Chapter 1: Introduction*

1.1 Overview: Inorganic Complexes as Chemotherapeutic Agents

The serendipitous discovery of the anticancer properties of cis-
dichlorodiammineplatinum (II) (cisplatin) in 1965 played an integral role in the birth of
medicinal inorganic chemistry as a field.' Metal complexes, previously considered to be
simply toxic, could now be applied strategically to inhibit the rapid cell division of ma-
lignant cancers. For many years, the field focused on the development of more potent an-
alogues, mainly in the form of second and third generation derivatives of cisplatin, lead-
ing to the FDA approval of two additional cis-platinum(I) complexes, carboplatin and
oxaliplatin (Figure 1.1).>’ Cisplatin and carboplatin, in particular, have been highly suc-
cessful in the treatment of a variety of cancers, including testicular, ovarian, cervical, and
non-small cell lung cancers.” However, these treatments are often associated with severe
side effects and a build-up of resistance. These issues have led researchers to focus more
recently on the development of novel non-platinum chemotherapeutics.

The rich photophysical and photochemical properties of metal complexes, in addi-
tion to their basic coordination chemistry, make them ideal scaffolds for a wide variety of
biological applications. Though the pharmaceutical industry in general has shied away
from “heavy metal” therapeutics, with the exception of cisplatin and its derivatives, there
are in fact real opportunities in the development of transition metal pharmaceuticals, giv-

en their high modularity, ease of synthesis in preparing molecules of complex shapes and

*Adapted from Weidmann, A. G.; Komor, A. C.; Barton, J. K. Targeted Chemotherapy with Metal Com-
plexes. Comments in Inorg. Chem. 2014, 34, 114-123. DOI: 10.1080/02603594.2014.890099.
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Figure 1.1  Chemical structures of classical, FDA-approved platinum-based chemo-

therapeutics.



symmetries, and the ability to monitor their fate within the cell using a variety of spec-
troscopies.

The traditional focus of many laboratories has been in the development of more
potent metal complexes that function like cisplatin in coordinating to DNA but are more
effective, either because of more optimum uptake characteristics, or the inability of le-
sions formed to be easily detected and repaired. Much time and attention have been spent
in this arena. However, the goal has moved also to the design of complexes with a new
strategy based upon selectivity, with the preparation of transition metal complexes that
are more selective than cisplatin owing to a design strategy where the complex interacts
with a specific biological target found prominently in cancer cells.

1.2 Platinum-Based Chemotherapeutics

1.2.1 Mechanism of Cis-platinum (II) Activity

The anticancer properties of cisplatin and its analogues arise primarily from their
ability to covalently bind DNA. In the case of cisplatin, the cis-chloride ligands remain
largely inert in an extracellular environment, where the salt concentration is high ([Cl] =
100 mM). Once inside the cell, the chloride concentration decreases approximately 25
fold.° Cisplatin then becomes aquated via a reversible associative ligand substitution
mechanism, driven forward by the reduced intracellular chloride concentration.” The sub-
tle hydrolysis kinetics of cisplatin are critical to its efficacy and distinguish it from its
clinically ineffective stereoisomer, transplatin. The trans effect labilizes the chloride lig-
ands of transplatin, deactivating the complex before it can achieve potency.’ In contrast,
the resulting cis-[Pt(NH3),(OH,),]*" is a potent electrophile that readily reacts with vari-

ous biological ligands, but its primary therapeutic target is DNA. In particular, cisplatin



forms crosslinks at the N7 position of guanine residues, which is the most nucleophilic
site on DNA (Scheme 1.1). Due to the presence of two cis-labile ligands, cis-platinum
complexes generally form 1,2- and 1,3-intrastrand crosslinks — known as “bifuctional”
adducts — with guanine residues in the major groove, which account for more than 90%
of cis-platinum-DNA adducts in the cell.®

Platinum adducts severely distort DNA through helical unwinding and bending; in
the case of cisplatin, 1,2-intrastrand crosslinks bend the duplex up to 60° toward the ma-
jor groove, exposing a wide and shallow minor groove. Several classes of proteins, in-
cluding those involved in DNA repair, recognize this lesion, triggering a variety of bio-
logical responses.” For example, proteins involved in the correction of DNA base pair
mismatches, known as the mismatch repair (MMR) pathway, bind cisplatin-DNA adducts
and attempt, unsuccessfully, to initiate repair. The inability of repair enzymes to fix the
damaged DNA leads to inhibition of transcription and DNA synthesis, as platinated resi-
dues cannot be properly replicated.*” This in turn causes cell-cycle arrest and, ultimately,
cell death by apoptosis.® As a result, cis-platinum (II) activity is most potent in rapidly
dividing cells, such as those involved in carcinogenesis.

In some cases, platinum adducts are recognized by proteins that are able to excise
the lesion and thus repair the DNA. For instance, nucleotide excision repair (NER) pro-
teins, which recognize and repair DNA damage that distorts the helix, are able to success-
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fully restore crosslinked DNA to its original state, leading to cisplatin resistance.”  In

cisplatin-sensitive cells, platinum adducts are often recognized first by alternative pro-
teins, such as high mobility group (HMG)-domain proteins, which shield the lesions from

binding and repair by the NER pathway.'>"
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Scheme 1.1 Thermal activation of cisplatin via associative substitution of the labile
chloride ligands with water molecules. The resulting cisplatin di-aqua complex is a potent
electrophile that reacts readily with DNA, preferentially forming 1,2-intrastrand cross-

links with nucleophilic guanine residues (represented by “G” in the orange circles) at the

N7 position.



Cisplatin resistance can arise through recognition and repair of Pt-DNA lesions,
as is the case with NER, or through the absence of proteins that process these adducts and
induce cell death. Cancers that are deficient in the MMR pathway are generally resistant

113 the futile cycle of recognition and attempted repair of platinum adducts

to cisplatin;
by MMR proteins is postulated to trigger a signaling cascade that initiates apoptosis.* In
cancers that are MMR-deficient, these signaling events do not occur or do so improperly,
and thus cells evade cisplatin-induced apoptosis and continue to proliferate. Indeed, loss
of MMR proficiency increases the rate of development of resistance to cisplatin 1.8 fold,
and MMR-deficiencies are found in 80% of hereditary nonpolyposis colorectal carcino-
mas and 16% of all solid tumors.'*'® Treatment of MMR-deficient cancers with cisplatin
can be potentially devastating, in fact, as the preferential targeting of healthy MMR-
proficient cells selects for and enables the continued proliferation of the malignant pheno-
type.

1.2.2  Cisplatin Derivatives and Analogues

In addition to the previous examples, there are many classes of proteins that bind
and process cisplatin adducts in DNA and, as a result, many sources of inherent and ac-
quired resistance. Cisplatin resistance can also arise from cellular efflux or deactivation
of the drug through off-target binding.'” Furthermore, cisplatin causes notoriously severe
side effects, including kidney failure (nephrotoxicity), nervous system damage (neurotox-
icity), hearing loss (ototoxicity), and bone marrow suppression (myelotoxicity)."® Much

effort has been focused on the development of derivatives to overcome the clinical limita-

tions of cisplatin.



To date, thousands of platinum-based anticancer complexes have been synthe-
sized and studied; however, only two have passed clinical trials and been approved for
use by the FDA: carboplatin and oxaliplatin (Figure 1.1).'® Despite the limited success of
platinum derivatives, a strict structure activity relationship (SAR) had evolved, claiming
that cis-coordination of two monodentate or one bidentate labile ligand(s) to a platinum
(IT) center in a square planar geometry was essential for anticancer activity."”

The FDA-approved therapeutics carboplatin and oxaliplatin follow this classical
SAR pattern. Carboplatin contains a bidentate cyclobutanedicarboxylato leaving group
ligand and two cis-ammine non-leaving group ligands. The dicarboxylate ligand alters the
activation kintetics of aquation, reducing side effects and off-target toxicity. The active
form of carboplatin, cis-[Pt(NH;),(OH),]*", is identical to that of cisplatin, however, and
forms the same DNA adducts. As a result, carboplatin mitigates the side effects of cispla-
tin but does not offset resistance.'”*’

Oxaliplatin also contains a bidentate oxalate leaving group ligand, but has a bi-
dentate trans-(R,R)-1,2-diaminocyclohexane non-leaving group ligand in lieu of free
ammines.” The covalent adducts formed by oxaliplatin are chemically distinct from that
of cisplatin and carboplatin, although it still preferentially binds at d(GpG) sites to form
1,2-intrastrand crosslinks. The distortions to the DNA duplex as a result of oxaliplatin
binding are less severe than those of cisplatin, and the hydrogen bonding contacts be-
tween the inert amine ligand and the DNA backbone are altered.”' As a result, the oxali-
platin-DNA adduct is not recognized by the same proteins that process cisplatin-DNA,

including those involved in MMR, and is instead processed by orthogonal biological



pathways.”> Consequently, oxaliplatin displays little cross-resistance with cisplatin and is
typically a first-line therapy for MMR-deficient cancers.”

Over the years, syntheses of platinum complexes have strayed from the restrictive
SAR rules to afford octahedral Pt(IV) centers,”* monofunctional Pt(I) complexes con-
taining N-heterocyclic ligands,” trans-platinum (II) complexes,”® and many others. Vari-
ations in the leaving and non-leaving ligand sets, geometries, and oxidation states have
allowed for tunable platinum therapeutics that are highly potent and often exhibit little
cross-resistance with cisplatin in many cancerous cell lines. However, the primary mech-
anism by which these complexes function remains fundamentally the same — that is, they
form covalent crosslinks with genomic DNA to interfere with replication, transcription,
and mitotic processes to trigger cell death by apoptosis. In this way, cisplatin and its ana-
logues are known as “classical” chemotherapeutics: they achieve potency by damaging
cancer cells more than healthy cells, yet possess no real mechanism for avoiding healthy
cells entirely. For these reasons, research efforts in recent years have shifted towards the
development of targeted chemotherapy.
1.3 Targeted Chemotherapy with Metal Complexes

In “targeted” therapy, a drug is developed to target a specific cellular signaling
pathway on which cancer cells depend for growth, metastasis, or angiogenesis.”’ These
types of compounds aim to damage cancer cells instead of healthy cells. Targeted therapy
focuses on the development of selective therapeutics, whereas classical therapy has fo-
cused on the development of increasingly cytotoxic compounds. The next generation of
chemotherapeutics has focused on targeting biomolecules, including proteins, organelles,

and specific DNA lesions (Figure 1.2).
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Figure 1.2 Chemical structures of targeted chemotherapeutics discussed in this Chap-
ter: (top, left to right) The octasporine complex OS1, a potent inhibitor of the protein ki-
nase GSK3a; General architecture of RAPTA cathepsin B inhibitors; Ruthenocene ana-
logues of tamoxifen for the selective targeting of ERa; (bottom, left to right) The first
generation rhodium metalloinsertor, [Rh(bpy),(chrysi)]’”, selectively binds to mis-
matched and abasic sites in duplex DNA; Structure of mtPt, a cisplatin analogue designed

to localize to the mitochondria.
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1.3.1 Proteins as Targets

As an illustration, the high levels of mutagenesis in cancerous cells often lead to
upregulation and overexpression of proteins, making them attractive candidates for tar-
geting. Metal complexes, due to their modular nature and inherent chirality, are uniquely
able to target selectively these chiral biomolecules. In particular, this approach has been
applied toward the selective inhibition of kinase activity. Phosphorylation of proteins by
kinases is a highly important regulatory activity. However, over-phosphorylation of pro-
teins is common in many types of cancer.”® In a recent study by Meggers et al., inert met-
al complexes, inspired by the natural product staurosporine and termed octasporines,
were designed as highly selective kinase inhibitors (Figure 1.2).*° Six complexes were
synthesized, all containing a ruthenium or iridium center and a bidentate pyridocarbazole
ligand designed to bind the hinge region of the ATP-binding pocket of the kinase. How-
ever, the remaining ligands on each complex were designed to make up a unique set of
hydrogen-bonding interactions with the glycine-rich loop of the ATP-binding pockets of
six distinct kinases (Figure 1.3).”’ In vivo studies have revealed the anti-angiogenic prop-
erties of one of these types of compounds in zebrafish embryos, exemplifying their poten-
tial.*

Whereas the previous example utilized the structural complexity of inert metal
complexes, the reactive nature of certain metal centers can also be exploited in targeted
therapy. Proteases play a crucial role in tumorigenesis by suppressing cell-death path-
ways and promoting cell-survival pathways.”' One such protease, cathepsin B, has been

32,33

targeted by ruthenium arene RAPTA compounds (Figure 1.2). These compounds

were found to inhibit cathepsin B protease activity and exhibited selective anti-metastatic
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Figure 1.3  Design of Octasporine complexes as inhibitors of protein kinases (adapted
from reference 32). The pyridocarbazole ligand, common to all complexes, binds to the
hinge region (where the adenine portion of ATP binds) of the ATP-binding pocket. The
remaining A, B, C, and D ligands make up a set of hydrogen-bonding interactions with
the glycine-rich loop (where the ribose triphosphate portion of ATP binds) of the ATP

binding pocket, each unique to a particular kinase.
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activity in vivo.”>** Estrogen receptors such as estrogen receptor o (ERa), which is over-
expressed in several types of breast cancer, have also been the subject of targeted therapy
studies.” Several organometallic analogues of tamoxifen, an antagonist of estrogen re-
ceptors, have been developed to selectively target ERa (Figure 1.2).°%°” These complexes
have demonstrated cytotoxic activity selectively in ERa-positive breast cancer cell
lines.*®

1.3.2  Organelles as Targets

In addition to protein targeting, the mitochondria can also serve as a valuable tar-
get for drug design. Mitochondria produce reactive oxygen species as a byproduct of me-
tabolism, and they also play a crucial role in the regulation of cell death pathways.*® Tar-
geting mitochondria and mitochondrial DNA can induce apoptosis in tumorigenic cells,
as was recently demonstrated by Lippard and Kelley.” They constructed a cis-plati-
num(Il) complex tethered to a mitochondrial penetrating peptide, which contained alter-
nating cationic and lipophilic residues to enhance mitochondrial uptake (Figure 1.2).
This complex was shown to localize almost exclusively to mitochondria in several cancer
cell lines. Moreover, the complex was able to induce apoptosis in cisplatin-resistant ovar-
ian cancer cells by damaging mitochondrial DNA.
1.4 DNA as a Target: Noncovalent Binding

It has been established that DNA is the primary therapeutic target of cisplatin and
its derivatives. The mechanism of action of classical platinum-based chemotherapeutics
is the formation of covalent DNA adducts, followed by cellular processing of these le-
sions.* The synthesis of new generations of classical therapeutics with enhanced DNA

binding properties in order to increase cytotoxicity have been extensively explored. How-
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ever, the design and synthesis of therapeutics that bind specific DNA lesions that are
more prevalent in cancer cells than normal cells may represent a targeted strategy for new
chemotherapy.

A major deviation from classical inorganic chemotherapeutics like cis-platinum is
the development of metal complexes that do not form covalent crosslinks with DNA, but
rather bind noncovalently and, therefore, reversibly. Here, the metal center remains sub-
stitutionally and oxidatively inert and instead acts as a scaffold for the ligands to interact
with DNA. These complexes typically contain low spin, &° metal centers with octahedral
geometry, such as Rh (III), Ru (IT), Ir (IIT), Os (II), and Re (I), that are coordinatively sat-
urated, usually with aromatic bidentate ligands.*’

The inert metal center anchors its ligands in chiral, three-dimensional geometries
that can be modulated for specific interactions with DNA. In some of the earliest work on
complexes of this nature, performed with tris(phenanthroline) complexes of ruthenium
(IT) and other metals, two distinct DNA binding modes were observed. One binding in-
teraction was characterized by hydrophobic interactions between the ligands and the mi-
nor groove of DNA, as is the case for A-[Rh(phen);]*" (phen = 1,10-phenanthroline).*’ A
well known groove binder is [Cu(phen),]*",** which can also cleave the DNA backbone
upon binding in the presence of oxidants.*’

The other binding mode was identified as partial intercalation of one of the phen-
anthroline ligands into the DNA duplex from the major groove, resulting in a n-stacking
interaction between the ligand and the flanking base pairs. The metallointercalative DNA
binding mode can be observed with the A-enantiomer of [Rh(phen)s]*" but not with the

groove-binding A-enantiomer, highlighting the significance of chirality in the binding of
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octahedral metal complexes to DNA, itself a chiral molecule.*' Indeed, the right-handed
B-form DNA can only accommodate intercalation from similarly right-handed A-
enantiomers of octahedral metal complexes (Figure 1.4).**

1.4.1 Metallointercalators

Metallointercalators, like their organic intercalator counterparts, unwind the DNA
helix to m-stack between two consecutive base pairs. Metallointercalation is thus general-
ly best achieved with planar, aromatic ligands that protrude away from the metal center,
facilitating interactions with the base stack. Intercalating ligands phi (9,10-phenanthroline
diimine) and dppz (dipyrido[3,2-a:2’.3’-c]phenazine) have been extensively studied by
the Barton laboratory and others. In metallointercalators [Ru(bpy)g(phi)]zJr and
[Ru(bpy)»(dppz)]*, both intercalating ligands contain aromatic groups that extend away
from the site of coordination to the metal center (Figure 1.5). These complexes also bind
DNA from the major groove and are highly enantiospecific.*

Metallointercalative binding has significant physical and chemical implications
for the DNA to which it is bound. To accommodate the incoming intercalating ligand, the
helical rise (i.e., the vertical distance between consecutive base pairs) doubles, and the

4 This lengthening of the duplex is accompa-

major groove widens at the binding site.
nied by an increase in the viscosity of the DNA in solution.”” Intercalation also enhances
the thermodynamic stability of the duplex, increasing the melting temperature.*® Interest-
ingly, while metallointercalation induces local distortions to the duplex at the site of bind-
ing, the long-range structural effects are minimal. Unlike cis-platinum binding, metalloin-
tercalation does not bend the duplex, and the sugars and bases maintain their C,’-endo

) . . 46,48
and anti conformations, respectively.™
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A-[Ru(phen);]?* A-[Ru(phen),]?*

Figure 1.4  Chemical structures of octahedral ruthenium (II) tris(phenanthroline)
complexes. Left: A-[Ru(phen)3]2+, which interacts with DNA via minor groove binding
interactions. Right: A-[Ru(phen)s;]*", which interacts with DNA via partial intercalation

of a phen (1,10-phenanthroline) ligand from the major groove.



[Rh(bpy),phi]3*

Figure 1.5  Chemical structures of A-[Rh(bpy),phi]’” (left) and A —[Ru(bpy).dppz]*"
(right). Intercalating ligands phi (9,10-phenanthroline diimine) and dppz (dipyrido[3,2-
a:2’.3’-c]phenazine) are highlighted in blue. These planar, aromatic ligands extend away
from the metal center and zn-stack between two adjacent base pairs in the DNA duplex,
acting essentially as another base pair. [Rh(bpy),phi]** cleaves the DNA upon irradiation
with UV light; [Ru(bpy).dppz]*‘is a DNA “light switch;” the complex is non-emissive in
aqueous solvent but luminesces upon binding to DNA via intercalation. These complexes

are also highly enantiospecific in their binding — the A-enantiomers do not readily bind to

B-form DNA.
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The applications of metallointercalation extend beyond altering the physical prop-
erties of DNA. Despite the substitutional inertness of the coordinatively saturated, low-
spin heavy metal centers, the electronic configurations of these transition metals enable
rich photochemistry and luminescence properties generally not afforded to organic inter-
calators. In one of the most well-studied examples of metallointercalation, the complex
[Ru(bpy).dppz]** (bpy = 2,2’-bipyridine, Figure 1.5) exhibits solvatochromatic lumines-
cence in organic solvents at ambient temperature, yet this luminescence is quenched in
aqueous solution due to hydrogen bonding interactions between water and the phenazine
nitrogen atoms of dppz. Upon intercalative binding to DNA, however, luminescence is
restored as the m-stacking interactions within the duplex protect the ligand from solvation,
thus becoming, famously, a “light switch” for DNA.*

DNA light switch complexes of ruthenium and other metals have been extensive-
ly reported. Derivatives of [Ru(bpy).dppz]*" have been developed wherein the lumines-
cence properties are tuned via variation of the non-intercalating ancillary ligands — such
as [Ru(phen),dppz]*" and [Ru(DIP).dppz]*" (DIP = 4,7-diphenyl-1,10-phenanthroline) —
in addition to complexes containing altogether new intercalating ligands. The lumines-
cence properties of DNA-binding transition metal complexes have been heavily investi-
gated as potentially powerful diagnostic tools and imaging agents for cellular studies.’”

In addition to robust luminescence, octahedral metallointercalators can also medi-
ate photochemical reactions upon binding to DNA. Rhodium-based intercalators, such as
[Rh(bpy)phi]®" and [Rh(phen),phi]’ (Figure 1.6), have been shown to induce single
strand scission of the DNA backbone upon irradiation with short-wave ultraviolet (UV)

light (313-325 nm).>* Photoactivation of these complexes intercalated into
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Figure 1.6  Rhodium (III) intercalators: A-[Rh(bpy).phi]*" (left); A-[Rh(phen)phi]**
(center); A-[Rh(phi)szy]3+ (right). These complexes photocleave the DNA on one strand

at the site of binding upon irradiation with UV-light.
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DNA triggers the formation of a ligand-based radical that abstracts a hydrogen atom from
the deoxyribose ring of a neighboring nucleotide.” It is the subsequent degradation of the
sugar radical that prompts DNA cleavage at that site. For complexes intercalated from the
major groove, it is proposed that this initial hydrogen atom abstraction occurs at the C2’
of the adjacent sugar, and hydrogen migration to form the observable C3’ radical occurs
prior to degradation of the ribose ring.

The photochemistry of metallointercalators usefully enables facile visualization
and quantification of DNA binding events by electrophoretic mobility shift assay (EM-
SA); the migratory differences of cleaved (i.e., complex bound) and non-cleaved (no
complex bound) DNA can be observed with radiolabeled oligonucleotides on a denatur-
ing polyacrylamide gel. This provides information regarding the site of binding as well as
the amount of complex bound, allowing for the determination of equilibrium binding
constants. Potential therapeutic applications of photocleaving intercalator complexes
have been explored, as light-induced DNA strand scission is often accompanied by the
generation of reactive oxygen species (ROS), which are toxic to the cell.’® Photoactive
rhodium intercalators have also been employed as redox probes to monitor the migration
of electrons and holes through the DNA n-stack — a remarkable phenomenon known as
DNA charge transport.”’

1.4.2 Metallointercalators for Selective DNA Recognition

Overall, metallointercalators are a highly diverse class of inorganic complexes
with versatile applications for DNA recognition. However, the nature of the metallointer-
calative binding mode is by definition nonspecific: the intercalating ligand is accepted

into the base stack, acting essentially as a new base pair. This interaction can occur any-
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where in the DNA sequence with little discrimination, thereby limiting the application of
metallointercalators for targeted therapy.

Efforts to tune the specificity of metallointercalators have exploited the three-
dimensional architecture of octahedral metal complexes as well as their modular synthe-
sis. By exchanging ligand sets, it is possible to alter the shape of the complex and, conse-
quently, the nature of its interactions with DNA. The notion of shape-selective DNA
recognition stems in part from the highly enantiospecific nature of metallointercalation.
Intercalation of a protruding aromatic ligand, such as dppz or phi, into the base stack sit-
uates the metal center with its non-intercalating ancillary ligands in the major groove.
Thus, the source of the enantiospecificity in intercalative binding stems from steric inter-
actions between the ancillary ligands and the sugar-phosphate backbone of DNA. When
the A-enantiomer of a metallointercalator binds DNA, the ancillary ligands fit in the ma-
jor groove, but substantial steric clashing would be encountered if the A-enantiomer were
bound. As a result, increasing the size of the ancillary ligands can further enhance chiral
discrimination.** The geometry and symmetry of metallointercalators, too, can also be
advantageous for selective DNA recognition. Bis(heteroleptic) intercalator complexes
such as [Rh(phen),(phi)]’" are generally referred to as “octahedral” but in actuality pos-
sess C, symmetry, affording a propeller twist to these complexes that can be functional-
ized to preferentially bind specific nucleotide patterns in DNA.*

An intricate example of selective recognition can be found in the aforementioned
A-0-[Rh((R,R)-Me;trien)(phi)]*" complex, shown in Figure 1.7. This photocleavage
agent was rationally designed to bind and photocleave specifically at 5’-TGCA-3’ sites.

The selectivity arises from hydrogen bonding contacts between the axial ammine ligands
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Figure 1.7 Structure of A-a-[Rh[(R,R)-Metrien]phi]’" and schematic illustration of
the complex binding to its 5’-TGCA-3’ recognition sequence. Intercalation of the phi lig-
and occurs between the GC base pairs. The sequence specificity arises from hydrogen-
bonding interactions between the axial NH, groups of the ligand and the O6-position of
the guanines, as well as methyl-methyl interactions between the ligand methyl groups and

the methyl groups of the thymine residues.
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and the O6 position of the guanine residues as well as hydrophobic interactions between
the methyl groups of the trien ligands and the thymine residues. This complex intercalates
with such extraordinary sequence specificity that the first high-resolution crystal structure
of a metallointercalator bound to DNA could finally be obtained, revealing a detailed pic-
ture of the metallointercalative binding mode.”®

Many other examples of sequence- and shape-selective metallointercalator com-
plexes have been developed. However, even the most selective complexes have few ap-
plications in targeted therapy, as their small, ubiquitous recognition sequences provide
little discrimination between healthy and cancerous cells. Additionally, the minimal, lo-
calized helical distortions incurred by intercalation often do not create lesions that are
critical to cell survival, and thus are not cytotoxic in the absence of UV-damage or oxida-
tive stress. The ultimate goal, then, is the development of metal complexes that can target
sites within the DNA that are specific to cancerous cells but are not found in healthy
cells.

1.4.3 Metalloinsertors

A major advancement in the development of metal complexes that could specifi-
cally target cancerous DNA defects has been the design of octahedral rhodium (III) com-
plexes that bind selectively to base pair mismatches. This class of molecules bears re-
semblance to rhodium (III) metallointercalators, except the intercalating “phi” ligand —
which, at 9.2 A wide, nonspecifically intercalates into DNA unless guided by ancillary
ligands toward specific binding sites — is replaced with a sterically expanded derivative,
chrysi (5,6-chrysenequinone, Figure 1.8).” Possessing an additional fused benzene ring,

the 11.3 A-wide chrysi ligand is too large to intercalate, as a DNA base pair is only 10.8
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Figure 1.8  Comparison of the width of intercalating ligand phi (9.2 A across) and in-
serting ligand chrysi (5,6-chrysenequinone; 11.3 A across). A standard Watson-Crick
base pair is 10.85 A across; thus, phi is narrow enough to intercalate in the base stack.
The chrysi ligand, expanded by an additional fused benzene ring, is too wide for nonspe-
cific intercalation. Thus, this ligand only binds DNA at thermodynamically destabilized
sites, such as mismatches, wherein the destabilized base pairs can be ejected from the du-

plex, leaving enough room for the chrysi ligand to insert into the base stack.
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A across; thus, all nonspecific binding is eliminated. In contrast, single base lesions such
as mismatches or abasic sites are thermodynamically destabilized compared to canonical
Watson-Crick base pairs, due to imperfect hydrogen bonding between the mismatched
bases as well as perturbations in the m-stack. Overall, mismatches in DNA are approxi-
mately 3-5 kcal/mol more destabilized than well-matched base pairs, resulting in a dy-
namic site that is stabilized by the intrusion of the chrysi ligand.®*®' In this new binding
mode, termed metalloinsertion, the chrysi ligand displaces both mismatched base pairs
from the helix, inserting fully into the intervening space.’*® Stacking interactions be-
tween the expansive chrysi and the flanking base pairs recuperate the energy cost of ex-
truding the mismatch. This metalloinsertive binding mode, which occurs from the minor
groove, was predicted by L. S. Lerman in 1961,° nearly 50 years before it would be con-
firmed crystallographically for the first time by the Barton laboratory.®

The first-generation metalloinsertor complex, [Rh(bpy).chrysi]’”, was synthesized
in the Barton laboratory and characterized by in vitro DNA binding experiments.’”® Like
its rhodium (III) intercalator counterparts, [Rh(bpy)chrysi]’” induces single-strand scis-
sion at the ribose adjacent to the site of binding upon irradiation (although in this case,
hydrogen abstraction occurs at the C1” position of the sugar, due to the positioning of the
complex in the minor groove). This photocleavage was shown to occur exclusively at
mismatched sites, and the equilibrium binding constants for mismatch recognition corre-
lated directly to the thermodynamic stability of the mismatches themselves. That is, the
stability of the base pairs — C*G > AT > > G*G ~ G*T ~ A*G > > TeT ~ A¢A > CeT ~
A+C > C+C — corresponds to the ease of recognition by [Rh(bpy)achrysi]**, with cytosine-

containing mismatches being the most destabilized and thus the most easily bound.®*®’
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For instance, the binding affinity of [Rh(bpy)achrysi]*" to a CC mismatch is 3 x 10’ M,
compared to 2.9 x 10° M for an AA mismatch.®® Guanine-containing mismatches, in
contrast, are significantly more stable, and consequently are not recognized by metal-
loinsertors. Overall, metalloinsertors can bind 80% of all mismatches, regardless of the
surrounding sequence context.®®

The extraordinary selectivity of these complexes for DNA mismatches was re-
vealed through photocleavage experiments with a 2725 base pair linearized plasmid con-
taining a single CC mismatch. Upon irradiation with [Rh(bpy).chrysi]’", photocleavage
was found to occur only at this site, with no evidence of binding in the well-matched con-
trol plasmid, corresponding to 1000 fold selectivity for mismatches over Watson-Crick
base pairs. The first-generation metalloinsertors also display remarkable enantiospecifici-
ty, with only the right-handed A-[Rh(bpy)schrysi]*" and A-[Rh(bpy)phzi]’* (phzi = ben-
zo[a]phenazine-5,6-dione) enantiomers (Figure 1.9) capable of recognizing mismatches
in B-DNA.*

1.4.4 Metalloinsertors as Targeted Chemotherapeutics

The metalloinsertion binding mode was structurally characterized by co-
crystallization of [Rh(bpy)achrysi]’” to palindromic DNA duplexes containing CA and
AA mismatches, revealing the extrusion of the mismatched base pairs from the n-stack
and the insertion of the chrysi ligand from the minor groove (Figure 1.10).°* Addition-
ally, crystal structures of the intercalating DNA light-switch complex [Ru(bpy).dppz]*"
revealed a similar binding mode in the presence of mismatched DNA: the dppz ligand,
too, was capable of ejecting mismatched base pairs in an insertive manner, albeit without

the selectivity afforded by the expanded chrysi and phzi ligands.”® These structural char-
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A-[Rh(bpy),chrysi]3* A-[Rh(bpy),phzi]?*

Figure 1.9  Chemical structures of A-[Rh(bpy).chrysi]’”™ (left) and A-
[Rh(bpy)phzi]®*(right), the first- and second-generation metalloinsertor complexes, re-
spectively. The sterically expansive inserting ligands, chrysi (5,6-chrysenequinone
diimine) and phzi (benzo[a]phenazine-5,6-diimine) target thermodynamically destabi-

lized base pair mismatches with over 1000-fold specificity.
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acterizations are a testament to the generality of metalloinsertion. Additionally, although
metalloinsertion incurs minimal distortions to the duplex with no increase in helical pitch,
the ejection of the mismatched bases results in a large lesion that is hypothesized to have
the potential to be recognized in vivo.

Mismatches in genomic DNA arise naturally as a consequence of replication, but

if left uncorrected can lead to mutations.”""2

The mismatch repair (MMR) pathway serves
as a checkpoint to increase the fidelity of DNA replication ~1000 fold.” Importantly, de-
ficiencies in the mismatch repair machinery have been associated with several types of
cancer, as well, notably, as increased resistance to classical chemotherapeutics such as
cisplatin.”* Therefore, the development of a targeted therapy for MMR- deficient cancers
would be invaluable in the clinic. Due to the unique DNA mismatch-binding properties of
rhodium metalloinsertors, we sought to explore their biological properties in MMR-
deficient cells. The compounds were initially found to inhibit growth in MMR-deficient
colorectal cancer cells over MMR-proficient cells, as measured by antibody assays for
DNA synthesis.”° In a follow-up study, it was discovered that metalloinsertors with ac-
celerated uptake also exhibited preferential cytotoxicity towards MMR-deficient cells
(Figure 1.10).” Additionally, these complexes were discovered to induce a necrotic
mechanism of cell death, rather than the caspase-dependent, programmed apoptotic mode
induced by cis-platinum therapeutics.

The synthesis of large families of second- and third-generation metalloinsertors
enabled the elucidation of structure-activity relationships critical for optimizing biologi-

cal activity. It had previously been shown that the size of the ancillary ligands directly

correlated to the mismatch binding affinity of metalloinsertors; small ligands, such as
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Figure 1.10  (Left) Crystal structure of [Rh(bpy)a(chrysi)]’", the first generation metal-

loinsertor, bound to an AC mismatch in duplex DNA. (Right, top) Chemical structure of
[Rh(chrysi)(phen)(DPE)]*", a later generation metalloinsertor with enhanced selectivity
and potency. (Right, bottom) Cell-selective cytotoxicity of [Rh(chrysi)(phen)(DPE)]*",

the complex selectively kills MMR-deficient (red) cells over MMR-proficient (green)

cells.
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ammines, allow for tighter binding due to minimal steric interactions with the sugar-
phosphate backbone, compared to bulky ligands like DIP, which confer critically weak
binding affinities (Figure 1.11). It was found that the binding affinity for a mismatch
translated to enhanced differential activity — that is, preferential antiproliferative activity
in MMR-deficient cells.”® Most recently, a structure-function study was conducted by

787 This investigation resulted in

altering the lipophilicities of the non-inserting ligands.
the synthesis of a family of mismatch-binding complexes with similar binding affinities
and selectivities for DNA mismatches, yet drastically different selectivities for MMR-
deficient cells. It was discovered that more lipophilic complexes did not exhibit the
unique cell-selective activities for which metalloinsertors are distinguished. However,
complexes with more hydrophilic ancillary ligands were highly selective for the MMR-
deficient cells over MMR-proficient cells. It was discovered that nuclear uptake of all
metalloinsertors studied was sufficient for mismatch binding to genomic DNA. However,
significant mitochondrial uptake led to an abolishment of their selective targeting of
MMR-deficient cells. Most notably, simply substituting a hydroxyl group for a methyl
group results in dramatic changes in cell-selective activity due to drastic changes in the
subcellular localization (Figure 1.12).”” This study supports the notion that the unique
cell-selective activities of these compounds rises from targeting of mismatches in ge-
nomic DNA. In an effort to more directly relate the biological activity of rhodium metal-
loinsertors to the MMR-deficiency phenotype, our laboratory has now embarked on stud-
ies to validate the biological efficacy of these compounds.

All of the cell assay experiments characterizing the in cellulo effects of rhodium

metalloinsertors had been undertaken on the isogenic cell lines HCT116N and HCT1160.
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Figure 1.11  Effects of the non-inserting ancillary ligands on the biological activity of
rhodium metalloinsertors. Increasing the size of the ancillary ligands imparts steric clash-
ing with the sugar-phosphate backbone upon DNA mismatch recognition; thus, equilibri-
um binding constants are weaker for complexes with large ligands, as is the case for
[Rh(DIP),chrysi]’". In contrast, complexes with small ligands display tighter binding to
DNA mismatches, as is the case with [Rh(chrysi)(NH3)3]3+, due to the lack of steric inter-
ference. In a family of five complexes, the in vitro DNA binding affinities correlated di-
rectly to the differential antiproliferative activity — that is, the preferential inhibition of
DNA synthesis in the MMR-deficient HCT1160 colorectal cancer cells over the MMR-

proficient HCT116N cell line.
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Figure 1.12 Inhibitory effects of [Rh(DPAE)xchrysi]’” (bottom, left) and
[Rh(PrDPA)zchrysi]3+ (bottom, center) on cellular proliferation in MMR-deficient
HCT1160 (red) and MMR-proficient HCT116N (green) cells as a function of BrdU in-
corporation during DNA synthesis (adapted from reference 79). Percent BrdU incorpora-
tion is normalized to that of untreated cells. (Bottom, right) Subcellular localization of
[Rh(DPAE)zchrysi]3+ (black) and [Rh(PrDPA)zchrysi]3+ (hashed). Mitochondrial rhodi-
um content (left axis) has been normalized to mitochondrial protein content, and nuclear
rhodium content (right axis) is expressed as the percentage of cellular rhodium in the nu-

cleus.
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The HCT116 parent cell line is a human colorectal carcinoma line deficient in the
hMLH]I gene. This gene encodes for part of the mismatch repair (MMR) machinery; con-
sequently this cell line is MMR-deficient. The HCT116N cell line has been transfected
with human chromosome 3 (ch3), which restores MMR proficiency, while the HCT1160
cell line has been transfected with human chromosome 2 (ch2), leaving it MMR-
deficient.* In this model system, however, the MMR-proficient cells and MMR-deficient
cells are generated as different clones, and are distinct from the parental cell line. These
differences can result in changes in chromosome stability or gene expression that are not
solely due to MMR deficiency. To this end, we engineered NCI-H23 lung adenocarcino-
ma cells that contain a doxycycline-inducible short hairpin RNA (shRNA) that suppress-
es the expression of the mismatch repair gene MLH1. This provides an isogenic cell line
system that can be used to directly compare MMR-proficient and MMR-deficient cells.”
It was found that these MLHI1-deficient cells, which are more resistant to the
DNA damaging agents doxorubicin, cisplatin, and etoposide, are indeed more sensitive to
rhodium metalloinsertors (Figure 1.13).*' These results further validate the biological
activity of rhodium metalloinsertors, as they have now been shown to exhibit selective
biological effects across multiple assays and in different systems for comparing MMR
deficiency to proficiency. Clearly, the strategy of targeting a specific lesion in DNA is a
promising alternative to the classical approach.
1.5  Expanding the Reactivity of Metalloinsertors: Bifunctional Conjugates
Rhodium metalloinsertors are a robust class of complexes that offer a promising
alternative for targeting MMR-deficient cancers and circumventing resistance. New gen-

erations of metalloinsertors, derived from the first-generation [Rh(bpy)zchrysi]3+ and
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Figure 1.13 NCI-H23 subclones that were uninduced or induced for MLHI shRNA
were treated with either cisplatin (left) or the rhodium metalloinsertor
[Rh(chrysi)(phen)(DPE)]*" (right) (adapted from reference 81). Cells were treated at con-
centrations indicated, and cell viability assessed after 4 days using a Cell Titer-Glo assay.

ICsg values are shown below the plots.
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[Rh(bpy),phzi]** have exhibited increased potency surpassing that of cisplatin, while still

maintaining selective targeting to MMR-deficiency.’®*

While these compounds are cur-
rently being explored as chemotherapeutic agents, they also hold promise as potential ad-
juvants that could confer their unique selectivity onto other therapeutic cargo.

Several bifunctional metalloinsertor conjugates have been developed for the tar-
geting of therapeutic agents towards mismatched DNA, whereas in their native form they
would interact with DNA in a nonspecific manner. In general, metalloinsertor conjugates
are constructed as trisheteroleptic (three unique bidentate ligands) complexes, wherein
one ancillary ligand is functionalized with the secondary subunit. The metalloinsertor
subunit, then, acts as a directing agent that taxis its cargo preferentially towards mis-
matched sites in DNA.

1.5.1 Metalloinsertor-Alkylator Conjugate

The first bifunctional metalloinsertor conjugate designed in the Barton laboratory
consisted of a [Rh(chrysi)(phen)(bpy’)]>" subunit tethered to an aniline mustard, where
bpy’ is a 2,2’-bipyridine ligand modified with an amino-alkane tether (Figure 1.14). The
nitrogen mustard melphalan, which forms covalent adducts with DNA at 5’-GNC-3’
sites, was attached to the metalloinsertor via amide bond formation. The complex dis-
played a bifunctional binding mode involving both metalloinsertion of the rhodium-
chrysi moiety at the mismatched site as well as the covalent alkylation of DNA by the
melphalan subunit. Additionally, a seven-fold increase in alkylation of mismatched DNA
was observed for the conjugate compared to well-matched binding, indicative of metal-
loinsertor-directed targeting. Furthermore, DNA alkylation proceeds more effectively and

with increased site-specificity for the conjugate than with melphalan alone. Remarkably,
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Figure 1.14 Chemical structures of bifunctional, mismatch-specific metalloinsertor
conjugates: a metalloinsertor-nitrogen mustard conjugate for mismatch-directed alkyla-
tion of DNA (top); a bimetallic Rh(III)-Cu(I) conjugate, which displays selective cleav-
age of mismatched DNA in the absence of irradiation (middle); and a bimetallic Rh(III)-
Pt(I) conjugate, which displays preferential platination of guanine residues on mis-

matched DNA duplexes (bottom).
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the two distinct binding interactions are largely independent of one another, in that alkyl-
ation of DNA neither inhibits nor enhances the mismatch binding ability of the metal-
loinsertor group.™

1.5.2 Metalloinsertor Conjugate for DNA Cleavage

A second example of mismatch-directed conjugate design involves the attachment
of the DNA cleavage agent [Cu(phen),]*” to a metalloinsertor (Figure 1.14). Again, the
[Rh(chrysi)(phen)(bpy’)]’" scaffold is employed. Here, the rhodium directs copper-
induced cleavage of the DNA preferentially towards mismatched DNA. Interestingly, the
rhodium induces this potentiating effect even when the two complexes are added as sepa-
rate subunits. DNA cleavage is enhanced possibly due to the slight opening of the minor
groove as a result of metalloinsertion. The therapeutic advantage of this conjugate is that
DNA cleavage can be induced near mismatched sites in the absence of UV irradiation,
which causes nonspecific damage to the genome.™

1.5.3 Metalloinsertor-Cisplatin Conjugate

In recent years, many new strategies in inorganic drug design have been devel-
oped for both classical and targeted therapies. Nevertheless, the traditional cis-platinum
drugs remain the only transition metal complexes approved for therapeutic use world-
wide, despite their limitations. Due to the clinical significance of platinum, strategies for
tuning its selectivity toward specific lesions in DNA would be invaluable in mitigating

both cisplatin resistance as well as side effects arising from off-target toxicity.

A metalloinsertor functionalized with a cisplatin derivative was constructed in an
analogous manner to the previous conjugates (Figure 1.14). Instead of two monodentate

ammine ligands, a bidentate ethylenediamine functionalized with a carboxyl group was
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employed for ease of synthesis. Again, the conjugate was shown to successfully target its
cargo to mismatched DNA, where the platinum moiety forms both inter- and intrastrand
crosslinks with duplex DNA at guanine residues. However, this preferential binding is
highly dependent on the presence and location of a d(GpG) site (the preferred binding site
of cisplatin); if there is no d(GpG) site, or if it is inaccessible to the platinum center due
to limitations in the length and flexibility of the alkyl tether, then minimal platination oc-
curs. Likewise, there was no preference for mismatched DNA in these scenarios. In order
to achieve selective platination of mismatched DNA, a d(GpG) site must be present ap-
proximately nine base pairs away from the mismatched site, where the six-carbon alkyl
tether most favors interactions between the platinum center and the DNA.* Unsurprising-
ly, this limitation reduces the applications of the conjugate in a biological system; indeed,
when characterized in the isogenic HCT116N and HCT1160 cell lines, the conjugate
displayed no preferential antiproliferative activity in the MMR-deficient line, and in fact

exhibited a small preference for the MMR-proficient HCT116N cells.®
1.5.4 Metalloinsertors Conjugated to Cell-Penetrating Peptides

The previous examples of metalloinsertor conjugates demonstrate the ability of
these complexes to confer their mismatch recognition capabilities onto other chemothera-
peutic agents in their interactions with DNA. But some conjugates were designed with
the purpose of enhancing the activity of metalloinsertors themselves. One notable exam-
ple is the development of a rhodium metalloinsertor complex outfitted with a cell-
penetrating peptide for enhanced cellular uptake. Highly charged peptide sequences, such
as octaarginine tags, facilitate cellular transport of cargo through endocytosis."” When

conjugated with a metalloinsertor complex, cellular uptake of rhodium was greatly en-
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hanced compared to the typical passive diffusion uptake mechanism exhibited by metal
complexes alone (Figure 1.15).* The goal of this project was to increase the potency of
metalloinsertors through increasing the intracellular concentration of rhodium. However,
while the conjugate was able to successfully increase cellular rhodium accumulation with
the attachment of a cell-penetrating peptide, the high positive charge of the complex re-

sulted in significant nonspecific, electrostatically-driven DNA binding.

1.5.5 Outlook for Bifunctional Metalloinsertor Conjugates

The current repertoire of bifunctional conjugates comprises a diverse and chemi-
cally complex family of metalloinsertors. In many ways, they have been successful in
exhibiting dual functionality in their DNA binding behavior and unique chemical reactiv-
ities in vitro. In a biological context, however, these complexes have critically fallen
short in their ability to selectively target MMR-deficiency like their monomeric counter-
parts. Furthermore, the development and biological characterization of new generations
of rthodium metalloinsertors have revealed that cellular uptake, nuclear localization, and
increased cell-selective potency could be achieved more simply by altering the chemical

environment of the ancillary ligands.78’79’82

Most recently, it was found that a new family
of rhodium metalloinsertor complexes bearing ligands that coordinate through a Rh—O
bond (Figure 1.16) exhibit unprecedented selectivity and potency in MMR-deficient
cells, with ICsy values in the pharmaceutically significant 200-300 nM range. Remarka-
bly, it was this simple Rh—O coordination that critically altered aspects of the complex,
such as the pKa and planarity of the chrysi inserting ligand, leading to its enhanced bio-

logical activity and even enabling mismatch recognition by the formerly inactive A-

enantiomers.*?
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Figure 1.15  Structure of a metalloinsertor-peptide conjugate. A Rh(IIT) metalloinsertor
complex was functionalized with an octaarginine cell-penetrating peptide. The peptide
affords enhanced cellular and nuclear uptake of the complex while still enabling mis-
match recognition by the rhodium subunit; however, nonspecific DNA binding is in-
creased due to electrostatic interactions arising from the high positive charge of the pep-

tide.
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rac-[Rh(chrysi)(phen)(PPO)] 2+ rac-[Rh(chrysi)(phen)(DPE)]2* rac-[Rh(chrysi)(phen)(PPE)] 2+
K5(CC): 5.5 x 106 M1 K5(CC): 5.0 x 106 M1 K5(CC): 2.6 x 106 M1

Figure 1.16 Chemical structures and binding affinities for a CC mismatch of a new
family of metalloinsertor complexes bearing an unusual Rh—O ligand coordination:
[Rh(chrysi)(phen)(PPO)]*" (left, PPO = 1-methyl-1-(pyrid-2-yl)ethanol);
[Rh(chrysi)(phen)(DPE)]* (center, DPE = 2,2’-pyridylethanol); and
[Rh(chrysi)(phen)(PPE)]*" (right, PPE = 1-phenyl-1-(pyrid-2-yl)ethanol). This new class
of ligands forms an N, O-chelate, resulting in enhanced potency and selectivity, as well as
a potentially new metalloinsertive binding mode that can accommodate both A- and A-

enantiomers in the minor groove.
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Given these recent discoveries, it may seem as though there is no longer a place
for metalloinsertor conjugates in targeted therapy; metalloinsertors function magnificent-
ly on their own. And yet, the continued enhancement of metalloinsertor efficacy now
more than ever enables their development not simply as chemotherapeutics in and of
themselves, but also as potentially useful tools in targeted adjuvant therapy. Even com-
mon chemotherapeutics such as cisplatin are currently administered in conjunction with
one or more additional drugs, each functioning separately but often synergistically within

a cell.”

The ability to functionalize metalloinsertors as cell-selective delivery agents for
additional therapeutically useful cargo would be invaluable in the clinic. Additionally, as
our thodium complexes progress beyond tissue culture and into a more clinical setting, it
may become necessary to modify these metalloinsertors with cell- and tissue-targeting
functionalities, such as peptides or antibodies, to control biodistribution in vivo. It is dif-
ficult to predict how these complexes will fare in multicellular organisms and complex
tumor microenvironments, just as the anticancer properties (and consequent adverse ef-
fects) of cisplatin could not have been foretold prior to their discovery. The continued
modulation of both mono- and bifunctional metalloinsertors ensures a diverse repertoire
of potentially powerful therapeutic tools.
1.6  Conclusions

Targeted chemotherapy holds the potential to combat the severe side effects and
acquired resistance associated with classical chemotherapeutics such as cisplatin. Many
years of study have focused on achieving high potency for metal complex therapeutics,

but such potency has been achieved. Just as the design of organic chemotherapeutics

have shifted from potent alkylators and other inhibitors of DNA synthesis to far more tai-
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lored, subtle reagents, the design of novel metallotherapeutics now requires a targeted
approach. There has been a paradigm shift in next generation chemotherapeutic drug de-
sign that focuses on specifically tailored therapies. The unique reactivity and coordination
geometry of metal complexes make them the ideal scaffold for this new tailor-made de-
sign of targeted therapeutics. The examples discussed herein exemplify the enormous po-
tential of this new strategy in transition metal chemotherapy and perhaps lay the ground-

work for this burgeoning new field.
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