue fluxionality could
negate recognition. Moreover, the stereochemistry of the
complex, if applicable, can provide specificity, an under-
standable notion given the chirality of the DNA target. Finally
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most of the complexes that have been prepared are, by design,
photochemically or photophysically active, properties that
confer tremendous utility in probing or effecting chemistry.
In this review, we do not strive to carry out an exhaustive
survey of the field; instead, we seek to provide a discussion of
more limited scope, highlighting important contributions from
other researchers, yet concentrating principally on the work
from our own laboratory. The early history of non-covalent,
DNA-binding metal complexes is first addressed, followed by
a more comprehensive look at the last two decades of research.
In subsequent sections, complexes that bind DNA in each of
three different non-covalent modes are discussed: groove
binding, intercalation, and insertion (Fig. 1 and 2). Lastly,
recent work on the development of therapeutic and diagnostic
applications for some of these complexes is described. It
should be noted that some of the most well-known research
involving metal complexes and DNA has centered upon
covalent interactions, most remarkably the work on plati-
num-based chemotherapeutics. Given the considerable breadth
of this effort, it is understandably outside the scope of this
review. However, it has been extensively covered elsewhere.*
Before embarking on our discussion of DNA binding and
recognition, a brief description of the structure of DNA may
be helpful. The most common form of DNA (and the form
addressed almost exclusively in these pages) is the anti-parallel,
right-handed double helix termed B-DNA, though the less
common right-handed A-form and left-handed Z-form
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(b) metallointercalator
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(a) groove binder
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Fig. 2 Geometries of (a) groove binder, (b) metallo-intercalator, (c)
metallo-insertor.
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occasionally enter the discussion.’ Within the polynucleotide
assembly, the heterocyclic bases — adenine (A), guanine (G),
cytosine (C), and thymine (T) — are bonded to the sugars in an
anti orientation with a disposition perpendicular to the helical
axis. The base pairs collectively form a central, hydrogen-
bonded n-stack that runs parallel to the helical axis between
the two strands of the sugar-phosphate backbone. Each base
forms hydrogen bonds with its complement on the opposite,
anti-parallel strand, A with T and C with G. The rise per base
is 34 A, and there are ten base pairs per helical turn.
Surrounding the central base stack, the polyanionic sugar—
phosphate backbone forms two distinct grooves, a wide major
groove and a narrow minor groove. All of these structural
characteristics can and have been exploited for molecular
recognition.

Early work

The earliest research into the interactions between metals and
DNA focused almost exclusively on the binding strength and
location of metal-aquo ions, both those with and without
biological significance.® Perhaps as a result of these studies, the
potential utility of metal-DNA interactions was realized early
on. For example, melting temperature measurements for DNA
in the presence of each of the first row transition metal ions
were obtained to assess which metal ions stabilize or
destabilize the duplex.” The use of uranyl-bound nucleosides
was investigated as a possible tool for electron microscopy-
based DNA sequence determination.® Further, studies of the
binding of mercury to non-thiolated and thiolated guanosine
residues also portended the growing interest in metals as useful
DNA probes.” Importantly, these studies all focused upon the
coordination of metal ions to DNA and as such employed
either aquo ions or complexes with open coordination sites.
Our interest, however, is in the non-covalent binding of
coordinatively saturated metal complexes to DNA. With
respect to this area, clues suggesting the interaction of inert
metal complexes and DNA were evident as early as the 1950s,
most notably in F. P. Dwyer’s work on the biological activity
of metal polypyridyl complexes.'® Simple tris(chelate) com-
plexes of Ru(ir) and Ni(11) were found to have antiviral and
bacteriostatic activities. Quite remarkably, stereoselective
biological activity was observed in some cases.

It was not until the mid-1970s, however, that a progenitor
non-covalent DNA-binding complex was prepared by S. J.
Lippard and co-workers.'" During their work on metal-
binding to thiolated bases, it was observed that the planar
complex [Pt(terpy)CI]" (terpy = 2,2':6',2"-terpyridine) induced
a spectral shift for 4-thiouridine in the presence of tRNA.
Follow up work, this time using [Pt(terpy)(SCH,CH,OH)]* to
eliminate the labile coordination site, employed a variety of
techniques to establish the intercalative binding mode. X-Ray
fiber diffraction patterns provided further evidence for
intercalation, revealing a periodicity of one platinum unit
every 10 A (every other base-pair) and a partial un-winding of
the phosphate backbone.'? Subsequent work expanded the
family of intercalators to include other complexes with planar
heterocyclic ligands, [Pt(bpy)(en)]** and [Pt(phen)(en)*",
established binding constants in the realm of 10*-10° M ™!

for the family with DNA base pairs, and investigated the effects
of sequence context and ionic strength on intercalation.'?
Just as Lippard’s platinum complexes laid the groundwork
for future work on intercalative binding, the study of another
complex, [Cu(phen),]”, in the lab of D. S. Sigman during the
late 1970s and early 1980s unearthed the rich chemistry of
groove-binding metal complexes.'* The complex was serendi-
pitously discovered to degrade DNA during investigations into
the inhibition of E. coli DNA polymerase by 1,10-phenanthro-
line, and it was soon learned that the DNA cleavage reaction
was oxygen-dependent.'® Product isolation and analysis led to
a proposed mechanism that suggested minor-groove binding
by [Cu(phen),]* formed in situ, a hypothesis later confirmed
through elegant labeling experiments.'® Additional reactivity
studies have revealed that the complex cleaves not only B-form
duplex DNA but also, though in some cases to a lesser extent,
A-form DNA, RNA, and folded nucleic acid structures.'”

Nature’s example

Before moving on to our main discussion of synthetic
complexes, it is important to address, at least briefly, nature’s
lone example of a non-covalent DNA-binding metal complex:
metallobleomycin. First isolated from Streptomyces verticillus
in the late 1960s, bleomycins are a widely-studied family of
glycopeptide antibiotics that have been used successfully in the
treatment of some forms of cancer.'® The structure of
bleomycins can be broken down into three domains: a metal-
binding domain containing a pyrimidine moiety and five
nitrogen atoms for octahedral metal coordination, a peptide
linker region bearing a disaccharide side-chain, and a
bithiazole unit with an appended, positively charged tail.
While the metal-binding region can coordinate a variety of
metals including Zn(11), Cu(i1) and Co(111), the majority of
research has focused on understanding the reactivity of Fe-
bleomycin complexes.'® Significantly, exposure of the Fe-
bleomycin complex to oxygen and a reductant leads to the
formation of activated bleomycin, a species that can, in turn,
affect both single-stranded and double-stranded DNA clea-
vage via 4'-hydrogen atom abstraction by a high valent Fe-oxo
species.

Metallobleomycins bind DNA via the minor groove, though
neither affinity nor specificity is particularly high. Over the
past twenty years, extensive synthetic and spectroscopic studies
have helped to elucidate the contribution of each structural
moiety to DNA-binding and reactivity.”® The bithiazole
subunit and positively-charged tail are considered to play the
most important roles in DNA-binding. The charge of the
cationic tail is generally agreed to provide electrostatic impetus
for binding. The role of the bithiazole, however, is subject to
some debate. While the bulk of the evidence suggests that this
moiety intercalates between base-pairs neighboring the binding
site of the complex,?! others have suggested that the bithiazole
interacts with the DNA primarily in the minor groove.”
Hydrogen-bonding of the pyrimidine moiety in the metal-
binding region is thought to help confer 5'-G-Py-3’ cleavage
selectivity.!”*2% The definitive roles of the linker region and
disaccharide have proven more subtle and elusive, with the
linker region likely of conformational importance and the
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disaccharide having been given roles ranging from DNA
binding to metal chelation to cellular uptake and localization.

Finally, it is also both interesting and important to note that
metallobleomycins, unlike many of the metal complexes
discussed below, are exquisitely sensitive to structural changes,
for attempts to alter any of the domains have been met with
dramatically reduced cleavage efficiencies.”

Tris(phenanthroline) complexes

The earliest work on the DNA-binding of octahedral metal
centers focused on tris(phenanthroline) complexes of ruthe-
nium, chromium, zinc, nickel and cobalt (Fig. 3).* Extensive
photophysical and NMR experiments suggested that these
complexes bind to DNA via two distinct modes: (a) hydro-
phobic interactions in the minor groove and (b) partial
intercalation of a phenanthroline ligand into the helix in the
major groove. Perhaps more important than the discovery of
these dual binding modes, however, was the revelation these
complexes provided regarding the importance of chirality in
DNA-binding.?* In the case of [Ru(phen)s]**, for example, the
A-enantiomer is preferred in the intercalative binding mode,
while the complementary A-enantiomer is favored in the minor
groove binding mode. In subsequent years, it was discovered
that metal centers bearing more sterically demanding phenan-
throline ligand derivatives, such as diphenylphenanthroline
(DIP), display even more dramatic chiral discrimination.
Luminescence and hypochromism assays have revealed enan-
tioselective binding on the part of [Ru(DIP);**; the
A-enantiomer binds enantiospecifically to right-handed
B-DNA and the A-enantiomer binds only to left-handed
Z-DNA.* This enantiospecificity has been exploited to map
left-handed Z-DNA sites in supercoiled plasmids using
[A-Co(phen);]**.%° Indeed, this trend in enantiomeric selectiv-
ity for octahedral tris(chelate) complexes, matching the
symmetry of the complex to that of the DNA helix, has
repeatedly and consistently been observed for non-covalent
DNA-binding complexes developed in the years since these
initial discoveries.>*’

These earliest tris(phenanthroline) complexes do not, of
course, represent the only examples of complexes that bind
DNA via the minor or major grooves. For instance, the
extensively studied [Cu(phen),]", has been shown to bind
DNA via the minor groove. Indeed, these groove-binding
complexes not only bind DNA but also cleave the macro-
molecule in the presence of hydrogen peroxide.”® Metal

T e+

A enantiomer

A enantiomer

Fig. 3 A- and A-enantiomers of [Rh(phen);]*".

complexes that bind in the groove have come a long way
since these first studies and are now quite sophisticated. Turro
and co-workers, for instance, developed an artificial photo-
nuclease by linking the metallo-groove-binder [Ru(bpy)s]** to
an electron-acceptor chain containing two viologen units.”
Interestingly, the chemistry of metallo-groove-binders also
extends to supramolecular self-assembly. Following the initial
work of Lehn on the interaction and cleavage of DNA with a
cuprous double-helicate,>® Hannon and co-workers designed a
triple-helicate capable of recognizing three-way junctions in
DNA. This intricate recognition has recently been character-
ized by single crystal X-ray crystallography.®!

Metallo-intercalators
General architecture and binding mode

Intercalators are small organic molecules or metal complexes
that unwind DNA in order to m-stack between two base pairs
(Fig. 1). Metallo-intercalators, it then follows, are metal
complexes that bear at least one intercalating ligand (Fig. 2).
As their name suggests, these ligands, oriented parallel to the
base pairs and protruding away from the metal center, can
readily n-stack in the DNA duplex. Further, upon binding, the
ligands behave as a stable anchor for the metal complex with
respect to the double helix and direct the orientation of the
ancillary ligands with respect to the DNA duplex. Two well-
known examples of intercalating ligands are phi (9,10-
phenanthrenequinone diimine) and dppz (dipyrido[3,2-
a:2',3'-cJphenazine) (Fig. 4).>

Ligand intercalation was first demonstrated by photophy-
sical studies.”>*?> However, it was not until extensive NMR
studies* and high resolution crystal structures had been
performed that the structural details of this binding mode were
properly illuminated (Fig. 5).* Metallo-intercalators enter the
double helix via the major groove, with the intercalating ligand
acting in effect as a new base pair. No bases are ejected from
the duplex. Further, intercalation results in a doubling of the
rise and a widening of the major groove at the binding site.
Importantly, this interaction distorts only minimally the
structure of DNA. In the case of B-DNA, for example, the
sugars and bases all maintain their original C,' endo and anti
conformations, respectively. Indeed, only the opening of the
phosphate angles, not any base or sugar perturbations, is
necessary for intercalation.

3+ ancillary

intercalating
ligand

A-Rh(phen)zphi** A-{Ru(bpy)dppz]®

Fig. 4 Chemical structure of two common metallo-intercalators: (a)
A-[Rh(phen),(phi)** and A-[Ru(bpy),(dppz)]**. The intercalating
ligands are highlighted in blue, the ancillary ligands in yellow.
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Van der Waals
interactions

Fig. 5 Crystal structure of the metallo-intercalator A-o-[Rh{(R,R)-
Me,trien}(phi)]** bound to its target sequence, 5'-TGCA-3'.

The three crystal structures of a metal complex intercalated
within a duplex, two containing an octahedral rhodium
complex inserted in an oligonucleotide and one a square-
planar platinum complex inserted into a paired dinucleotide,
each demonstrated that intercalation occurs via the major
groove.>*3° Yet this may not always be the case. NMR studies
indicate that metal complexes bearing dpq (dipyrido[2,2-
d:2',3'-flquinoxaline), a close analogue of dppz lacking the
terminal aromatic ring, favors binding via the minor groove.*’
Whether this binding by the more hydrophobic complex
involves one or two binding modes, groove-binding from the
minor groove and intercalation, still needs to be confirmed.

Exploiting the photophysical and photochemical properties of
metallo-intercalators

By design, metallo-intercalators are coordinatively saturated
and substitutionally inert such that no direct coordination with
DNA bases occurs. Nonetheless, they often possess rich
photochemistry and photophysics that have been advanta-
geously exploited both to probe their interaction with DNA
and to understand further various aspects of nucleic acid
chemistry. The most studied example is probably the
molecular light switch complex, [Ru(phen),(dppz)]*". This
ruthenium complex shows solvatochromic luminescence in
organic solutions. In aqueous solutions, however, it does not
luminesce because water deactivates the excited state through
hydrogen-bonding with the endocyclic nitrogen atoms of the

intercalating ligand. Remarkably, however, the complex
Iuminesces brightly upon the addition of duplex DNA. In this
case, the metal complex intercalates into the DNA, and the
surrounding duplex prevents water from gaining access to the
intercalated ligand; thus, the DNA has created a local region
of organic ‘solvent’ in which the metal complex, now free of
any hydrogen bonds, can display its characteristic lumines-
cence. (Fig. 6).3¢

Although there has been some debate over the binding
orientation of [Ru(phen),(dppz)]**,* it has now been estab-
lished that it intercalates via the major groove.?¢ Direct
competition titrations against both a minor groove binder
(distamycin) and a well-characterized major groove inter-
calator (A-a-[Rh{(R,R)-Mestrien}(phi)**, vide infra)33b’24
clearly demonstrate that the molecular light switch intercalates
via the major groove with a slight preference for poly-d(AT)
over poly-d(GC).*® This conclusion is further supported by
detailed NMR studies performed with complexes bearing
selectively deuterated dppz ligands. The latter investigations,
together with the observed biexponential decay of the
luminescence of [Ru(phen),(dppz)]**, further stipulated the
presence of two populations with slightly different intercala-
tion geometries. 22 Many analogues of the popular molecular
light switch, such as Nordén’s threading ruthenium bis-
intercalators,*! have been synthesized and their photophysics
have been extensively studied and reviewed.*

While ruthenium and dppz-based metallo-intercalators have
proven to be powerful molecular light switches for the
detection of DNA, rhodium intercalators have been shown
to be efficient agents for photoactivated DNA strand cleavage.
Importantly, this reactivity enables us to mark directly the site
of intercalation and to characterize the recognition properties
of each metallo-intercalator. In this case, the most well studied
examples are rhodium complexes employing the phi ligand as
the intercalator, such as [Rh(bpy)»(phi)]**, [Rh(phen)(phi)]**
and [Rh(phi),(bpy)]*" (Fig. 4).*

In many cases, the irradiation of the intercalated metal
complex with short wavelength light (313-325 nm) initiates
strand scission near the binding site. More specifically, this
irradiation prompts the formation of an intercalating ligand-
based radical that abstracts a hydrogen atom from an adjacent
deoxyribose ring.** Subsequent degradation of the resultant
sugar radical then leads to direct DNA strand scission. In the
absence of dioxygen, the photolysis of intercalated rhodium

. - N L
100 - with DNA N N, | L
80 N i
. L
60
1 M = Ru, Os, Re
40 1 L = ancillary ligand
20 4
—M
0 -
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Fig. 6 The light-switch effect of dppz-based metallo-intercalators.
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complexes leads to the formation of 3’- and 5'-phosphate
terminated strands as well as a free base. To contrast, in the
presence of dioxygen, direct strand cleavage still occurs but
instead produces a 5'-phosphate terminated strand, a 3'-phos-
phoglycaldehyde terminated strand, and a base propenoic
acid. These observations are consistent with previously
observed chemistry at the C3’ position of the sugar.
However, since both an atomic resolution crystal structure
and a solution NMR study of a metal complex intercalated in
the major groove of DNA indicate that the C2" hydrogen of
the neighbouring sugar is closer to the intercalating ligand
than the C3’ hydrogen of said sugar, we propose that the
photoactivated intercalator initially abstracts the C2' hydro-
gen of the sugar. This step is immediately followed by hydro-
gen atom migration to form the more stable tertiary C3’
radical. Degradation of the sugar ring completes the process.

Although rhodium complexes efficiently cleave DNA upon
photoactivation, many research laboratories find more con-
venient the use of DNA cleavage agents that cut without
irradiation (Fig. 7).** This is achieved with the use of a
bifunctional metallo-intercalator—peptide chimera in which a
metal-coordinating peptide is covalently attached to
[Rh(phi),bpy’]*". The metallo-intercalator acts as a targeting
vector that delivers the metallo-peptide to the sugar-phosphate
backbone. The latter then promotes hydrolytic DNA strand
cleavage.

In a similar approach, luminescent DNA cross-linking
probes were achieved using bifunctional ruthenium intercala-
tors conjugated to short peptides (Fig. 7).*° In the presence of
an oxidative quencher, irradiation of the intercalated
[Ru(phen)(bpy’)(dppz)*" oxidizes the oligonucleotide. The
nearby tethered peptide then crosslinks with the oxidized
site of the DNA. Although delivery of the peptide by the
metallo-intercalator is not essential for cross-linking, this

Fig. 7 Chemical structures of (a) an artificial nuclease and (b) a
luminescent cross-linking agent.

technique advantageously yields cross-linking adducts that are
luminescent and are thus easily detectable. Furthermore, these
cross-links may resemble those found in vivo under conditions
of oxidative stress.

Shape-selective recognition

On the whole, metallo-intercalators are structurally rigid
molecules with well-defined symmetry, making them particu-
larly well suited for selective molecular recognition of specific
DNA sequences. Importantly, because of the general rigidity
of the complexes, the overall shape and ancillary ligands of
these complexes can also be exploited in the development of
useful compounds.

Perhaps not surprisingly, stereochemistry is of utmost
importance in the construction of site-specific recognition
agents. Indeed, one of the earliest findings of this chemistry
was the necessity of matching the chirality of the metallo-
intercalator with that of the double helix: the A-enantiomer of
the metal complex preferentially binds to right-handed
B-DNA. This enantioselective discrimination is primarily
steric in nature and depends on the size of the ancillary
ligands relative to that of the DNA groove. For instance, poor
enantioselectivity is observed with metallo-intercalators bear-
ing small ancillary ligands such as phenanthroline and
bipyridine, whereas complete enantiospecificity is achieved
with bulkier ancillary ligands such as DPB (4.4’-diphenylbi-
pyridine).*® The A-enantiomer of [Rh(phi)(DPB),]*" (Fig. 8),
for example, readily cleaves the sequence 5'-CTCTAGAG-3’
upon photoactivation, but no intercalation or cleavage is
observed with the A-enantiomer, even with a thousand-fold
excess of metallo-intercalator. For Z-DNA, which is a left-
handed helix, there is little enantioselectivity of the chiral metal
complexes because of the very shallow, almost convex major
groove;25 hence the A-isomer, which cannot bind at all to
B-form DNA becomes a probe for Z-DNA.

As a monomer, A-[Rh(phi)(DPB),]** is geometrically
capable of spanning only six base pairs; however, the
metallo-intercalator is able to recognize a palindromic
sequence eight base pairs long by dimerizing. The target
sequence 5'-CTCTAGAG-3' can be considered as two over-
lapping 5'-CTCTAG-3' intercalation sites. Concomitant inter-
calation of two of the metal complexes, each at a central
5'-CT-3' of the 6-mer, favors stacking of the ancillary phenyls
from both complexes over the central 5'-TA-3’ step. This
binding cooperativity, more common with DNA binding
proteins, enhances the binding affinity of the second inter-
calator by 2 kcal mol '. As a result, irradiation of the metallo-
intercalators/DNA adduct cleaves both DNA strands with
three base pairs separating the two cleavage sites.

The remarkable specificity and intricate binding mode of
A-[Rh(phi)(DPB),]** enables it to inhibit efficiently the activity
of Xbal restriction endonuclease at the palindromic site.*®
Notably, no comparable inhibition of Xbal has been achieved
with any other metallo-intercalators, and A-[Rh(phi)(DPB),J**
cannot inhibit restriction enzymes that bind different sites.
Thus, metallo-intercalators have found use not only as probes
for nucleic acid structures but also as mimics, probes and,
perhaps, inhibitors of DNA-binding proteins.

4570 | Chem. Commun., 2007, 4565-4579

This journal is © The Royal Society of Chemistry 2007



| 3+

A{Rh(DPB)zphi]™*

5-CTCRATAMIGAG-3'
3-GAGY AT CTC-5

T 3+ H
NH3
Q: :@ QHN“,‘
HaN"

HN?..

2N T3+
|<_;_‘:S>
ANH h{H
Rh ~
H3N/ ‘ \NHa T NHz
NH3 «/NHZ

A-[Rh(NHz)phil*

5'-CHG-3 5-CG-3
3'-G@gc-5 3-G@gc-5

A[Rh(en)zphi®*

Interestingly, more moderate shape-based site recognition
can be achieved even with sterically smaller ancillary ligands
like phenanthroline. [Rh(phen),(phi)]**, for instance, prefer-
entially intercalates at sites with high propeller twisting toward
the major groove.***” This intercalator preferentially photo-
cleaves 5'-Py-Py-Pu-3’ sites and occasionally 5'-Pu-Py-Pu-3’
sites but not 5’'-Pu-Pu-Py-3’ sites. Comparison of photoclea-
vage experiments with the crystal structures of several B-form
oligonucleotides revealed a direct correlation between the
binding preference of [Rh(phen),(phi)]** and the increased
propeller twisting at the site of intercalation. Opening of the
major groove in the 5'-Py-Py-Pu-3’ sequence produces more
steric leeway for the hydrogens of the ancillary phenanthroline
ligands, thus enabling deeper intercalation by the metal
complex. In the case of a 5'-Pu-Pu-Py-3’ site, however,
reduced propeller twisting creates a more sterically confining
major grove at the intercalation site; in this instance, then,
increased steric hindrance between the groove and the
phenanthroline ligands pushes the intercalating phi ligand
farther away from the DNA helical axis, thereby reducing the
binding affinity of the complex.

Due to its unique properties, [Rh(phen)(phi)]** has also
been employed as a probe for RNA tertiary structure.*® As
discussed above, the complex can only intercalate from the
major groove side of DNA, a property which prevents it from
binding via the sterically-altered groove of duplex RNA and

A-1{[Rh(MGP)zphi]**

5-CATBIATG-3
3-GTAQ TAC-&

A-1-[Rh (MG P)aphil®
5.caT@cCTG-3
3-caTcTAc-5

CHa _‘ 3+
HaN—

HI AR

HN | NH
Q/NH;,)

6H3

A-a-[Rh[(R,R)-Mestrien]phil™*

5'-TGCA-3
3'-AC@GT-5

A-Rh([12JaneNg)phil’*
5-cfc-3
3-GWc-5

Fig. 8 Sequence-specific metallo-intercalators and their target sequences. The intercalation sites are marked with grey ovals.

binding instead preferentially to triplex RNA. In this capacity,
the rhodium complex is able to compete for binding at the
TAT protein binding site in the immunodeficiency virus TAR
RNA.* [Rh(phen),(phi)]** efficiently binds and photocleaves
the U24 base involved in the base-triplex of the RNA hairpin
essential to TAT binding. The metal complex similarly
competes with and inhibits the binding of the bovine BIV-
TAT peptide to its RNA site. Mutants of the RNA oligomer
lacking the base triplex and which could therefore no longer
bind the TAT peptide were likewise no longer targeted by the
metallo-intercalator.

Sequence recognition based on functionality

Selective recognition of a DNA sequence by a metallo-
intercalator can also be achieved by matching the functionality
of the ancillary ligands positioned in the major groove with
that of the targeted base pairs. Specific targeting of the
sequence 5'-CG-3', for instance, is achieved with the
complexes [Rh(NH;),(phD)**, [Rh([12]aneN,)(phi)]** and
A-[Rh(en)»(phi)** (Fig. 8).° In these examples, recognition
is ensured both by the C, symmetry of the metal
complexes and hydrogen bonding between the axial amines
of the metallo-intercalators and the O6 of the guanine. The
A-enantiomer of [Rh(en)>(phi)]**, instead, recognizes the
sequence 5'-TA-3" due to van der Waals contact between
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the methylene groups on the backbone of the complex and the
thymine methyl.

The predictive design of sequence specific metallo-
intercalators was expanded with A-o-[Rh{(R,R)-Me,trien}-
(phi)]*", a complex that directly recognizes and photocleaves
the sequence 5'-TGCA-3' (Fig. 8).°' The rhodium complex
was designed to recognize this sequence via hydrogen bonding
contacts between the axial amines and the O6 of guanine, as
well as potential van der Waals contacts between the pendant
methyl groups on the metal complex and the methyl groups on
the flanking thymines (Fig. 5). A high resolution NMR
solution structure®” followed by the first crystal structure™
of a metallo-intercalator-DNA complex later revealed at
atomic resolution the details of the intercalation and
recognition. In fact, it is because of the high sequence-
specificity of this intercalator that a high resolution view of
intercalation within a long DNA duplex could be obtained.
In the DNA octamer containing the central 5-TGCA-3’
site, the DNA unwinds to enable deep and complete
intercalation of the phi ligand of the metal complex via the
major groove. This results in a doubling of the rise at the
intercalation site without any base ejection. The metallo-
intercalator thus behaves as a newly added base pair that
causes only minimal structural perturbation to the DNA.
Furthermore, both the NMR study and crystal structure
confirmed that the sequence-specific recognition was, indeed,
based on the anticipated hydrogen bonding and van der Waals
interactions.

Sequence recognition based on shape and functionality

Yet another metallo-intercalator provides an interesting
example of sequence-specific recognition predicated on both
shape and functionality. 1-[Rh(MGP),(phi)]’*, a derivative of
[Rh(phen),(phi)]** containing pendant guanidinium groups on
the ancillary phenanthroline ligands, was designed to bind a
subset of the sequences recognized by the latter, specifically
those 5'-Py-Py-Pu-3’ triplets flanked by two G-C base pairs.
Hydrogen bonding between the guanidinium groups on the
ancillary ligands and the O6 atoms of the flanking guanines
was expected to confer this selectivity (Fig. 8).°> As predicted,
NMR studies demonstrated that the A-enantiomer recognizes
the sequence 5'-CATCTG-3" specifically.

Surprisingly, in spite of the large size of the ancillary ligands,
the A-enantiomer also binds DNA and recognizes a different
sequence, 5'-CATATG-3'. The large MGP ligands certainly
prevent the left-handed isomer from passively entering the
major groove of right-handed DNA. However, plasmid
unwinding assays and NMR studies established that the
A-enantiomer of the metallo-intercalator binds DNA by
unwinding it up to 70°.3¢ It is in this conformation that the
complex can span the entire six-base pair binding site and
contact the N7 position of the flanking guanines with the
pendant guanidinium groups. Replacing these flanking
guanines with deazaguanines demonstrated that the absence
of the N7 nitrogen atoms eliminated any site selectivity.
Therefore, we can conclude that the guanidinium functional-
ities of the ancillary ligands are responsible for the
recognition of the flanking guanines, whereas the shape of

the metallo-intercalator enables the recognition of the “twis-
table” central 5'-ATAT-3" sequence.

Due to its high site-specificity, the A-enantiomer of this
complex has found biological application as an inhibitor of
transcription factor binding.>®> In a manner similar to
[Rh(phen),(phi)]**, A-1-[Rh(MGP)(phi)]" can site-specifi-
cally inhibit the binding of a transcription factor to its
modified activator recognition region. In competition experi-
ments with yeast Activator Protein 1 (yAP-1), the metal
complex was able to compete with the protein for a domain
that included both the binding region of yAP-1 and that of
A-1-[Rh(MGP),(phi)]’" at concentrations as low as 120 nM.
This result represents one of the first hints at the therapeutic
potential of rhodium intercalators, a notion strongly sup-
ported by subsequent investigations illustrating that
[Rh(phi),(phen)]** and other rhodium bis(quinone diimine)
complexes inhibit transcription in vitro.>*

Metallo-insertors

Without a doubt, the vast majority of non-covalent, DNA-
binding metal complexes are either groove-binders or inter-
calators. However, the dearth of complexes that bind DNA via
other means does not necessarily exclude the existence of
alternative modes. Indeed, L. S. Lerman, in his seminal article
proposing intercalation as the DNA-binding mode for organic
dyes, presciently proposed a third non-covalent binding mode:
insertion.> A molecule, he posited, may bind “a DNA helix
with separation and displacement of a base-pair.” While
Lerman was addressing organic moieties, we can apply this
thinking to metal complexes quite easily. Metallo-insertors,
like metallo-intercalators, contain a planar aromatic ligand
that extends into the base-stack upon DNA-binding. However,
while metallo-intercalators unwind the DNA and insert their
planar ligand between two intact base-pairs, metallo-insertors
eject the bases of a single base-pair, with their planar ligand
acting as a m-stacking replacement in the DNA base stack.

Until very recently, no examples of DNA-binding insertors,
neither metal-based nor organic, had been reported. However,
our research into mismatch-specific DNA-binding agents has
led to the discovery of a family of rhodium complexes that
bind DNA via this unique mode. These novel complexes have
been dubbed metallo-insertors.

Background

Over the past ten years, much of our work in molecular
recognition has been focused on the design, synthesis, and
study of metal complexes that selectively bind mismatched
sites in DNA. Mismatched DNA not only represents a very
important target but also presents a unique challenge from the
perspective of molecular recognition. DNA base mismatches,
for example adenine—cytosine or cytosine—cytosine, occur in
the cell as a result of errors during replication or exposure to
genotoxic agents.’® Left uncorrected, these mismatches ulti-
mately lead to single nucleotide polymorphisms (SNPs), single
base mutations that lead (among other things) to variations in
disposition to disease.’” To preserve the fidelity of its genome,
the cell has developed a complex mismatch repair (MMR)
machinery to locate and repair these mismatches.’® However,
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mismatches, and thus mutations, can accumulate if this
machinery is somehow damaged or disabled, increasing the
likelihood of cancerous transformations in the genome.
Indeed, mutations in MMR genes have been identified in
almost 80% of hereditary non-polyposis colon cancers.
Further, 15-20% of biopsied solid tumors show some evidence
of somatic mutations in MMR genes.” Clearly, a selective
mismatch detection agent could prove a significant develop-
ment in the diagnosis of MMR deficiency and, in turn, cancer.

Rational design

When compared to the sequence-specific metallo-intercalators,
the design of mismatch-specific complexes presents a peculiar
challenge. In this case, the recognition target is not a unique
sequence but rather a type of site, specifically a thermo-
dynamically destabilized region in the duplex created by the
mismatch’s imperfect hydrogen-bonding. Indeed, the ideal
mismatch recognition agent would bind any mismatched site
(CC, CA, AG, etc.) without regard to the sequence context
surrounding the mismatch. Taken together, these requirements
dictate that the recognition elements of our mismatch-selective
complexes must move from the ancillary ligands to the
intercalating/inserting ligand.

Somewhat surprisingly, mismatch-specificity was achieved
simply by replacing the non-specific phi ligand with the similar
but more sterically expansive 5,6-chrysene quinone diimine
(chrysi) ligand. Specifically, the chrysi ligand is 0.5 A wider
than the span of matched DNA and 2.1 A wider than its
parent phi ligand (Fig. 2). Unlike the phi ligand, which is the
ideal size for intercalation into matched DNA, the chrysi
ligand, with its additional fused ring, is too bulky to intercalate
at stable, matched sites due to inevitable steric clash with the
sugar rings of the DNA. Thermodynamically destabilized
mismatch sites, it was proposed, would be a different story
altogether, for at these locales, the added energetic benefit
of the m-stacking ligand would outweigh the energetic cost of
any steric clash. When synthesizing the complex, rhodium
was again chosen as the metal primarily due its photo-
physical properties, most notably the ability of the non-
specific rhodium complexes to promote strand scission upon
irradiation.

Recognition experiments

The first generation complex, [Rh(bpy)(chrysi)]*", was
synthesized from [Rh(bpy)>»(NH;3),]** and 5,6-chrysene
quinone via base-mediated condensation of the quinone onto
the ammine ligands of the metal ion (Fig. 9(a)).®° Initial
photocleavage experiments showed that the complex does,
indeed, bind mismatched sites and, upon photoactivation with
UV-light, promotes direct strand cleavage of the DNA
backbone adjacent to the mismatch site.®’ The compound
also proved to be remarkably selective; mismatches are bound
at least 1000 times tighter than matched base-pairs. A dramatic
enantiomeric effect is also observed, with the A-enantiomer
binding and cleaving extremely well and the A-enantiomer
almost completely inactive. While the preference for the
A-isomer binding to right-handed DNA was expected, the
remarkably high enantioselectivity even with a bpy complex

A-JRh(bpy)schrysi]®*

A-[Rh(bpy)ophzil®*

Fig. 9 Chemical structures of mismatch-specific metallo-insertors.

was unexpected. Further experiments were performed to test
the specificity of the complex. Photocleavage experiments
employing alkaline agarose and denaturing polyacrylamide
gels revealed that [Rh(bpy),(chrysi)]’" cleaves at, and only at,
the single mismatch site incorporated into a linearized 2725
base-pair plasmid.>!

Subsequent experimentation established that [Rh(bpy),-
(chrys)]** binds and cleaves 80% of mismatch sites in all
possible sequence contexts.®? Furthermore, correlating clea-
vage intensity against independent measurements of mismatch
destabilization revealed a clear relationship between mismatch
stability and metal complex binding and cleavage: in general,
the more destabilized the mismatch, the tighter the binding.
For example, the mismatch-selective binding constants range
from 3 x 10” M~ ' for the dramatically destabilized CC
mismatch to 2.9 x 10° M~' for the far more stable AA
mismatch.®® Consistent with this relationship, [Rh(bpy),-
(chrysi)** almost completely fails to target the most stable
mismatches, specifically those containing guanine nucleotides.
In essence, the less destabilized mismatched sites “look™ just
like well-matched base-pairs to the chrysi complex.

More recently, higher mismatch binding affinities were
obtained using [Rh(bpy)»(phzi)]**, a second-generation com-
plex bearing a similar expansive intercalating ligand, benzo[a]-
phenazin-5,6-quinone diimine (Fig. 9(b)).** For example,
the binding constants of this complex for CA and CC
mismatches were measured to be 0.3 and 1 x 107 M,
respectively, affinities that allow for mismatch recognition
and photocleavage at nanomolar concentrations. Importantly,
the higher binding affinities are not accompanied by a
concomitant decrease in selectivity, which remains at 1000-
fold or greater. The increased affinity, however, is not
sufficient to facilitate binding to the more stable
G-containing mismatches.

Structural information

While the above experiments provide comprehensive informa-
tion on the range, strength, and specificity of the mismatch
recognition exhibited by [Rh(bpy),(chrysi)]’", they yield little,
if any, information on the structure of the complex and DNA
upon binding. Previous NMR and crystal structures of phi-
bearing metallo-intercalators clearly indicated that these
complexes bind by classical intercalation vie the major
groove.65 There was, however, no guarantee that a mismatch
recognition complex would bind DNA in a similar manner.

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 4565-4579 | 4573



Thus, the elucidation of the structure of [Rh(bpy),(chrysi)]**
became a project of significant importance.

[A-Rh(bpy)-(chrysi)]** was co-crystallized with a self-com-
plementary oligonucleotide containing two AC mismatches
(5'-CGGAAATTCCCG-3'). The structure was solved using
the single anomalous diffraction of Rh and subsequently
refined to atomic resolution (1.1 A) (Fig. 10).”® Quite
surprisingly, the structure revealed two binding modes for
[Rh(bpy)a(chrysi)]**. In the crystal, not only is the complex
bound to both mismatched sites as expected, but it is also
intercalated at a matched site at the center of the oligonucleo-
tide. However, a large volume of evidence, including a second
crystal structure, supports the idea that the binding observed
at the matched sites results entirely from crystal packing
forces.®

In stark contrast to other known metallo-intercalators,
[Rh(bpy)-(chrysi)]** is bound to the mismatched DNA via
the minor groove. Further, and perhaps more remarkably, the
complex does not bind via classical intercalation but rather
the previously unreported mode of insertion. Rather than
stacking an intercalating ligand between base-pairs, thereby
prompting an increase in the rise of the DNA, the complex
completely ejects the mismatched nucleotides from the base-
stack and replaces the ejected bases with its own chrysi ligand.
Despite this insertion, the complex does not significantly
distort the DNA, with all sugars maintaining a C2'-endo
puckering and all bases remaining in the anti-configuration.
Instead, the DNA accommodates the bulky ligand by opening
its phosphate backbone slightly. The chrysi ligand is inserted
quite deeply into the base stack, so much so that the rhodium
is only 4.7 A from the center of the helical axis, and the ligand

Fig. 10 Crystal structure of the metallo-insertor (red) bound to a
target CA mismatch.

itself is solvent accessible from the opposite major groove.®’

Interestingly, the complex itself is perturbed very little, though
some flattening of the chrysi ligand (perhaps to augment
n-stacking) is observed. These structural observations have
been independently verified in a recent NMR investigation.®®

The details of the crystal structures and the NMR study help
to explain three observations about which we could previously
only hypothesize. First, the binding of the complex to the
sterically smaller minor groove without an increase in rise
explains the observed enantiomeric effect on affinity. Second,
the minor groove insertion of the complex explains the
different cleavage products created by [Rh(bpy),(chrysi)]>"
and [Rh(bpy)»(phi)]** as observed via mass spectrometry.®’
The major groove binding mode for the metallo-intercalator
positions it to cleave the DNA via abstraction of the
deoxyribose ring C2'H. Because it binds via the minor groove,
[Rh(bpy)s(chrysi)]** is positioned to abstract preferentially the
C1'H of the sugar adjacent to the mismatch site, and in this
case we see products consistent with C1'H abstraction. Finally,
while we had previously hypothesized that the thermodyna-
mically destabilized site created by the mismatched base-pairs
somehow allowed for [Rh(bpy),(chrysi)]** binding, the ejected
bases observed in the structure point to the concrete
explanation. Since [Rh(bpy)x(chrysi)]** readily displaces the
bases of destabilized mismatch sites to bind to the DNA, it
follows that the more destabilized the site, the more easily the
complex can eject the mismatched bases, and the tighter it can
bind. Conversely, the complex cannot eject matched bases (or
even more stable mismatched bases) because their hydrogen
bonding interactions are too strong to allow for it.

Diagnostic applications

Given the important role of mismatches and mismatch repair
deficiency in cancer susceptibility, the development of our
unique recognition technology for diagnostic and therapeutic
applications has also been a focus of our laboratory.

Fluorescence is a particularly attractive reporter in diag-
nostic applications and could be very useful as a sensitive early
diagnostic in detecting the presence of mismatches in genomic
DNA. As a result, we have developed two different mismatch-
specific fluorophores as potential diagnostics. The first probe,
[Ru(bpy)s(tactp)]**, sought to combine the DNA light-switch
character of [Ru(dppz)(L),]*" complexes and the mismatch-
specificity of the chrysi ligand in a single complex bearing a
bulky chrysi/dppz hybrid ligand (Fig. 11(a)).”® However, while
the complex does exhibit some light-switch behavior and
mismatch-specific binding, the avid dimerization of the large
aromatic ligand leads to non-specific fluorescence and thus
dramatically limits its diagnostic potential.

A second, somewhat more efficient probe for mismatched
DNA was achieved by tethering a negatively charged
fluorophore to a trisheteroleptic, mismatch-specific rhodium
complex bearing a linker-modified bipyridine ligand
(Fig. 11(b)).”" In free solution and in the presence of matched
DNA, ion-pairing between the cationic rhodium complex and
the anionic fluorophore dramatically quenches the fluores-
cence of the conjugate. In the presence of mismatched DNA,
the bulky metallo-insertor binds the polyanionic DNA, and
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(a) A-[Ru(bpy)atactp]™

(b) Rhodium-Oregon Green Conjugate

Fig. 11 Luminescent probes for mismatch detection.

the anionic fluorophore is consequently electrostatically
repelled away from the rhodium moiety, thereby attenuating
the intramolecular quenching and increasing fluorescence. In
this manner, the fluorescence of the conjugate is increased over
300% in the presence of mismatched oligonucleotide DNA.
This probe, like the Ru complex, has its limitations, however,
chief among them being that even when “turned on” in the
presence of mismatched DNA, the fluorescence of the
conjugate is still significantly quenched with respect to free,
equimolar fluorophore.

In an alternative strategy, the site-specific photocleavage
capability of both [Rh(bpy)»(chrysi)]** and [Rh(bpy).(phzi)]**
may also be exploited for diagnostic mismatch detection. Of
course, the detection of mismatches in (labeled) oligonucleo-
tides and synthetic plasmids does not hold particular
diagnostic utility. Rather, the ideal system would allow for
the quantification of the number of cleavage events (and thus
mismatches) in the DNA from a particular cell sample or
biopsy, thus indicating whether the tissue in question is MMR-
deficient. [Rh(bpy)»(phzi)]**, for example, has been used in
conjunction with alkaline agarose electrophoresis to illustrate
differences in site-specific cleavage frequencies in the DNA

b

Extract DNA

PCR

1. Denature
2. Reanneal

from MMR-proficient and -deficient cell lines. Further
development of such a cleavage-based, whole-genome mis-
match detection methodology using fluorescence is currently
underway.

Mismatch-specific metallo-insertors have also been applied
to the discovery of single nucleotide polymorphisms (SNPs).”?
SNPs are single base mutations that constitute the largest
source of genetic variation in humans and can lead to
variations in disposition to disease or response to pharmaceu-
ticals.”””* While other methodologies for SNP discovery exist,
detection remains expensive and false positive rates high.” In
this application, a region of the genome suspected to contain
an SNP is amplified via PCR, denatured, and then reannealed
in the presence of a pooled sample. If the region of interest had
indeed contained an SNP, the re-annealing process statistically
generates a mismatch at the polymorphic site. The resultant
mismatch-containing duplexes are then selectively cleaved via
irradiation in the presence of [Rh(bpy),(chrysi)]** or
[Rh(bpy)a(phzi)]**, fluorescently end-labeled, and analyzed
with capillary gel electrophoresis (Fig. 12). This new metho-
dology allows for the rapid identification of SNP sites with
single-base resolution. The methodology is further made useful
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Fig. 12 Single nucleotide polymorphism detection using mismatch-directed photocleavage.
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by its sensitivity, for it allows for the detection of SNPs with
allele frequencies as low as 5%.

Therapeutic applications

The application of mismatch-specific metallo-insertors as the
basis for designing new chemotherapeutics has also been of
interest, especially considering that MMR-deficiency not
only increases the likelihood of cancerous transformations
but also decreases the efficacy of many common chemother-
apeutic agents.”” Recently, it was discovered that both
[Rh(bpy),(chrysi)]** and [Rh(bpy)»(phzi)]** selectively inhibit
cellular proliferation in MMR-deficient cells when compared
to cells that are MMR-proficient. Few small molecules have
shown a similar cell-selective effect. Interestingly, enantiomeric
differences are also observed associated with this inhibition.”®
While the mismatch-binding A-enantiomer of [Rh(bpy),-
(chrysi)]** shows a high level of differential anti-proliferative
effect, no such difference is seen using the non-binding
A-enantiomer. This observation is important for two reasons.
First, the mere presence of an enantiomeric difference strongly
suggests that the causative agent is the intact complex, not
some unknown degradation product or metabolite. Second,
the observation that the DNA-binding [A-Rh(bpy)x(phzi)**
and [A-Rh(bpy)»(chrysi)]** are the active enantiomers suggests
that DNA mismatch binding plays at least some role in the
anti-proliferative effect of these complexes. Furthermore, the
anti-proliferative response is enhanced by irradiation, hinting
that rhodium-mediated DNA photocleavage may also be
involved. Considering these complexes bind DNA only non-
covalently, the presence of any cytotoxic effect, especially
without irradiation, was surprise enough. Currently, work is
underway to understand the mechanism of cytotoxicity more
fully and to maximize the differential effect of these complexes.
The results observed, however, suggest a completely new
MMR-deficient, cell-selective strategy for chemotherapeutic
design.

Several bifunctional, mismatch-specific conjugates have also
been developed with a potential for chemotherapeutic applica-
tion. In each, the rhodium moieties serve as the targeting
vectors, delivering a cytotoxic cargo to mismatched DNA or,
more generally, cells containing mismatched DNA, thereby
tuning the reactivity of otherwise non-specific agents. Unlike
[Rh(bpy)a(chrysi)]** or [Rh(bpy)(phzi)**, these conjugates
are trisheteroleptic, employing a tether-modified bipyridine to
establish the link between the two moieties. For example, in
one conjugate the metallo-insertor is linked to an aniline
mustard known to form covalent adducts at 5'-GXC-3' sites
(Fig. 13(a)).”” PAGE experiments with radiolabeled oligonu-
cleotides confirmed that the rhodium moiety successfully
confers mismatch-selectivity on the alkylating agent. The two
moieties neither abrogate nor attenuate function. Significantly,
independent of any chemotherapeutic application, this con-
jugate may also prove useful due to its ability to “mark”
mismatch sites covalently.

Another bifunctional conjugate was created by linking the
rhodium moiety to an analogue of the well-known anticancer
drug cisplatin, a metal complex that coordinates to single- and
double-guanine sites in DNA and subsequently inhibits both

(a) Rhodium-Alkylator Conjugate

(b) Rhodium-Platinum Conjugate

NH,

Iz

HZN——PIt—CI
cl

Fig. 13 Mismatch-specific conjugates for therapeutic applications.

transcription and replication (Fig. 13(b)).”® Like its alkylator
cousin, this conjugate succeeds in tuning the reactivity of the
platinum subunit; upon binding a mismatched site, the
platinum moiety then forms a covalent adduct with a nearby
site. It is clear that the mismatch-selective Rh complex dictates
binding; the Pt moiety is seen to form interstrand as well as
intrastrand crosslinks to the DNA, even though without
linkage to the Rh center, cisplatin substantially prefers forming
intrastrand crosslinks. Clearly, it is hoped that imparting
mismatch-selectivity on such a potent anti-cancer drug may
lead to a therapeutic agent against MMR-deficient cell lines.

Most recently, a third conjugate has sought to create a
mismatch-specific DNA cleavage agent by tethering a
[Cu(phen),]*" analogue to a selective metallo-insertor.”
Preliminary data suggest that this conjugate, like the others,
successfully directs the reactivity of the copper oxidant. Upon
the addition of a stoichiometric reductant to convert Cu(II) to
the active Cu(1), light-independent DNA backbone cleavage is
observed near the mismatch site at concentrations for which
no cleavage is seen with untethered [Cu(phen),]** alone.
Irrespective of potential chemotherapeutic applications, a
mismatch-directed DNA-cleaving conjugate could prove very
useful, for it eliminates the need for a light source when
cleaving mismatched sites.

The antiproliferative effects of all three of these conjugates
are currently being investigated, and the design and synthesis
of other reactive conjugates are being explored. Building upon
the mismatch-selective binding through bifunctional conju-
gates certainly offers new tools to probe MMR deficiencies in
biological contexts.

4576 | Chem. Commun., 2007, 4565-4579

This journal is © The Royal Society of Chemistry 2007



Cellular uptake

Whether for diagnostic or therapeutic applications, establish-
ing the rapid and efficient cellular uptake of metal complexes is
of fundamental importance. Cellular (and nuclear) delivery
was first achieved through the conjugation of a D-octaarginine
cell-penetrating peptide to the mismatch-binding rhodium
complex (Fig. 14).2° The pendant peptide does not impair the
ability of the rhodium moiety to bind and cleave mismatched
sites; however, it increases the non-specific binding by the
complex, an effect easily attributed to the strongly cationic
character of the peptide. Confocal microscopy images of a
similar trifunctional conjugate (this time containing a fluoro-
phore in addition to rhodium and peptide) provide visual
evidence for the rapid uptake of the conjugate into the nuclei
of HeLa cells.

Despite the success of the peptide conjugate, it is becoming
increasingly apparent that the cellular uptake properties of
these metal complexes can be altered more simply by
exploiting the modularity of their ancillary ligands.®' Using
[Ru(L)»(dppz)]** as a scaffold, it has been shown that
increasing the lipophilicity of the ancillary ligands of
the complex can dramatically increase their uptake by
HeLa cells. For example, data from both fluorescent cell
sorting experiments and confocal microscopy confirm that
[Ru(phen),(dppz)** is more readily taken up than [Ru(bpy),-
(dppz)]**, while the extremely lipophilic [Ru(DIP)»(dppz)]**
is taken up far better than the preceding two (Fig. 195).
Currently, work is in progress on both the expansion of
the library of compounds tested and the elucidation of the
cellular uptake mechanism. Flow cytometry experiments have
also been recently carried out using dibenzo-dppz complexes of
Ru(1) as a probe of cell viability.®? In general systematic
variation of the ligands on these Ru complexes offers a means
to learn the characteristics of the metal complex that are

HN” 'NH,

- -8

Fig. 14 A mismatch-specific conjugate for nuclear uptake.

Fig. 15 Confocal incubated with

[Ru(DIP),dppz]*".

microscopy of HeLa cells

essential to facilitate uptake. Furthermore, the Ilessons
learned here by varying the ancillary ligands of the complex
may be exploited directly to increase the absolute and
differential anti-proliferative effects of [Rh(bpy),(chrysi)]**

and [Rh(bpy)x(phzi)]*".

Outlook

One clear conclusion from the work described here is the
explosive growth and advancement of the field over the
years, from Lerman’s initial suggestion of non-covalent
binding modes, to the first platinum metallo-intercalator,
then to expansion into three dimensions with octahedral
complexes of ever increasing complexity and specificity, and
finally, to the design of bifunctional mismatch-specific
conjugates. Yet surely, much remains to be done. From a
design and synthesis standpoint, myriad possibilities exist,
including the exploitation of different metals for their
unique characteristics, the recognition of more complex and
varied sites, and the expansion of the nascent metallo-insertor
family. However, the intersection of this field with biology
holds the greatest potential for growth. Despite some
significant strides, the employment of these complexes in
biological systems as probes, diagnostics, or therapeutics,
represents a largely untapped area of potentially tremendous
value. Doubtless, this topic, along with many others in the
field, will be investigated thoroughly and creatively in years to
come.
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