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ABSTRACT

Mismatches in DNA occur naturally during replication and as a result of endogenous
DNA damaging agents, but the mismatch repair (MMR) pathway acts to correct
mismatches before subsequent rounds of replication. The loss of MMR carries dire
consequences, including increased mutation rates, carcinogenesis, and resistance to a
variety of clinical anti-cancer agents, such as cisplatin and DNA alkylators. Rhodium
metalloinsertors previously developed in our laboratory bind to DNA mismatches with
high affinity and specificity, and represent a promising strategy to target mismatches in
cells. Thus, uncorrected mismatches can be exploited to provide a basis of discrimination
between MMR-deficient, cancerous cells and MMR-proficient, healthy cells.

Here we describe the application of rhodium metalloinsertors to inhibit cellular
proliferation selectively in MMR-deficient cells compared to those that are MMR-
proficient. The colorectal carcinoma cell lines HCT116N and HCT1160 serve as an
isogenic model system for MMR deficiency. We show that the A-isomer of an octahedral
rhodium complex containing a bulky chelate ligand for insertion into a DNA mismatch is
active both in targeting base mismatches in vifro and in inhibiting DNA synthesis
selectively in the HCT1160 cell line.

A family of derivative complexes with varying ancillary ligands has also been
synthesized, and both DNA mismatch binding affinities and anti-proliferative activities
against the HCT116 cell lines have been determined. DNA photocleavage experiments
reveal that all complexes bind to the mismatched sites with high specificities; DNA

binding affinities to oligonucleotides containing single base CA and CC mismatches,
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obtained through photocleavage titration or competition, vary from 10" to 10° M™' for the
series of complexes. Significantly, binding affinities are found to be inversely related to
ancillary ligand size and directly related to differential inhibition of the HCT116 cell
lines. The observed trend in binding affinity is consistent with the metalloinsertion mode
where the complex binds from the minor groove with ejection of mismatched base pairs.
The correlation between binding affinity and targeting of the MMR-deficient cell line
suggests that rhodium metalloinsertors exert their selective biological effects on MMR-
deficient cells through mismatch binding in vivo.

In particular, rhodium metalloinsertors bearing dipyridylamine ancillary ligands
are shown to exhibit accelerated cellular uptake. This increased uptake allows us to
observe additional cellular responses to these agents, including disruption of the cell
cycle, monitored by flow cytometry assays, and induction of necrosis, monitored by dye
exclusion and caspase inhibition assays, that also occur preferentially in the HCT1160
cell line. Finally, these cellular responses provide insight into the mechanisms
underlying the selective activity of this novel class of targeted anti-cancer agents, and are
consistent with the idea that repair proteins are activated in response to DNA mismatch

binding.
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INTRODUCTION

1.1 Deoxyribonucleic acid (DNA)

DNA is the stuff of life. The anti-parallel double helix comprises two strands of the bases
adenine (A), thymine (T), cytosine (C), and guanine (G) connected by the sugar-
phosphate backbones (figure 1.1)." The sequence of these bases encodes the genetic
information of the cell, and the pairings of bases between the strands follow simple rules
for complementarity revealed by Watson, Crick, and Franklin over 60 years ago: A pairs
with T, and C pairs with G. The pairings between the bases are mediated by hydrogen
bonds, with AT pairs forming two bonds while CG pairs form three bonds. The double
helix is further stabilized by m-stacking interactions between adjacent pairs of the
aromatic bases.

Just three years later, Kornberg identified DNA polymerase I as the enzyme
responsible for the template-directed synthesis of DNA in E. coli.* Meselson and Stahl
showed that DNA replication occurs through a semi-conservative mechanism wherein the
double helix separates, and each old strand serves as the template for a new strand,
yielding two duplexes that each contain one strand from the parent molecule.’ As a
consequence of this mechanism, errors on either strand are converted to permanent
mutations when the strands are copied. Thus, DNA polymerase 6 and DNA polymerase
¢, the main human replicative polymerases, must replicate the genome with the greatest

possible fidelity.*



HO!

A. NH,
N
</ f\j\] Adenine
N N
0. H,

NH,

(|) | SN Cytosine
0=ll>—0 B o
o.
o
N .
(|> </ ﬁ Guanine
0=ll>—o- N 7 -
o
0 0
(|> \ﬁNH Thymine
o=pP—0
| N o]
[¢]
o.
I
O=l|=—0
o
B.
Major Groove Major Groove

Minor Groove Minor Groove

Figure 1.1 Deoxyribonucleic acid (DNA).

Major
Groove

Minor
Groove



Three factors contribute to accuracy of replication.” The hydrogen bonding
complementarity between the template and the next deoxyribonucleotide triphosphate
(ANTP) to be added to the newly growing DNA provides an error rate of 1 in 10 bases,
which is clearly insufficient. The proofreading domain of DNA polymerase has evolved
to check the newly incorporated base immediately, lowering the error rate to 1 in 10’-10°
bases, an impressive level of accuracy. However, the human genome contains over 3
x 10’ base pairs; thus, on the order of 10°-10° errors are made during each cycle of DNA
replication that result in incorrectly paired bases, termed DNA mismatches (figure 1.2).
These mismatches are corrected by a different set of enzymes termed the mismatch repair
pathway (MMR, figure 1.3). MMR further reduces the error rate of DNA replication to 1
in 10°-10" bases, affording essentially error-free duplication of the human genome under
normal circumstances.’

In addition to replication errors, DNA mismatches can arise naturally from other
cellular processes. Translesion synthesis occurs when error-prone polymerases, such as
DNA polymerase ( or DNA polymerase 1, are utilized to replicate chemically damaged
DNA, which is not an acceptable template for the high fidelity polymerases.” Genetic
recombination is an essential process in which homologous DNA sequences are
exchanged between two DNA molecules, but the process generates mismatches when the
sequences exchanged are not identical.® Spontaneous deamination converts cytosine to
uracil, resulting in GU mismatches that must be corrected before replication.’ Finally, B
lymphocytes undergo somatic hypermutation, generating mismatches that increase the
diversity of antibodies.'” With the exception of somatic hypermutation, mismatches

arising from all of these processes are detected and repaired by MMR.
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1.2 Mismatch repair

The mismatch repair (MMR) pathway corrects DNA mismatches, as well as
insertion/deletion loops that arise during DNA synthesis, increasing the fidelity of DNA
replication by a factor of 50-1000."' The pathway is best characterized in E. coli and is
shown schematically in figure 1.3. Mismatches are first recognized by the MutS dimer,
which then recruits the MutL dimer. The MutS-MutL complex in turn activates MutH, an
endonuclease specific for the sequence GATC. Newly synthesized DNA strands in E.
coli are unmethylated at these sites, and thus hemimethylation of the duplex provides the
strand discrimination signal to direct the nicking activity of MutH. After scission a long
patch, between 1,000-2,000 bases, is removed by the combined action of DNA helicase
IT and any one of several exonucleases. DNA polymerase fills the gap left by the excised
strand, and the nicks surrounding the newly synthesized DNA are closed by DNA ligase.
Several homologues of the MMR proteins exist in eukaryotes. Six homologues of MutS
(MSH-6) and four homologues of MutL. (MLHI1, MLH3, PMSI, and PMS?2) have been
identified; of these, MSH2 and MLH]I have been shown to be essential for MMR in
humans. '

Not surprisingly, as uncorrected mismatches are converted to mutations in
subsequent cycles of DNA replication, cells with MMR deficiencies exhibit elevated
mutation rates.">™> Germline mutations in MLHI or MSH?2 dramatically increase the risk
of developing hereditary nonpolyposis colon cancer (HNPCC), the most common type of

117 HNPCC is marked by early onset and the presence of cancers

inherited colon cancer.
in several other tissue types.'” Roughly 15% of sporadic colorectal cancer cases have

also been linked to MMR deficiency.'® Epigenetic silencing of the MMR genes has been

identified as the cause of MMR deficiency in these cases."
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In addition to colorectal cancer, mismatch repair deficiencies have been found in
approximately 16% of solid tumors of all tissue types.'**’

Importantly, MMR deficiency confers resistance or tolerance to many of the anti-
cancer agents currently in clinical use.?’** Alkylation by the commonly used
chemotherapeutic agents N-methyl-N-nitrosourea (MNU) and N-methyl-N"-nitro-N-
nitrosoguanidine (MNNG) at the O6 position of guanine nucleotides triggers an apoptotic
response after recognition of O6-meG:C and O6-meG:T base pairs by the MMR

21-23

pathway, while MMR-deficient cells tolerate this DNA methylation. Failure to

recognize DNA adducts is also involved in the resistance of MMR-deficient cells to the

platinum compounds cisplatin and carboplatin.'**

The incorporation of anti-metabolites
such as 5-fluorouracil and 6-thioguanine into DNA triggers cell cycle arrest and apoptosis
through the MMR pathway, and consequently MMR-deficient cells are resistant to these
agents as well.”° Other studies have shown low-level resistance to the type I
topoisomerase poisons camptothecin and topotecan in MLH1 deficient lines and to the
type II topoisomerase poisons doxorubicin, epirubicin, and mitoxantrone in MLH] or
MSH? deficient lines.”” It has been hypothesized that treatment regimens with agents
such as cisplatin might enrich tumors for MMR-deficient cells* and has been shown that
roughly half of secondary, or therapy-related, leukemias show signs of MMR
deficiency.”* Collectively, these results show the broad involvement of MMR in
mediating drug response to DNA-targeted agents, the effects of MMR deficiency on this

response, and the need to develop therapeutic agents that specifically target MMR-

deficient cells.



Figure 1.4. X-ray crystal structures of some DNA mismatches. The mismatched base

pairs (red) do not significantly perturb the structure of the DNA duplex or differ

noticeably from the well-matched base pairs (white).**°



1.3 Mismatch Recognition by Rhodium Metalloinsertors

Previous work in our laboratory focused on tris(chelate) rhodium complexes that
intercalated in well-matched DNA, such as [Rh(bpy).phi]** (bpy = 2,2’-bipyridine; phi =
9,10-phenathrenequinonediimine).’® These mononuclear, d® octahedral complexes are
coordinately saturated and inert to substitution, making them resistant to decomposition
under physiologically relevant conditions. While the phi ligand is responsible for DNA
binding, judicious introduction of functional groups on the ancillary ligands confers
sequence specificity on the complexes, such as A-a-[Rh{(R,R)-Me;trien}(phi)]**, which
recognizes 5°-TGCA-3"."'!

These complexes have since been adapted to target DNA mismatches in vitro.”*™*
Because DNA mismatches fail to obey Watson-Crick rules for hydrogen bonding, they
are destabilized relative to well-matched DNA. The relative stability of mismatches has
been studied extensively by UV-Vis and NMR, and it is widely accepted that base pair
stability follows the sequence CG>AT>>GG~GT~AG>>TT~AA>CT~AC>
CC.” It is this thermodynamic destabilization that our laboratory seeks to exploit as a
means of targeting mismatches, since mismatches do not significantly perturb the

structure of the B-form DNA duplex (figure 1.4).°¢*

By expanding the aromatic system
of the phi ligand to make the tetracyclic chrysi ligand (chrysi = chrysene-5,6-
quinonediimine, figure 1.5), the width of the DNA binding ligand increases from 9.2 A to
11.3 A, thus exceeding the width of well-matched base pairs, 10.8 A for both AT and

CG. As aresult, complexes bearing the chrysi ligand can only be accommodated by

DNA at thermodynamically destabilized mismatch sites.
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Figure 1.5 Design of a mismatch recognition agent. Extension of the aromatic system
of the phi ligand to the bulkier chrysi ligand increases the width of the complex beyond
the width of well-matched DNA, 10.8 A for either base pair, and restricts binding to

thermodynamically destabilized mismatched sites within the DNA duplex.
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In addition to their DNA binding capabilities, these complexes also promote
single-stranded cleavage of the DNA backbone upon photoactivation. This provides a
useful tool to probe DNA binding. Photocleavage titration experiments revealed that the
first generation compound, [Rh(bpy)zchrysi]3+, binds 80% of DNA mismatches with
typical binding constants of 10° M™' and remarkable specificity for mismatched DNA;
similar experiments also showed specific targeting of the mismatch in a 2.7 kb DNA
fragment.’>*® Subsequent work led to the incorporation of nitrogen atoms into the
intercalating ligand and a 50-fold increase in binding affinity for the second compound,
[Rh(bpy)phzi]®” (phzi = benzo[a] phenazine-5,6-quinonediimine).*

A high resolution crystal structure of [Rh(bpy),chrysi]>" bound to single base
mismatches within a DNA oligonucleotide duplex reveals a distinctive binding mode at
the mismatched site.* We had previously demonstrated that rhodium intercalators
bearing the phi ligand bind to well-matched DNA by partial intercalation of the planar
phi ligand from the major groove side into the base pair stack.”’ However, binding to the
mismatched site involves instead insertion of the more expansive chrysi ligand into the
DNA duplex from the minor groove side at the mismatched site with ejection of the
mismatched bases out of the DNA stack; the inserted ligand stacks fully with adjacent
base pairs (figure 1.6, left). NMR studies confirm this metalloinsertion mode for the
complex at mismatched sites in solution.** Further crystallographic studies revealed the
generality of the metalloinsertion binding mode; in independent views of metalloinsertion
at four different mismatch sites, the ejected bases superimpose identically (figure 1.6,

right).*



12

Figure 1.6 Metalloinsertion is a novel binding mode. Left: The metal complex
approaches the duplex from the minor groove, ejecting the mismatched bases (A, C) from
the helix and replacing them with the chrysi ligand, which stacks fully with the adjacent
base pairs.*' Right: Superposition of four independent crystallographic views reveals the

generality of the metalloinsertion binding mode.*
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Target binding alone is insufficient to ensure biological activity in a cellular
context; cellular accumulation is also a prerequisite, and several possible avenues exist
for metalloinsertors to gain entry to the cell.* Uptake can occur by energy-dependent
processes, such as active transport or endocytosis, by facilitated diffusion through ion
channels, or by passive diffusion across the plasma membrane (figure 1.7). Confocal
microscopy and flow cytometry studies have been performed to determine the method of

4546 Metabolic inhibition

uptake for tris(chelate) luminescent ruthenium complexes.
either by incubation at low temperature or by treatment with deoxyglucose and
oligomycin had no effect on ruthenium accumulation within HeLa cells. This result
clearly eliminated any active mode of uptake from consideration. Similarly, fluorescence
levels were not affected by pre-incubation with a panel of organic cation transporter
(OCT) inhibitors. Although other ion channels may not have been targeted by the
inhibitors, these data argue against facilitated diffusion. Ultimately, uptake was shown to
depend on membrane potential; hyperpolarization with valinomycin increased mean
cellular fluorescence while depolarization with high potassium buffer decreased cellular
fluorescence. As a whole, these data provide strong evidence that passive diffusion
driven by the membrane potential is the most likely route of cellular uptake for these
cationic complexes. In addition, variations in the ancillary ligands have dramatic effects
on cellular uptake, with increased lipophilicity facilitating uptake; this is consistent with
diffusion across the lipid bilayer of the plasma membrane. By analogy, it is likely that
rhodium metalloinsertors also accumulate within cells via passive diffusion. For both
rhodium and ruthenium complexes, it has also been shown that uptake can be increased

through functionalization with a nuclear localizing peptide.*”**
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Taken together, the observations that (i) rhodium metalloinsertors are capable of
recognizing mismatches with high selectivity and (ii) analogous ruthenium complexes
accumulate within cells and nuclei form a sound basis for the hypothesis that rhodium
metalloinsertors recognize mismatched DNA within cells. Furthermore, the unique
geometry of the metalloinsertion binding mode, where the mismatched bases are ejected
by the metal complex into extrahelical space, suggests that recognition would likely
trigger a cellular response. Finally, the approximately 1,000-fold greater number of
mismatches within MMR-deficient cells affords a means of discrimination as a function
of MMR status, affording rhodium metalloinsertors the opportunity to act as targeted
therapeutic agents. The studies described herein constitute the first steps in translating
the development of these complexes from in vitro, molecular models of mismatch
recognition to in cellulo models of mismatch targeting in MMR-deficient human

carcinoma cell cultures.
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CHAPTER 2: ANTI-PROLIFERATIVE EFFECTS OF
[RH(BPY),CHRYSI]®* AND [RH(BPY),PHZI]*"
Note: This chapter was adapted from “DNA mismatch-specific targeting and
hypersensitivity of mismatch-repair-deficient cells to bulky rhodium(III) intercalators.”
J.R. Hart, O. Glebov, R.J. Ernst, I.LR. Kirsch, and J.K. Barton. J. Am. Chem. Soc. 2006,

103, 15359-15363

2.1. Introduction

We have developed bulky rhodium metalloinsertors (figure 2.1) that bind single base
mismatches in DNA selectively and irrespective of sequence context.!-4 These
compounds bind the mismatch by intercalation and, upon photoexcitation, promote strand
breaks at the mismatched site. [Bis(2,2’-bpipyridine)(chrysene-5,6-
quinonediimine)Rh(III)], [Rh(bpy),(chrysi)]3*, binds mismatches with moderate affinity
and high specificity. The site-specificity depends upon the thermodynamic instability
associated with a base pair mismatch; the bulky intercalator cannot stack easily within
well-matched DNA but can more easily insert neighboring a destabilized mismatched
site. The high specificity of [Rh(bpy).chrysi]’” is well demonstrated in its ability to
cleave a single mismatched site in a 2700 base pair duplex.2 This specificity has been
used advantageously in a site-specific assay for single nucleotide polymorphisms in

pooled genomic DNA.> Our second generation complex [bis(2,2’-

Acknowledgements: J.R.H. performed the syntheses of rac-[Rh(bpy),chrysi]*" and rac-[Rh(bpy).phzi]*",
the photocleavage and capillary electrophoresis, and assisted with some ELISA assays. O.G. performed the

ELISA for the mouse fibroblast cell lines.
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bpipyridine)(benzo[a]phenazine-5,6,-quinonediimine)Rh(III)], [Rh(bpy)x(phzi)]3+,
utilizes heterocyclic nitrogens within the bulky intercalating ligand to boost the affinity of
the complex for mismatched sites.# [Rh(bpy).phzi]’* is capable of binding mismatched
sites with 100 nM affinity and similar specificity to [Rh(bpy),chrysi]>".

Importantly, both of these complexes have been applied in probing whether
MMR-deficient cells accumulate mismatches.* In photocleavage assays of genomic DNA
from a series of cell lines, some proficient in mismatch repair and others wholly or
partially deficient in repair, a clear correlation between photocleavage by
[Rh(bpy)achrysi]’ ‘and [Rh(bpy).phzi]*" and MMR deficiency was evident.

Here we explore the efficacy of these rhodium complexes in inhibiting the growth
of MMR-deficient versus MMR-proficient cell lines in the presence and absence of
photoactivation. The biological effects are assessed in two cell lines, both of which are
derivatives of HCT116. These cell lines have had an extra copy of either chromosome 2,
HCT1160, or 3, HCT116N, inserted in the cell; placing a copy of chromosome 3 within
this cell line corrects the mismatch repair deficiency by introducing a functional copy of
the MLH1 gene with a normal promoter.® Additionally, mouse fibroblast cells derived
from litter mates which are Msh2™ or Msh2" were also studied. These cells and cell lines
provide a convenient method for testing whether a particular compound will differentially
target MMR-deficient cells, because these cells are essentially identical genetically,

except with regard to mismatch repair.

2.2. Experimental Protocols
2.2.1 Materials

Media and supplements were purchased from Invitrogen (Carlsbad, CA). 5-

bromodeoxyuridine (BrdU), antibodies, buffers and peroxidase substrate were purchased
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in kit format from Roche Molecular Biochemicals (Mannheim, Germany). Irradiations
were performed with an Oriel (Darmstadt, Germany) 1,000 W Hg/Xe solar simulator

using a UVB/C blocking filter.

2.2.2 Synthesis of Metal Complexes
Rac-[Rh(bpy),(chrysi)]Cl; and rac-[Rh(bpy),(phzi)]Cl; were synthesized using

established procedures.!»4 Rac-[Rh(bpy),(chrysi)]Cl; was resolved into A and A isomers

using potassium antimonyl tartrate as previously described.” Salts were exchanged to

chloride before use using Sephadex QAE ion exchange resin.

2.2.3 Cell lines, Media, and Culture
The HCT116N and HCT1160 cell lines were obtained from Bert Vogelstein (The Johns

Hopkins University, Baltimore, MD) and were originally derived from the laboratory of

C.R. Boland (University of California at San Diego, La Jolla, CA).6 Cells were grown in
RPMI-1640 media supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 0.1
mM non-essential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 ug/ml
streptomycin, 400 ug/ml geneticin (G418). Cells were grown in tissue culture flasks and
dishes (Corning Costar, Acton, MA) at 37 °C under 5% CO; atmosphere. Mouse
fibroblasts were obtained as previously reported and established for heterozygous and
homozygous littermates and used at passages 5 and 6.° Cells were grown in DMEM with

media as for HCT116 cells.

2.2.4 Cell proliferation assays

Cell proliferation was measured using the 5-bromouracil incorporation assay (figure
2.2).% Cells were plated in 96 well plates at 2000 cells/well and grown for 24 hours. At

this point, variable concentrations of rhodium complexes were added. The cell cultures
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were then allowed to grow for 48 hours or 6-96 hours as indicated. Cells were then either
irradiated or not followed by the addition of 5-bromodeoxyuridine, BrdU. Irradiations of
cells were performed using a solar simulator adapted for irradiation from the bottom of

the well plates. The cells were grown for an additional 24 hours. The BrdU

incorporation was assayed by antibody assay using established procedures.’

2.2.5 Photocleavage of mismatched DNA with rhodium isomers

Photocleavage experiments were conducted on the 436-mer PCR product as described in

detail earlierS but using 500 nM of the purified isomers, A- or A-[Rh(bpy)achrysi]*".
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Figure 2.1. Structures of (top) A- (left) and A- (right) [Rh(bpy),chrysi]>" and (bottom)

A-[Rh(bpy),phzi]*".
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Adapted from: Gratzner, H. G. (1982). Science 218, 474-475.
Figure 2.2. Enyzme-linked immunosorbent assay for BrdU incorporation
(ELISA).’ Cells are plated at a density of 2 x 10° cells/well and treated with varying
concentrations of thodium complex. Before analysis, cells are labeled with BrdU for 24
hours. The amount of BrdU incorporated during DNA synthesis can then be quantified

with an enzyme-conjugated antibody and a chromogenic substrate.
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2.3. Results
2.3.1 Preferential inhibition of cellular proliferation
The HCT116 derived cells were treated with either [Rh(bpy),chrysi]* “or [Rh(bpy).phzi]®*

for 96 hours at varying concentrations in the absence of irradiation. As is evident for both
complexes (figure 2.3), we see a significant inhibition of cell proliferation. Importantly,
for both complexes we also see a preferential inhibition in the MMR-deficient strain.
This selectivity seen with the rhodium complexes for the MMR-deficient HCT1160
contrasts the action, also shown, of N-methyl, N’-nitro-nitrosoguanidine (MNNG), a
common DNA-methylating agent, that is found to be more toxic to the MMR-proficient
cell line, HCT116N.6 MNNG is typical of most chemotherapeutics that target genomic
DNA.

Experiments using mouse fibroblasts that are deficient for MMR, Msh2", or
proficient for MMR, Msh2", were also performed. These experiments complement those
conducted with HCT116, because the cells also are genetically identical except for the
Msh2 gene. Experiments probing these fibroblast cells, which are not cancerous,
therefore provide a rigorous test that targets MMR-deficiency. The data given in figure
2.4 show that the MMR-defective mouse embryo fibroblasts that are Msh2" yield
decreased DNA synthesis and are therefore more sensitive to [Rh(bpy),phzi]>" compared
with the control littermate cells that are Msh2". These results parallel those obtained with
the HCT116 model system. These results furthermore provide strong support for the idea
that the inhibition of cell proliferation is related to the MMR-deficiency of the cell,
regardless of which mismatch repair gene is absent.

The effect of incubation time was also investigated, and the results are shown in

figure 2.5. Cells were exposed to variable concentrations of [Rh(bpy),chrysi]** for
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varying amounts of time from 6 hour to 96 hours, before testing the effects on DNA
synthesis. In this series, it is clear that the maximum effect is obtained after 48 hours of

. . . . . 10,11
incubation. Based upon studies with analogous ruthenium complexes

, we believe
cellular uptake to be rate-limiting; indeed, with more hydrophobic chrysi analogues, we
find differential biological effects with much shorter incubation times (Chapter 3).

Significantly, the results seen here with the bulky rhodium complexes are
distinctive, in contrast with common therapeutics and MNNG. MMR-deficient cell lines
are generally resistant to the majority of alkylating drugs, platinum compounds, and
metabolic analogues, because the antiproliferative effects these therapeutic agents have
on cancerous cells are due in part to recognition of the drug-induced genomic DNA

damage by the MMR system.'>"

In contrast, we find with the rhodium complexes the
preferential inhibition of cellular proliferation in cells that depends strictly on their

deficiency in MMR.
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Figure 2.3.  Differential antiproliferative effect of rac-[Rh(bpy),chrysi]®*", rac-
[Rh(bpy).phzi]**, and MNNG on MMR-deficient (red) and MMR-proficient (green) cell
lines. Cell lines derived from the HCT116 cell line were treated with the methylating
agent MNNG, [Rh(bpy).chrysi]**, or [Rh(bpy),phzi]*" as described in Experimental
Protocols. Note that the MMR-deficient population HCT1160 is resistant to the action of

MNNG but is sensitive preferentially to [Rh(bpy),chrysi]’" and [Rh(bpy),phzi]*".
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Figure 2.4.  Antiproliferative effect of rac-[Rh(bpy),phzi]>* on MMR-deficient
(Msh2, red) and MMR-proficient (Msh2", green) mouse embryonic fibroblasts. The
preferential inhibition of DNA synthesis parallels the effects seen with the HCT116 cell

lines.
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Figure 2.5.  Effect of varying drug incubation time on cell proliferation. HCT1160
cells that are MMR-deficient (red) and HCT116N cells that are MMR-proficient (green)
were exposed to varying concentrations of rac-[Rh(bpy),chrysi]’* for different incubation
times as shown. Antiproliferative effects increase with longer incubation times up to 48

hours.
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2.3.2 Correlations between biological effects and DNA mismatch targeting
In an effort to correlate the biological effects we observed by using these bulky
metalloinsertors with their DNA binding characteristics, experiments were conducted
also using enantiomers of [Rh(bpy)achrysi]’". Only the A-isomer of [Rh(bpy)achrysi]**
binds and cleaves, with photoactivation, a neighboring mismatched DNA site.! Shown in
figure 2.6 is an illustration of the enantiospecific reaction of [Rh(bpy).chrysi]’" at a
single CC mismatch on a 436-mer DNA duplex PCR product containing a single CC
mismatch. As illustrated in the capillary gel electrophoresis results, upon photolyis of the
complex bound to DNA, the bulky A-isomer cleaves the DNA neighboring the
destabilized mismatch. No cleavage is seen without metal complex (light control) or
after photolysis using the A-isomer. In general, surveying different mismatched sites in a
variety of sequence contexts, we have found the recognition to be enantioselective; it is
A-[Rh(bpy)zchrysi]3+ that binds and cleaves mismatched DNA preferentially.3

We therefore also compared the antiproliferative effects of the two isomers
(Figure 2.7). Consistent with DNA targeting studies, it is A-[Rh(bpy)chrysi]’" that
shows selective inhibition of cellular proliferation in the MMR-deficient HCT1160 cell
line. At 5 uM rhodium, incubation with A-[Rh(bpy),chrysi]>” shows no effect on DNA
synthesis in either HCT1160 or HCT116N cells, whereas the A-isomer selectively
inhibits DNA synthesis in the MMR-deficient HCT1160 cells. Although these rhodium
complexes are coordinatively saturated and generally inert to substitution, we had
considered the possibility that the biological activity of the complexes might be
associated with complex decomposition and ligand release. The finding of high

enantioselectivity associated with the biological effect argues against complex
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decomposition as being responsible for the inhibition of cellular proliferation, since a
similar decomposition would be likely for both isomers.

Because the complexes bind mismatched DNA only non-covalently in the
absence of light, but with photolysis, promote DNA strand breaks, we also explored cell
proliferation assays after exposing the cells to compound and light, conditions under
which the rhodium complex might be expected to be more potent. We therefore
irradiated cells for 10, 15, or 20 minutes after 48 h incubation with the rhodium complex.
These results are shown in figure 2.8. Here it should be noted that longer periods of
irradiation even without metal complex lead to some inhibitory effects in both MMR-
deficient and MMR-proficient cell lines; evaporation of the medium is also somewhat of
a problem. Nonetheless, light activation over short periods does indeed lead to greater
inhibition of cell proliferation and only for A-[Rh(bpy),chrysi]>” in the mismatch repair
deficient HCT1160 cells. Again, parallel experiments with A-[Rh(bpy),chrysi]**
provide a useful control. Under the conditions utilized, light activation appears to
enhance the inhibition of DNA synthesis preferentially by A-[Rh(bpy).chrysi]*" and only
in the MMR-deficient HCT1160 cells. These data are consistent with DNA serving as
the target for the rhodium complex inside the cell. Certainly these results demonstrate a
clear correlation between mismatch targeting by rhodium photocleavage and biological

potency in a cell-selective manner.
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Figure 2.6.  Effect of stereoisomers on photocleavage. Shown are capillary

electropherograms after photolysis of 436-mer PCR products containing a single CC
mismatch with 500 nM A -(middle) or A -(bottom) [Rh(bpy).chrysi]>", as described

earlier.3 Mismatch-specific photocleavage to produce a 170 base fragment is evident

only with the A-isomer.
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Figure 2.7. Antiproliferative effects of different stereoisomers of Rh(bpy),chrysi**.
Shown are the effects on BrdU incorporation in HCT1160 (red) and HCT116N (green)
cells after 48 h incubation without with 5SuM A- or A-[Rh(bpy)achrysi]’”. The selective
inhibition of the mismatch repair deficient HCT1160 cell line is seen only with the A-

1somer.



34

120

100 r a

80
60

% BrdU

40
- N
——
- A

20

e —
0 5 10 15 20
Irradiation Time (minutes)

Figure 2.8. Antiproliferative effect of different stereoisomers of Rh(bpy)zchrysi3+
with irradiation. Shown are the effects of varying amounts of irradiation of HCT1160
cells in the absence of [Rh(bpy),chrysi]>" (black), in the presence of 5uM A-

[Rh(bpy)achrysi]’" (red) or A-[Rh(bpy).chrysi]®” (blue) after 48 h incubation.
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2.4. Discussion
The results reported here establish that the bulky rhodium metalloinsertors serve as
inhibitors of cellular proliferation and, significantly, that the complexes do so with
cellular selectivity. Biological effects are seen preferentially in MMR-deficient cells.
These results do not establish DNA mismatch targeting as the basis for the cell
selectivity. However, these data are consistent with mismatched DNA being the target of
these complexes, and hence the basis of the preferential reaction in MMR-deficient cell
lines, in which mismatches are more abundant.

It is noteworthy that in the absence of light, the complexes bind DNA mismatches
non-covalently, albeit with high affinity and specificity. Because a covalent adduct is not
formed and, in the absence of light, no DNA damage is directly generated, any biological
effect would be expected to be more modest; irradiation, which does cause DNA strand
breaks, should enhance the effect, as we observe. Likely, then, without light the metal-
mismatch complex provides a secondary signal for protein binding or activation. It
should also be noted that light activation of the metal complex generates only a short
lived ligand radical; thus, intimate association of the rhodium complex with its target is
needed for a light dependent reaction. !4

Significantly, the biological effects we observe in MMR-deficient cells also are
enantiospecific, just as binding of the bulky rhodium metalloinsertors at mismatched
DNA sites is enantiospecific. It is the A-isomer of [Rh(bpy)zchrysi]3+ that binds and
selectively cleaves a neighboring base pair mismatch, and it is the A-isomer that shows

the biological effect preferentially in MMR-deficient cells.
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2.5. Conclusions
There is a clear correlation if not an established causality between DNA mismatch
targeting by the rhodium complexes and the observed inhibition of cellular proliferation
in MMR-deficient cells. These results therefore highlight a new class of compounds for
possible application in cancer therapeutics. The work furthermore underscores a cell-
selective strategy in chemotherapeutic design by chemically and site-specifically

targeting DNA mismatches.
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CHAPTER 3: DNA MISMATCH BINDING AND ANTI-
PROLIFERATIVE EFFECTS OF RHODIUM METALLOINSERTORS

Note: This chaper was adapted from “DNA mismatch binding and anti-proliferative
effects of rhodium metalloinsertors.” R.J. Ernst, H.G. Song, and J.K. Barton. J. Am.

Chem. Soc. 2009, 131, 2359-2366.

3.1. Introduction

Recent work within our laboratory on luminescent ruthenium dppz complexes has shown
that these tris(chelate) complexes are taken up inside cells through passive diffusion

facilitated by the membrane potential ***’

Variations in ancillary ligands of these
ruthenium complexes have dramatic effects on cellular uptake, with increased
lipophilicity facilitating uptake. Here we examine the effects of ancillary ligand variation
in the Rh(L),chrysi’" family (figure 3.1) on the ability of these complexes to target DNA
mismat