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Abstract:

The recognition of DNA base mismatches is of considerable interest for both the 

diagnosis and treatment of mismatch repair-deýcient cancers.  Two new mismatch 

recognition complexes have been synthesized.  The ýrst, [Rh(bpy)2(phzi)]3+ 

(phzi=benzo[a]phenazine-5,6-quinone diimine), recognizes DNA mismatches with 

high speciýcity and afýnity, 1 Ĭ 107 M-1, two orders of magnitude stronger than 

[Rh(bpy)2(chrysi)]3+ (chrysi=chrysene-5,6-quinone diimine), the parent complex that 

binds single thermodynamically-destabilized base-mismatch sites in duplex DNA.  The 

second, [Rh(bqdi)2(chrysi)]3+, is able to recognize more stable mismatches such as the 

G‑G mismatch.

These complexes have been applied in a variety of ways.  A method has been developed 

for the discovery of new single nucleotide polymorphisms, SNPs, within a sequence of 

interest ampliýed from pooled genomic DNA.  SNPs are readily detected using these 

mismatch selective molecules without false positives; allele frequencies as low as 0.05 

can be detected.  

Upon photoexcitation, the rhodium(III) diimine complexes cleave DNA by hydrogen 

atom abstraction from the sugar to yield 3ô-phosphate terminated DNA that is inactive 

for enzymatic modiýcation.  This 3ô-phosphate can be removed using T4-polynucleotide 

kinase opening up the possibility of enzymatic modiýcation at the site of rhodium 

cleavage.  The cleavage site can be þuorescently labeled.  Terminal transferase can also 

be used to attach a homopolymer tail tagging the damage site, allowing the ampliýcation 

of the DNA up to the damaged site.
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This assay can also be employed towards the development of early cancer diagnostics.  

Some cancers are deýcient in the repair of DNA base mismatches.  As a consequence, 

these cells have an increased number of mismatches within their genome.  These 

mismatches in extracted genomic DNA were cleaved using mismatch-speciýc rhodium 

complexes.  The cleavage sites were labeled with radioactivity, allowing the number 

of mismatch sites to be quantitated.  A signiýcant number of sites were cleaved in the 

mismatch repair deýcient DU145 cell line, 1 base/3000 bp, while no sites were cleaved in 

the mismatch repair proýcient cell line SW620.  This method may present a new method 

for the detection of mismatch repair deýciency.

These mismatch-speciýc complexes also are shown to have an antiproliferative effect 

on mismatch repair deýcient cell lines.  Mismatch repair deýciency is a contributing 

factor in both hereditary and sporadic human cancers.  Both [Rh(bpy)2(chrysi)]Cl3 and 

[Rh(bpy)2(phzi)]Cl3 show a stronger antiproliferative effect against MMR deýcient cells 

than proýcient cells.  Effects of stereoisomers, incubation time, and UV irradiation are 

also demonstrated.
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Chapter 1:  Introduction

1.1:  Introduction to deoxyribonucleic acid

	 Deoxyribonucleic acid, DNA, is the genetic storage material of cells.  Very early 

genetic studies by Grifýth showed that heat inactivated, cell free extracts from pathogenic 

bacteria could be used to transform nonpathogenic bacteria.1 The agent responsible for 

the transformation of these bacteria was puriýed and discovered to consist exclusively 

of deoxyribonucleic acid.2  This experiment, as well as others with eukaryotes, ýrmly 

established DNA as the primary carrier of genetic information.  

DNA is a long polymer of individual deoxyribonucleotides, each of which are 

composed of a base, a sugar and a phosphate, shown in ýgure 1.1.  The bases encode the 

genetic information while the sugar and phosphates participate in a structural role.  The 

bases present in DNA are adenine (A), thymine (T), guanine (G) and cytosine (C).  Early 

x-ray ýber diffraction studies were used by Watson and Crick to elucidate the double 

helical structure of DNA we know today.3  A DNA duplex is composed of two antiparallel 

DNA strands whose bases interact through hydrogen bonding and aromatic stacking.  

Because of the chemical functionalities presented, adenine pairs well with thymine and 

guanine with cytosine.  When so arranged, the base-paired units are virtually identical 

in width, 10.8 ¡.  This initial model was later reýned by single crystal x-ray diffraction 

studies.  

	 The structure of DNA also solves the issue of genetic information inheritance.  

One DNA duplex can be used as a template for two identical duplexes.4  If the DNA 

duplex were opened, exposing the functionalities of the bases, complementary bases 

could be assembled to form a new complementary DNA.  By this process each DNA 

strand encodes for its own complement.  In vivo, DNA polymerases catalyze the reaction 

of deoxyribonucleotide triphosphates to produce complementary DNA to a parent 
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Figure 1.1:  Deoxyribonucleic acid.  A.  Structures of the 4 natural DNA bases 

attached to a sugar phosphate backbone.  B.  The two Watson-Crick base pairs A-T and 

G-C and major and minor groove are indicated.  C.  When two complementary strands 

are annealed the DNA forms a B-form double helix.  Major and minor grooves are 

indicated.  Bases are colored grey with the sugar phosphate backbone in blue.
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template strand.5  In this way the original DNA duplex is copied, a necessary step in cell 

division.

	 The copying of genetic material is a particularly important step in the 

reproduction of cells.  The primary focus of DNA polymerases is to replicate the parent 

DNA with as high a degree of ýdelity as possible.6  If just the catalytic domain of a DNA 

polymerase were used to synthesize DNA, approximately 1 base is inserted incorrectly 

in 104 base pairs.7  This error rate is unacceptable for even the simplest of organisms 

which have genomes of ~106 base pairs, not to mention eukaryotes such as humans which 

have ~109 base pairs.8  In addition to the catalytic domain of DNA polymerase, several 

other mechanisms are employed to ensure high ýdelity DNA replication.  First, the DNA 

polymerase enzyme also includes a proofreading domain which checks the base pairs 

immediately after DNA synthesis, excising those which are incorrectly incorporated.  

This boosts the ýdelity of the DNA polymerase to 1 incorrect base in ~107ï108 base pairs.  

Finally, postreplication repair extends the ýdelity even further to <1 base pair in 109.7  

These incorrectly inserted bases, if not repaired, will form permanent mutations upon 

further DNA replication.

	 These incorrectly inserted bases arise from two distinct sources.  First, bases 

within a DNA strand9 as well as nucleotide triphosphate pools10 can undergo various 

chemical reactions within the cell such as oxidation, reduction, and alkylation.  These 

chemically modiýed bases present different functionalities and may not be recognized 

or inserted correctly by DNA polymerase.11  These errors are detected by primarily by 

base excision repair enzymes,12 and phosphatases to eliminate unnatural nucleotide 

triphosphates.10  The second source is from the incorrect insertion of a natural DNA base 

into an incorrect DNA base pair.  These mismatched base pairs are repaired by the MutS/

L ñlong patchò repair pathway.13
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1.2:  Consequences of DNA mismatches

1.2.1:  Physical consequences of DNA mismatches

	 DNA bases which are not paired with Watson-Crick partner are termed ñbase 

mismatches.ò  These base mismatches are of considerable interest for their role in the 

formation of natural mutations.  The proposed hydrogen bonding structures are shown 

in ýgure 1.2.  Base mismatches in DNA have been studied by a variety of methods 

including x-ray crystallography, NMR, and melting temperatures.  Through these 

physical studies it is hoped that the mechanism by which mismatches are distinguished in 

vivo can be determined.  

	 Several structures of DNA mismatches have been obtained by single crystal 

x-ray crystallography.  Structures of G-A,14 G-G,15 C-A,16 and G-T17 mismatches have 

been obtained, shown in ýgure 1.3.  All of the structures obtained have two internal 

mismatches and are modiýcations of the Drew-Dickerson dodecamer.18  These structures 

all show the DNA to be in essentially B-form conformation without kinks or extrahelical 

bases.  The individual mispaired bases do adopt unusual conformations in order to 

maximize their hydrogen bonding and aromatic stacking.  Some arguments have been 

made as to the validity of these crystal structures.  The only crystal structures obtained 

have been for more thermodynamically stable mismatches in a particularly stable duplex.  

Perhaps the reason these crystallize may be they are B-form while others are not.

In addition to x-ray crystallography, NMR studies have been undertaken to 

address concerns that the x-ray structures may have been exceptions.  NMR can be used 

to determine dynamics as well as structure of DNA molecules under more physiologically 

relevant conditions.19  Solution structures of various mismatched duplexes have 

conýrmed that the overall structure of the DNA is essentially B-form in solution.  Varying 

of the sequence context of some mismatches such as the G-T mismatch do result in 
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Figure 1.2:  Structures of the possible base pairs.  At the top we see the Watson-Crick 

base pairs, G-C and A-T, for comparison.  Below these are the various mismatches.
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Figure 1.3:  Crystal structures of DNA containing mismatched bases.  Four duplexes 

are labeled with the mismatch they contain, while the central duplex without a mismatch 

is shown for comparison.  The mismatched bases are highlighted in red.  The overall 

structure is not signiýcantly perturbed, but those bases which are mismatched do vary 

slightly.
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conformational changes of the mismatched bases, a switch occurs between two possible 

hydrogen bonding schemes.20; 21  Initial 1H NMR studies have shown increased rates of 

solvent exchange of protons involved in hydrogen bonding.19  It is expected that in order 

for this solvent exchange to occur, mismatched bases must undergo a conformational 

change to expose the bases to bulk solvent.  This implies thermodynamic destabilization 

of the mismatched bases as compared to the natural DNA bases, a fact which can be 

quantitatively measured using variable temperature NMR.  Further NMR studies have 

conýrmed that the mismatched bases undergo a conformational switch which occurs 

faster than the NMR time scale.21  However this occurs without disruption of the 

overall canonical B-form structure of the mismatched DNA.  Other local perturbations 

in dynamics are observed in addition to the mismatched bases.22  13C NMR relaxation 

studies have shown that base pairs adjacent to a mismatch experience a decrease in 

dynamical motion as compared to other Watson-Crick base pairs.21  

These structural studies have suggested that DNA containing a mismatch 

has an equilibrium structure which is essentially the same as standard B-form DNA.  

However, in solution the mismatched bases are seen to be more þuctional.  This 

suggests that perhaps when stress is applied to mismatched DNA, the DNA will form a 

kink at the mismatched site, as shown in ýgure 1.4.23  However no such kink has been 

experimentally observed.

	 In addition to these structure and dynamics studies, mismatches have been studied 

energetically as well.24  Two sources of thermodynamic data are available, melting 

temperatures by UV spectroscopy, which gives data about the DNA duplex as a whole, 

and variable temperature NMR which can provide thermodynamic data about each 

individual base pair.  

	 Melting temperature data were the ýrst data to show that mismatches are 

destabilizing to DNA duplexes as a whole.  Using melting temperatures it is possible to 



�

Bending

Mismatched DNA

Matched DNA

Figure 1.4:  Schematic representation of the mismatched DNA bending theory.  

Two duplexes are shown on the left, matched and mismatched.  When these duplexes 

are subjected to bending, different results are proposed.  Matched DNA is thought 

to form a smooth bend under bending stress, while mismatched DNA, because of 

conformational þexibility, is thought to form a kink at the mismatch site.  Some believe 

that this helps mismatch repair proteins to locate mismatched base pairs.
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compare the stability of different mismatches quickly and easily.  This led to an initial 

ranking of the stability of different base pairs, G-C > A-T  > G-G ~ G-T ~ G-A > T-T ~ A-

A > C-T ~ C-A > C-C.20  These rankings do vary slightly depending on sequence context, 

but the trends remain similar.24  Guanine containing mismatches tend to be the most stable 

of mismatches, but are destabilizing as compared to the corresponding Watson-Crick 

base pair.  Their stability is attributed to the formation of strong hydrogen bonds and a 

large aromatic surface area.  The C-C mismatch is often the most destabilizing mismatch 

with weak hydrogen bonding low aromatic surface area.  Some have suggested the C‑C 

mismatch can become protonated to form a wobble base pair, but this would involve 

the burying of a charge within the hydrophobic base stack of DNA. Using this method, 

standard thermodynamic parameters ȹHÁ, ȹSÁ and ȹGÁ of the melting transition can be 

determined.  NMR methods can provide even more data.  Using 1H NMR of the DNA 

imino region at different temperatures it is possible to determine melting temperatures of 

the individual bases in duplexes.19

	 The combination of melting data with NMR data has allowed the creation of 

standard tables of ȹGÁ parameters of all base pairs in every sequence context, shown in 

table 1.1.  If we look at a particular duplex and ask how much can a single mismatch 

inserted into a duplex destabilize the DNA, the most destabilizing mismatch is a C-C 

mismatch in a 5ô-ACT-3ô sequence context, where the C forms a C‑C mismatch.  This 

particular mismatch destabilizes the DNA duplex by 2.7 kcal/mol.  We can also ask the 

inverse question, how much can a mismatch stabilize a duplex?  The G-G mismatch 

in a 5ô-GGC-3ô sequence context stabilizes the duplex by -2.5 kcal/mol.  While this is 

stabilizing overall, this still falls short of a Watson-Crick G-C and A-T base pair which 

impart a -4.08 kcal/mol or -2.74 kcal/mol stabilization respectively.  In all cases, if a 

mismatch were replaced by a matched base pair it would have a stabilizing effect on 

the duplex.  This is illustrated by ȹGÁ parameters for all base pairs shown in sequence 
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GX/CY A C G T
A 0.17 0.81 -0.25 -1.3
C 0.47 0.79 -2.24 0.62
G -0.52 -1.84 -1.11 0.08
T -1.44 0.98 -0.59 0.45

CX/GY A C G T
A 0.43 0.75 0.03 -1.5
C 0.79 0.7 -1.84 0.62
G 0.11 -2.17 -0.11 -0.5
T -1.28 0.4 -0.32 -0.1

AX/TY A C G T
A 0.61 0.88 0.14 -1
C 0.77 1.33 -1.44 0.64
G 0.02 -1.28 -0.13 0.71
T -0.88 0.73 0.07 0.69

TX/AY A C G T
A 0.69 0.92 0.42 -0.6
C 1.33 1.05 -1.3 0.97
G 0.74 -1.45 0.44 0.43
T -1 0.75 0.34 0.68

Table 1.1:  Thermodynamics of different mismatches.  ȹGÜ values(kcal/mol) 

for different internal mismatches with a neighboring matched base. In all cases 

the Watson-Crick base pairs, highlighted in yellow, are more stable than any of 

the possible mismatches.  To obtain a value for a mismatch, CC for example, in a 

sequence context, say 5ô-GCG-3ô with 3ô-CCC-5ô you would add 0.79 + 0.70 to 

obtain a net 1.49 kcal/mol destabilization.  X refers to the row while Y refers to the 

column.  
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context in table 1.1.

1.2.2:  Biological sources and consequences of DNA mismatches

1.2.2.1:  Natural sources of DNA mismatches in vivo

	 Mismatches are formed in vivo by a variety of processes.  DNA synthesis, 

genetic recombination, cytosine deamination and somatic hypermutation all produce 

mismatches to greater or lesser extents.  As previously mentioned, DNA synthesis is an 

extremely high ýdelity process under normal circumstances, misincorporating a single 

base in 109 bases.8  More recent work has shown that under nonideal circumstances 

the misincorporation rate can be much higher.25  For example, humans have 14 known 

DNA polymerases.26  The majority of DNA synthesis occurs during the replication of 

the human genome by Polŭ and/or PolŮ, very high ýdelity polymerases.  However, these 

polymerases are incapable of replication of chemically damaged bases.  When these 

polymerases encounter a damaged base, they dissociate from the DNA and are replaced 

by a lower ýdelity polymerase in a process known as translesion synthesis.27  Translesion 

synthesis is performed by Polɖ in the case of pyrimidine dimers or Polɘ or Polɕ in other 

cases.11  These polymerases are more permissive and therefore capable of incorporating 

a base across from a damaged base, but often an incorrect one.  These polymerases also 

lack 3ôŸ5ô proofreading domains which in combination with their permissiveness can 

misincorporate a base in 10ï103 base pairs.26  Translesion synthesis often only occurs for 

100ï1000 base pairs after which the high ýdelity polymerases continue synthesis.

	 Genetic recombination is an essential process in meiosis which can also form 

DNA mismatches.  During recombination, homologous chromatids can form a crossover 

complex.28  This complex eventually forms a four way junction called a Holliday 

intermediate.  These junctions can ñslideò exchanging a single strands between two 
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homologous chromatids; often several thousand base pairs are exchanged.  If the DNA is 

not exactly identical, mismatches are produced.  Eventually an enzyme called a resolvase 

cuts the four way junction, which may or may not result in recombination, regardless, 

mismatches which were formed by four-way junction sliding remain.  This process 

accounts for some interesting non-Mendelian genetics, but it is not thought to be a major 

source of mismatches in vivo except in the case of germ cell production.

	 Cytosine deamination is a natural chemical reaction whereby the minor imine 

tautomeric form of cytosine is hydrolysed to produce a uracil.29  This produces a G-U 

mispair which if left unpaired will result in an A-U and eventually an A-T base pair upon 

two rounds of DNA replication.  The G-U mispair is recognized and the uracil is removed 

by a base excision repair enzyme uracil DNA glycosylase, UDG.30  This generates an 

abasic site in the DNA which is repaired by an AP endonuclease and DNA polymerase.

	 Intentional somatic mutation only occurs within a single eukaryotic cell type, B 

lymphocytes.  In the production of immunoglobulin several processes are used to increase 

diversity, one of which is somatic hypermutation, SHM.  During SHM variable regions 

of the immunoglobulin gene undergo mutations at a vastly higher rate of 1 base per 

1000 base pairs. While the exact mechanisms leading to SHM are not fully understood 

it appears that DNA mismatches are a necessary component.  It is currently believed 

that SHM occurs by the action of a activation-induced cytosine deaminase, AID.29  This 

enzyme catalyzes the conversion of cytosine to uracil in single stranded DNA.  Because 

of intentional incomplete repair this process can lead to G-U mismatches and abasic sites 

during DNA replication, which produce all possible mutations upon replication.31

1.2.2.2:  Fate and consequences of mismatches

	 In general, DNA mismatches in vivo are recognized and repaired by MutS/L/H 

DNA repair pathway or homologs in higher organisms.32  This pathway, also known 
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simply as mismatch repair, MMR, detects a mismatch and replaces the ~1 kb of DNA in 

the process. This type of DNA repair is present in all organisms from E. coli to humans.

  	 In this pathway, shown in ýgure 1.5, a MutS dimer recognizes a mispaired base 

and binds the DNA.  MutS or its homologs are able to recognize most DNA mismatches 

although some mismatches such as C-C are not detected.  A MutL dimer can then bind 

to the MutS dimer signaling and coordinating a mismatch repair event.  This MutS/L 

complex discriminates parent strand from daughter strand by a poorly understood process 

and then recruits MutH, or an as yet unknown endonuclease in eukaryotes, to nick the 

mispaired daughter strand.  The nicked strand is digested by exonucleases in either 5ôŸ

3ô or 3ôŸ5ô directions towards the mismatched base.  Finally, a new DNA strand is 

synthesized by a DNA polymerase followed by a ligation to seal the patch.  In addition to 

the role of MMR in DNA repair, the associated proteins also can trigger cell cycle arrest 

or apoptosis.33  

	 If mismatches are not repaired before another round of DNA replication, the 

mismatch will become a permanent mutation.  Under normal circumstances this would 

be a rare event, but if mismatch repair were somehow deactivated this process is 

signiýcantly enhanced.  This MMR deýcient phenotype has been observed in numerous 

types of cancer.34

1.3:  Recognition of DNA mismatches, enzymes

	 Recognition of mismatched natural DNA bases occurs primarily by MutS 

dimer or heterodimer of homologs in higher organisms.32  However, there is a second 

specialized protein which recognizes only G-T mismatches formed from cytosine 

deamination.  This protein is the very short patch repair protein Vsr.35  These two proteins 

have been studied by a variety of biochemical and structural methods, the results of 

which show a remarkable contrast in two strategies for mismatch recognition.  
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Figure 1.5:  Mismatch repair in prokaryotes.  A general scheme outlining 

the major steps in mismatch repair.  A similar process is believed to occur in 

eukaryotes.  MutS ýnds a mismatch base and is bound by MutL.  MutL activates 

MutH to nick the mismatched daughter strand on either the 5ô or 3ô side of the 

mismatch.  Exonucleases digest the DNA to the mismatched site.  DNA polymerase 

ýlls in the gap followed by ligation.
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	 MutS is responsible for the initial binding event which is then recognized by 

other members of the mismatch repair pathway to signal a lesion to repair.  DNA-protein 

interactions have been studied by a variety of biochemical and structural methods.  While 

the method by which mismatches are recognized is not clear, signiýcant progress has 

been made in this ýeld.

	 Recently, two structures of the MutS protein bound to mismatched substrate 

have been obtained, one from E. coli36 and the other from T. aquaticus37.  The structures 

shows a clamp structure which grabs the DNA and kinks the DNA duplex at a rather 

severe 60Á angle.  This kinking of duplex causes the DNA to adopt a structure which 

shows the typical features of A form DNA.  The primary interaction with the DNA is 

through electrostatic interactions of the DNA with the high positive charge of the interior 

of the MutS protein.  These interactions are supplemented by a phenylalanine which is 

intercalated in the DNA at the mismatch.38  

	 This has led to the theory that MutS ýnds mismatched bases by forming a sliding 

clamp which bends the DNA as it slides looking for sites which are especially easy to 

bend.23  This theory is supported by NMR data suggesting increased þexibility of the 

DNA at mismatched sites.21  This theory however is not supported by the repair activity 

of MutS.39  MutS has been found to have high repair activity toward G-T mismatches and 

almost none against C-C mismatches.  The G-T mismatch is among the most stable and 

would be predicted by this theory to be inefýciently repaired.  The C-C mismatch is very 

destabilized and would be predicted to be repaired very well.

	 AFM studies were carried out using MutS with matched and mismatched 

DNA.40  While these samples were dried onto a mica substrate and therefore not under 

physiological conditions, an intriguing result was obtained.  When matched DNA binds 

to MutS, it does so in the kinked form.  However, when mismatched DNA is bound to 

MutS, it is in equilibrium between two states, kinked and unkinked.  This bent/unbent 
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equilibrium delicately balances the stabilization from the insertion of the phenylalanine 

versus the destabilized unkinked protein conformation in the linear DNA form. 

This gives at least a tenuous explanation of why pyrimidine-pyrimidine mismatches 

are not recognized.  Since there is little or no stabilization from the insertion of the 

phenylalanine, the equilibrium is placed toward the bent conformation.  This unkinked 

form is proposed to be the ultimate recognition complex to which MutL binds, but this 

has not yet been conýrmed.

	 These studies also suggest that overall there is little difference in binding afýnity 

of MutS for matched or mismatched DNA.  Instead the protein remains bound to the 

DNA with or without mismatch present.  The recognition event is likely not protein 

binding, but rather the change in protein conformation upon mismatch binding that begins 

DNA mismatch repair.

	 The very short patch repair takes a completely different approach to ýnding 

mismatches.  The Vsr protein only repairs G-T mismatches which are produced from 

5‑methylcytosine deamination in E. coli.41  5-methylcytosine is created in some bacteria 

by the Dcm methylase as part of a phage resistance mechanism involving methylation 

dependent restriction endonucleases.42  5-methylcytosine has the unfortunate consequence 

that when deamination occurs it becomes a natural DNA base, unlike unmethylated 

cytosine which will become uracil.  Upon recognition of a G-T mismatch, Vsr nicks the 

DNA on the 5ô side of the mismatch.  DNA polymerase I binds this nick and performs a 

nick translation reaction repairing the mismatch.  The single strand break is then sealed 

by a DNA ligase.  The cytosine is then methylated by the dcm methylase.

	 Recently, a crystal structure of the Vsr enzyme bound to DNA was obtained.41  

This shows a structure which is remarkably similar to a type II restriction enzyme.  

However, the enzyme binds to the mismatched DNA as a monomer.  Numerous 

electrostatic and hydrogen bond contacts are made with the DNA.  The mismatch is 
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discriminated by the insertion of an aromatic wedge composed of two tryptophans and 

a phenylalanine.  This insertion causes a large distortion in the DNA, a gap of 6 ¡ and a 

44Á kink forcing the site to be probed into the restriction enzyme catalytic pocket.  Here 

the G-T mismatch is discriminated from the G-C base pair by conformation.  If the G-T 

wobble base pair is bound, its distorted structure will cause the phosphodiester linkage 

into the endonuclease pocket cleaving the substrate.  Remarkably this enzyme is able to 

perform this discrimination without the use of ATP, inferring that the recognition process 

is a thermodynamically favorable one, although it is possible that the cleaved enzyme-

DNA complex cannot dissociate without assistance.  This protein is also an example of 

damage recognition without extrahelical bases which are present in MutS, uracil DNA 

glycosylase and MutY.43  This lack of base þipping may be the reason that this protein is 

able to recognize a mismatch without external energy.

1.4:  Recognition of DNA mismatches, small molecules

	 Several small molecule methods of mismatch recognition have also been 

developed.  The ways in which these small molecules recognize mismatched DNA 

vary.  Many compounds which bind matched DNA duplexes also will bind mismatched 

substrates as well.  For example the classic intercalator ethidium bromide44 and the minor 

groove binding DAPI45 are capable of binding mismatched as well as matched DNA with 

similar afýnity.  For the purposes of this section, only compounds which are capable of 

recognition of mismatches in preference to matched DNA will be discussed.

1.4.1:  Mismatch recognition using polyamides

	 Polyamides are capable of the recognition of mismatched bases through minor 

groove interactions.46  Work within the Dervan group have generated methods to 

target polyamides to virtually any sequence within DNA.  Since the polyamides form 
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interactions with bases of both strands, one must only insert the proper building blocks 

to recognize a mismatched base pair.  This method depends on multiple interactions 

however and so can only recognize a particular mismatch within a given sequence.

	 This method has been successfully applied to the recognition of G-T mismatches 

within DNA by the polyamide f-ImImIm.47  This compound binds within the minor 

groove of DNA as a dimer.  Binding of the compound in the minor groove can be 

observed by DNAse I footprinting48 and by surface plasmon resonance.  Surface plasmon 

resonance measurements can be used to calculate binding constants of 6 Ĭ 106 M-1 for 

the G-T mismatch.  This complex has a signiýcantly decreased afýnity towards matched 

DNA (CCGG), 2.1 Ĭ 105 M-1 or non-cognate sequences (AATT) 6 Ĭ 103 M-1.

1.4.2:  Mismatch recognition using naphthyridine

	 Work within the Saito and Nakatani groups have focused on the use of the 

naphthyridine moiety.  Originally, 2-amino-7-methylnaphthyridine was shown to 

stabilize single guanine bulges.49  The mechanism proposed for this stabilization was by 

the intercalation of the naphthyridine moiety across from the bulged base and forming 

strong hydrogen bonds with the bulged guanine base.  The nitrogens of the naphthyridine 

hydrogen bond with the guanine stabilizing its interaction with the DNA, as shown in 

ýgure 1.6A.  The DNA is stabilized through aromatic stacking of the naphthyridine.

	 In addition to bulges, dimers of naphthyridine, formed by attaching a alkyl 

linker between two exocyclic amine groups, are able to recognize a variety of different 

mismatches.  G-G mismatches are readily recognized by an amide linked naphthyridine 

dimer.50  The interaction of this dimer with the G-G mismatch is very similar to the single 

guanine bulge mentioned above.  Speciýc interaction with the bases of the G-G mismatch 

is observed by DNAse I footprinting assays.51  The two naphthyridine moieties insert 

within the DNA base stack and hydrogen bond with the mismatched guanine bases.  This 
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mismatches.  Two different naphthyridine dimers have been constructed which 

bind mismatches.  In A an amide linked structure will bind to G-G mismatches.  

In B an alkyl linked strcuture will bind to C-C mistmatches because of the shift 

in pKa associated with the different linker.
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interaction can be observed readily using NOESY.50  For quantitative measurements 

of binding surface plasmon resonance was employed.52  Naphthyridine dimer was 

functionalized to a SPR substrate and mismatched DNA was applied in solution.  This 

method allows for the measurement of both binding rates and dissociation rates from 

which KD can be calculated.  These complexes bind the G-G mismatch tightly with 

afýnities of 0.1ï4 Ĭ 106 M-1, depending on sequence context.

	 A modiýcation of the original dimer, linked through an alkyl chain rather than 

an amide bond was also synthesized, shown in ýgure 1.6b.53  This compound is able 

to recognize C-C mismatches in addition to a few others: C-T, C-A, and T-T.  This is 

surprising considering that the recognition element remains the same, but only the linker 

is changed.  This has been explained by conducting experiments while varying pH.  It 

is believed that the recognition of the C-C mismatch is accomplished by protonation 

of a heterocyclic amine.  Afýnities for this molecule are also quite high, 1ï8 Ĭ 106 M-1, 

again varying with sequence context.  It is not completely speciýc for the C-C mismatch; 

C-T, C-A and T-T mismatches are all bound with decreased afýnity.  Additionally fully 

matched duplexes are also recognized with about an 80-fold lower afýnity.

1.4.3:  Mismatch recognition using metallointercalators

1.4.3.1:  Metallointercalator background

	 Previous work within the Barton group has focused on the use of coordinatively 

saturated d6 octahedral metal complexes and their interactions with DNA.54  These 

compounds can interact with DNA by a variety of different routes.  Compounds 

such as [Ru(bpy)3]Cl2 interact only weakly with DNA via electrostatic interactions.  

Using ligands with a larger aromatic surface area such as [Ru(phen)3]Cl2 can result in 

minor groove binding where some aromatic surface area becomes buried within the 
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hydrophobic DNA minor groove.  Finally some complexes such as [Ru(bpy)2(dppz)]Cl2 

or [Rh(bpy)2phi]Cl3 where a large aromatic ligand extends further from the metal center 

can interact with DNA via intercalation from the major groove.

	 Since these complexes are low-spin d6, they are coordinatively saturated and 

inert to substitution.  This inertness and deýnite geometry allows for the construction of 

complexes with a rational positioning of functional groups.  In this way we can divide the 

complexes into several pieces: the intercalating ligand, ancillary ligands and the metal 

center.  

	 The intercalating ligand, typically a large planar heterocycle, forms the basis 

for the majority of the afýnity the complex has for DNA.  The source of this afýnity is 

several-fold.  First interactions of the hydrophobic ligand with the hydrophobic interior of 

the DNA base stack through van der Waals contacts contribute to the stabilization of the 

interaction.  Second, removing the large aromatic surface area from the water causes the 

release of ordered waters whose increased entropy likely more than offsets the decrease 

in entropy from binding.  Lastly, the interaction with the DNA is strengthened by strong 

dipole-dipole interactions, through ýxed dipoles of the DNA and metal complex. 

	 Ancillary ligands can serve two functions.  First, they donate several electron 

pairs which allow us to form a coordinatively saturated complex.  Beyond this, they can 

simply be innocent bystanders in the interaction with DNA, or can provide functionality 

which modiýes the interaction of the complex with DNA.  If we choose a ancillary ligand 

such as 2,2ô-bipyridine, bpy, this ligand has little functionality which can interact with 

the DNA.  On the other hand if we choose a ligand such as ethylene diamine, this ligand 

provides a hydrogen bond donor to the complex.55  This ligand produces a favorable 

hydrogen bond with guanines increasing its afýnity toward certain sequences in the DNA.  

Unfavorable interactions are also possible, in the case of 1,10-phenanthroline, phen, an 

unfavorable steric clash between the 2 and 9 hydrogens of the phenanthroline ring with 
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functionalities on the DNA causes this complex to bind to 5ô-pyrimidine-pyrimidine-

purine-3ô sequences.56  

	 Finally, the center of the octahedral complex, the metal ion, serves multiple 

purposes.  In general, rhodium (III) is the metal ion of choice, although others have been 

used such as ruthenium (II), iridium (III), osmium (III) and nickel (II).  Each metal ion 

has its own unique abilities when used to make a metallointercalator.  Rhodium (III) 

complexes with a diimine intercalating ligand, such as phi, can cleave DNA at their 

intercalated site by irradiation with UV light.57  The UV excitation causes a ligand to 

metal charge transfer forming a ligand radical capable of hydrogen atom abstraction 

at the intercalated site.58  Ruthenium(II) complexes are typically used for their unique 

photophysical properties.  Tris diimine complexes, such as the light switch compound 

[Ru(bpy)2(dppz)]Cl3, when excited by visible light can emit luminescence.59  These 

compounds can also be used as photooxidants when an appropriate external quencher 

is added.60  Nickel(II) complexes have been used because they are paramagnetic which 

makes them useful for NMR studies.61

	 An example of designed interactions with DNA is the complex ȹ-Ŭ-[Rh(R,R-

2,9-dimethyl-trien)(phi)]3+, shown in ýgure 1.7.62  The metal of choice for this complex 

was rhodium(III) for both for photocleavage and substitutional inertness.  This complex 

uses the phi intercalating ligand which provides a basis for the interaction of the complex 

with the DNA.  The ancillary ligand adds many interactions to the complex.  The 

triethylenetetraamine (trien) ligand provides axial amines similar to ethylene diamine, 

and similarly hydrogen bonds to 5ô-GC-3ô base steps.  To this ligand two methyl groups 

are added.  These methyl groups are designed to interact favorably with the methyl 

groups of thymine.  This makes a compound which is designed to bind to the overall 

sequence 5ô-TGCA-3ô.  

	 This compound does bind the designed cognate sequence.  Upon UV irradiation 
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Figure 1.7:  æ-Ŭ-[Rh(R,R-dimethyl-trien)(phi)]3+.  Shown on the left is 

the complex with the stereochemistry shown.  On the right is the complex 

schematically interacting with the cognate 5ô-TGCA-3ô sequence.  Axial 

amines hydrogen bond with the O6 of guanine.  The methyl groups are shown 

interacting with the methyl group of thymine.
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Figure 1.8:  Crystal structure of æ-Ŭ-[Rh(R,R-dimethyl-trien)(phi)]3+ bound to 

DNA.
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this compound is cleaves at the 5ô-TGCA-3ô site with moderate photoefýciency.  Using a 

titration it is possible to determine the binding constant of 9 Ĭ 107 M-1 for this complex to 

the desired sequence.63

	 This high afýnity and speciýcity were key factors in obtaining both a crystal 

structure64 and NMR structure65 of this complex with its cognate DNA, shown in ýgure 

1.8.  Using the crystal structure we are able to verify the various designed interactions.  

Additionally this structure conclusively demonstrates that the phi ligand intercalates from 

the major groove with an untwisting of the DNA.  The phi ligand is buried with almost no 

free space between the ligand and the sugar rings.  

1.4.3.2:  Mismatch recognition by metallointercalators

	 Using the principles outlined above metallointercalators were synthesized which 

are able to bind DNA mismatches.  Similar to the phenanthroline complex described 

above, mismatches were targeted by creating a ligand which would have an unfavorable 

interaction at any intercalated site other than the destabilized mismatch site.

	 This was achieved not by modiýcation of the ancillary ligands, but by 

modiýcation of the intercalating ligand.  As seen from the crystal structure, the phi ligand 

forms a tight complex with matched DNA.  As seen in the space ýlling model, it is the 

perfect size for intercalation, ýlling all available space within the intercalation site.  If 

we were to expand the width of the intercalating ligand, the intercalating ligand would 

sterically clash with sugar rings.  This would be energetically prohibitive for the complex 

to bind to matched sites.  At destabilized sites such as mismatches, intercalation may be 

possible.  As the ligand intercalates steric clash with the sugar rings will be inevitable.  

If the mismatched bases are signiýcantly destabilized, the loss of hydrogen bonding 

between the bases may be more than offset by increased aromatic stacking, dipole 

interactions and removing the ligand from water.
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HN NH HN NH

9.16 Å 11.3 Å

Figure 1.9:  Intercalated phi ligand and comparison to chrysi.  At the top 

a view of the intercalated phi ligand from crystal structure data.  There is little 

room for expansion as the phi ligand already makes contact with the oxygen of 

the sugar ring.  At the bottom is a comparison of the widths of the phi ligand and 

chrysi ligand.  The addition of a fourth ring will make the intercalator too large to 

intercalate at stable sites in the DNA
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	 This design was implemented by modifying the phi intercalating ligand, fusing 

another ring to form chrysene quinone diimine, chrysi, shown in ýgure 1.9.66  This ligand 

was incorporated into a rhodium(III) complex, [Rh(bpy)2(chrysi)]Cl3, Rhchrysi.  This 

compound was found to bind mismatches with moderate afýnity 1 Ĭ 105 M-1 and high 

speciýcity; mismatches are bound ~1000 times tighter than matched base pairs. 

	 A series of experiments were conducted to determine which mismatches are 

recognized by this complex.  In addition to the mismatch itself, base pairs surrounding 

the mismatch site, the sequence context, of the mismatch were also varied.  The sequence 

context has a profound effect on mismatch stability as shown previously. The conclusion 

of these studies was that Rhchrysi bound 80% of all possible mismatches.  When the 

cleavage intensity is plotted against mismatch stability, we can see a clear effect of 

mismatch stability on the binding and cleavage of [Rh(bpy)2(chrysi)]Cl3.
67

	 Additional studies were undertaken to determine just how far this complex could 

be pressed as far as speciýcity.  For these experiments, two plasmids were created which 

differed at one site in 2725 base pairs.  These plasmids were linearized, denatured and 

annealed to form a mismatch at the desired site.  Using an alkaline agarose gel, cleavage 

can be seen, at a single site, approximately corresponding to the mismatch site.  If this 

duplex is further restricted and run on a denaturing polyacrylamide gel, we can see that 

the mismatch site, and only the mismatch site, is cleaved within the whole plasmid, 

shown in ýgure 1.10.68



28

Figure 1.10:  Speciýc cleavage of a single mismatch in a 2725 base pair 

plasmid.  Two plasmids were created which differed by a single G Ÿ C base 

substitution.  These were linearized, denatured and annealed to form a C-C 

mismatch.  The mismatch was cleaved and the resulting DNA was separated by 

denaturing polyacrylamide gel.
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Chapter 2:  Metallointercalators

2.1:  Introduction to mismatch binding with metallointercalators

2.1.1:  General notes on synthesis

2.1.1.1:  Rhodium coordination complexes

	 The synthesis of rhodium(III) coordination complexes is relatively straightforward 

as much work has been done in this ýeld previously.  In general, the desired complexes 

fall into one of two categories: plain intercalators and conjugates.  The intercalators 

by themselves typically employ an intercalating ligand and ancillary ligands to suit 

the purpose.  The ancillary ligands may or may not supply additional functionality for 

DNA binding, but typically they are chosen for their stability and synthetic accessibility.  

Typical ancillary ligands would include 2,2ô-bipyridine, 1,10-phenanthroline, or 

ammonia.

	 The synthesis of rhodium(III) complexes typically begins with the RhCl3ĀxH2O 

salt.  This salt is can be readily converted to a variety of metallointercalators containing 

one intercalating ligand, and ancillary ligands.  Ancillary ligands are installed ýrst with 

a hydrazine promoted ligand exchange.  This leads to a cis-dichloro complex which can 

be reacted with triþic acid followed by ammonia to form a cis-diammine complex.  This 

cis-diammine can be used in a quinone condensation reaction to form the desired diimine 

intercalating ligand.

	 Many ligand exchange reactions of rhodium(III) are promoted by the inclusion of 

catalytic amounts of hydrazine within the reaction.1  While the reaction with hydrazine is 

not fully understood, it is believed that hydrazine, being a two electron reductant, reduces 

a small amount of rhodium(III) to rhodium(I) which is substitutionally more labile.  The 

rhodium(I) complex undergoes a rapid ligand exchange followed by electron transfer 
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Figure 2.1:  Synthesis of rhodium(III) complexes by hydrazine promoted 

ligand exchange.  The addition of hydrazine to the reaction mixture promotes 

a wide variety of ligand exchange reactions of rhodium(III).  This occurs by 

formation of a catalytic amount of rhodium(I) which can exchange ligands more 

readily followed by electron transfer to another rhodium(III) center.  These 

additions proceed in a stepwise fashion from mono to bis to tris.
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to another metal center.  Single electron reductants have been shown to not catalyze 

ligand exchange even those with similar reducing potentials to hydrazine.1  This suggests 

that rhodium(II) is not involved, but it is still possible that it is involved.  Additional 

information has shown that these reactions ligand exchanges proceed in a stepwise 

reaction.2  This is important as it allows for the creation of heteroleptic species in a 

rational manner.

	 Exchange of chloride ligands is achieved using triþuoromethanesulfonic acid, 

triþic acid.3; 4  Rhodium complexes can simply be dissolved in neat triþic acid followed 

by precipitation with ether and ýltration to recover the complex.  This method is quick, 

~1 hour and efýcient, yields are often quantitative, for the removal of chloride ligands 

and replacing them with the weakly coordinating triþate ligand.  This triþate can be 

replaced by virtually any ligand by simply dissolving the complex and ligand in solution.  

The major drawback of this method is that triþic acid is extremely acidic and ligands 

which are labile to acid are obviously incompatible.  One alternative to this procedure 

includes simply boiling the complex in water which will form the labile diaquo complex 

although the reaction times can be exceedingly long, and yields are often not as good as 

the triþate reaction.5  

	 The triþate complexes are then replaced with ammonia by introduction of 

concentrated ammonium hydroxide or condensation of anhydrous ammonia gas, using 

a dry ice bath.3; 4  Either of these methods can be employed to form amine complexes 

from the corresponding triþates.  These diamine complexes can then be condensed with a 

quinone to form the desired complexes.

	 Three ligand complexes will typically need an additional ligand introduced after 

condensation which is achieved using the aforementioned hydrazine promoted ligand 

exchange reaction.
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Figure 2.2:  Triþic acid for ligand exchange.  Triþic acid can be used to remove 

chloride ligands from rhodium by simply dissolving the complex in neat triþic 

acid.  These triþate ligands can be easily exchanged for a variety of ligands 

including the cis-diamine desired for o-quinone condensation.
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2.1.1.2:  Quinone condensation

	 In rhodium(III) metallointercalators, diimine intercalating ligands are normally 

used.  These intercalating ligands are synthesized by the o-quinone condensation 

method.6  This reaction is based upon the extensive work of Sargeson involving 

intermolecular7 and intramolecular8 condensation reactions.  Schiff base condensations 

have been shown to be possible with coordinated ligands with retention of conýguration 

at the metal center.8; 9  These methods can be used to create a variety of bimetallic 

species.10  

Before this method was introduced, these hydrogen imines were typically 

very difýcult to access synthetically.  Typically these ligands were synthesized by the 

coordination of a diamine followed by air oxidation to form a diimine.11  This method 

has been employed extensively in the synthesis of phi complexes.  The other alternative 

method is the in situ deprotection of a trimethysilylimine.12  This produces the diimine 

in solution which is subject to rapid decomposition unless it is trapped by coordination 

to the metal center.  This method was employed in the synthesis of [Rh(phi)3]Cl3 and 

[Ru(phi)3]Cl2.  Both of these methods are capable of producing diimine complexes, albeit 

at low yields and under inconvenient anaerobic conditions. 

	 In the quinone condensation method, a metal bound cis-diamine is deprotonated 

by a base and attacks the quinone to form a hemiaminal intermediate.8  This intermediate 

can then dehydrate to form the desired metal bound imine.  In its original, form this 

reaction was performed in a mixture of acetonitrile and water with sodium hydroxide as 

the base.6  Reactions proceed rapidly with 9,10-phenanthrene quinone to form the phi 

ligand.  Additionally the sterically hindered chrysi ligand can also be synthesized by this 

method although reaction times are increased.  

	 While this system works well for the synthesis of the chrysi ligand, it is not 

desirable for the synthesis of phzi complexes.13  Phzi complexes can be synthesized this 
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way, but are susceptible to hydrolysis in the presence of water.  Non-aqueous conditions 

are desired.  Phzi complexes can be synthesized using acetonitrile with a small amount of 

water added to dissolve the sodium hydroxide.  Using this reduced amount of water does 

signiýcantly reduce the decomposition of the quinone and boost the yield of the diimine 

complex.

	 Essentially any metal-bound ammine can be used in this reaction with a few 

caveats.  Not all metal-bound ammines have the same pKa.14  Rhodium(III) amines have 

a pKa of ~10 whereas ruthenium(II) amines are much more resistant to deprotonation.  

The pKa of a bound ammine is also strongly affected by the trans ligand.15  In the case of 

[Rh(ppy)2(NH3)2]
+ the ammines require much more basic conditions to be deprotonated 

because of the strongly donating trans carbon donor.  A strong donor trans to an ammine 

also makes the ammine more labile.  This can make a condensation reaction unrealistic 

because the added base will simply replace the bound ammine in some cases.  If a 

strong sterically hindered base is employed, it may be possible to perform quinone 

condensations in these cases.

	 It is interesting to note that using a completely water free solvent system is 

possible.  Using acetonitrile as a solvent with triethylamine as a base causes rapid 

production of chrysi.  This is a bit surprising considering that the typical imine formation 

reaction requires the participation of solvent protons.  It is possible that an intramolecular 

proton transfer occurs which can effect the same transition. 

2.1.2:  Assessing the DNA binding properties of metallointercalators

2.1.2.1:  Direct photocleavage

	 The simplest method for assessing binding of a metal complex to a particular 

site is UV excited photocleavage.16  Most rhodium diimine complexes are capable 
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of hydrogen atom abstraction from their excited states.17  This direct hydrogen atom 

abstraction occurs without diffusion, marking the site where the complex is bound.  This 

cleavage of the DNA can be analyzed by denaturing polyacrylamide gel electrophoresis, 

separating the DNA based upon molecular weight and charge.  The sites can be 

determined by comparison to the Maxam-Gilbert sequencing reactions.  Cleavage 

intensities can be determined by photography or phosphorimagery.

	 Nonspeciýc complexes, such as [Rh(bpy)(phi)2]Cl3, show cleavage at most 

bases.16    A series of cleavage reactions is performed varying the concentration of the 

metallointercalator with a constant concentration of DNA.  These complexes can be 

characterized by a non-speciýc DNA binding constant.  This can be determined by the 

quantitation of the parent uncleaved DNA versus the intergrated intensity of the entire 

lane.  This fraction cleaved is plotted versus complex concentration and ýt to a sigmoidal 

curve.  The inþection point of the graph can then be used to determine the binding 

constant of the complex

	 Speciýc complexes such a [Rh(bpy)2(chrysi)]Cl3 have one preferred binding 

site and several undesirable sites.18   Experiments can be performed like those for 

nonspeciýc complexes although nonspeciýc binding may complicate analysis of binding.  

An alternative method is to hold the ratio of complex to DNA constant and increase 

both simultaneously.  This type of experiment allows the speciýc binding constant to 

be determined without the complication of nonspeciýc binding.  Fraction cleaved is 

determined and plotted versus increasing concentration.  The data are plotted and ýt to a 

sigmoidal curve.  The inþection point is again used to determine the binding constant via 

a slightly different formula.  Non-speciýc binding constants are determined in a method 

identical to that for a nonspeciýc complex.
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2.1.2.2:  Photofootprinting

	 If the complex is not proýcient at direct photocleavage, binding of the complex 

to DNA can still be assessed by footprinting.  Typically weak binding footprinting agents 

are used for these reactions such as [Fe(EDTA)]2-.  This allows for easy determination of 

binding constants by footprinting.

	 Footprinting using strong binding agents is also possible, although it introduces 

another equilibrium into the reaction.  Footprinting using strong binding nonspeciýc 

complexes can be used for qualitative analysis of binding, but cannot provide a 

quantitative measure of binding unless the speciýc binding constants for the complex at 

every site in a duplex are determined.  This may be possible for a very short duplex, but 

in general the analysis required would be prohibitive.

	 The binding of several complexes has been assessed through these footprinting 

competition experiments.  A regime is chosen where the footprinting complex is 

tightly bound to its DNA.  Then varying concentrations of the competing complex are 

added.  This will cause the footprinting complex to become dissociated from the site 

and the cleavage of the DNA is reduced.  This reduction in cleavage is measured with 

phosphorimagery, graphed and apparent binding constant measured.  This value is then 

used to compute the correct binding constant.  This method cannot lead to an accurate 

determination of the binding constant when the unknown complex is a tighter binder than 

footprinting complex.
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2.2:  [Rh(bpy)2(phzi)]Cl3, a high afýnity binder of DNA mismatches

2.2.1:  Introduction

	 The targeting of single base mismatches in DNA represents a challenging 

problem in molecular recognition.  The mismatched site may be of variable sequence 

and within a variable sequence context.  What distinguishes such a site is instead the 

local destabilization in opposing bases because of the absence of Watson-Crick hydrogen 

bonding.19  While challenging, however, the development of small molecules targeted 

to mismatches offers many applications. Site-speciýc mismatch probes could be used in 

discovery efforts to identify single nucleotide polymorphisms.  Moreover, such molecules 

could provide the basis for the development of novel chemotherapeutics.  Many cancers 

are associated with a deýciency in mismatch-repair.20; 21  Hence, by directing small 

molecules to the accumulated mismatches, a cancer-speciýc targeting strategy could be 

envisioned.

	 In our laboratory, we have exploited the local helix destabilization associated 

with mispairing in the design of a metal complex targeted to mismatches.18; 22  Shown 

in ýgure 2.5 is a rhodium complex containing the benzo[a]phenazine quinone diimine 

(phzi) ligand as well as chrysene quinone diimine (chrysi) and phenanthrene quinone 

diimine (phi) ligands.  Octahedral rhodium(III) complexes containing the phi ligand 

bind avidly to double helical DNA by intercalation23; upon photoactivation, direct 

DNA strand cleavage is also promoted at the bound site.16  By tuning the ancillary 

ligands, complexes can be prepared that are either site speciýc or sequence neutral.  

[Rh(bpy)phi2]
3+, for example, binds to B-DNA with little site-selectivity16, while 

Adapted from Junicke, H., Hart, J. R., Kisko, J., Glebov, O., Kirsch, I. R. & Barton, J. K. 
(2003). A rhodium(III) complex for high-afýnity DNA base-pair mismatch recognition. 
Proc Natl Acad Sci U S A 100, 3737-3742.
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[Rh(S,S-dimethyltrien)(phi)]3+ speciýcally targets the sequence 5ô-TGCA-3ô.24  The high 

resolution crystal structure of [Rh(S,S-dimethyltrien)(phi)]3+ bound to a DNA octamer 

shows site-speciýc intercalation by the complex from the major groove side of the helix, 

with site-discrimination determined through an ensemble of hydrogen bonding contacts 

and methyl-methyl interactions.25  The intercalated phi ligand itself resembles another 

base pair, stacked at a distance of 3.4 ¡ between neighboring base pairs, and with an 

expanse across the ligand of dimensions matching that of the base pairs above and below.  

	 The chrysi complex represents our ýrst generation complex targeted to 

mismatches.18 The site speciýcity of the complex is derived from the fact that it is a 

more bulky intercalator with an expanse exceeding that of the well-matched base pair.  

Owing to shape selection, the complex is unable to bind to well-matched B-form DNA.  

However, at sites where a base pair is destabilized, intercalation of the chrysi complex 

can occur. [Rh(bpy)2chrysi]3+ has been shown to be both a general and remarkably 

speciýc mismatch recognition agent.26; 27  Speciýc DNA cleavage is observed at over 

80% of mismatch sites in all the possible single base pair sequence contexts around the 

mispaired bases.   Moreover, the complex was found to recognize and photocleave at a 

single base mismatch in a 2725 base pair linearized plasmid heteroduplex.

	 Here we describe the synthesis and application of a second generation mismatch 

recognition agent, [Rh(bpy)2phzi]3+. This complex shares with the chrysi complex a 

sterically demanding intercalating ligand.  However, the phzi ligand, as an aromatic 

heterocycle, offers the possibility of greater stabilization through stacking within the 

mismatched site.  Indeed, [Rh(bpy)2phzi]3+ binds mismatched sites with a binding afýnity 

increased by two orders of magnitude without a loss in site-selectivity. This high afýnity 

allows the application of the complex in the differential targeting of DNA in a mismatch-

repair deýcient cell line.
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2.2.2:  Synthesis and experimental

	 Materials. Commercially obtained chemicals were used as received.  Bipyridine, 

triþic acid, 2,3-dichloro-1,4-napthoquinone and phenylenediamine were purchased from 

Aldrich.  RhCl3•2H2O was obtained from Pressure Chemical.

	 Instrumentation.  Electronic spectra were recorded on a Beckman DU 7400 

UV-visible spectrophotometer.  Mass spectra (ESI) were measured on an LCQ mass 

spectrometer.  High-performance liquid chromatography was performed on a Waters 996 

system using a Vydac C18 column (4.0 mL/min liquid phase, linear gradient over 50 min 

from 100% 50 mM NH4OAc, pH 7.0 to 100% acetonitrile).  NMR spectra were recorded 

on a Varian Mercury 300 MHz instrument.  DNA synthesis was performed on an ABI 

392 DNA/RNA synthesizer using reagents from Glen Research.  DNA was puriýed using 

Glen Research Poly-Pak II cartridges followed by reverse phase HPLC.  Photocleavage 

reactions were carried out using a 1000 W Oriel Hg/Xe arc lamp with a monochromator 

ýtted with a 300 nm cutoff ýlter and an IR ýlter.  

	 Synthesis of Benzo[a]phenazinequinone.  This compound has previously 

been synthesized.28  The synthetic procedure used is elaborated here.  The quinone 

is synthesized through an electophilic aromatic substitution followed by an imine 

condensation.  This intermediate is then oxidized by nitric acid to the desired quinone.  

2,3-dichloro-1,4-naphthaquinone (9 g, 40 mmol) and 1,2-phenylenediamine (4 g, 

37 mmol) were dissolved in 200 mL pyridine.  The solution was heated with a boiling 

water bath for 1 hour.  The dark red solution was ýltered and the solid was collected.  The 

solid was dissolved in 100 mL of 100 ÜC pyridine and ýltered again.  The solution was 

cooled to -20 ÜC and the zwitterionic intermediate, 6-pyridinium-benzo[a]phenazin-5-

olate, was isolated by ýltration.  The collected solid was freed from excess pyridine by 

placing under high vacuum for several days, although the oxidation will proceed without 
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interference if some pyridine remains.  

	 The intermediate was oxidized to the desired benzo[a]phenazine-5,6-quinone 

by oxidation with nitric acid.  1 g of the 6-pyridinium-benzo[a]phenazin-5-olate was 

dissolved in 35 mL glacial acetic acid, 4 mL nitric acid, and 2.3 mL of water.  The red 

brown solution was heated to 80 ÜC for 1 hour.  The product was precipitated by pouring 

of the solution into 100 mL of cold water.  The precipitate was ýltered from solution 

and washed 3 times with ethanol and 3 times with ether to yield a yellow powder with 

a slight green tinge.  1H NMR (CDCl3, 300MHz)  8.78ppm (d, 1H, 7.9Hz), 8.24ppm (d, 

1H, 8.6Hz), 8.21ppm (d, 1H, 10Hz), 8.15ppm (d, 1H, 7.4Hz), 8.01ppm (t, 1H, 6.8Hz), 

7.94ppm (t, 1H, 6.4Hz), 7.90ppm (t, 1H, 7.8Hz), 7.73ppm (t, 1H, 7.6Hz)

	 Synthesis and Characterization.  Rac-[Rh(bpy)2phzi]Cl3, (bis(2,2ô‑bipyri

dine)benzo[a]phenazine diimine rhodium(III) chloride). Rac-[Rh(bpy)2(phzi)]Cl3 

was synthesized using the o-quinone condensation method previously employed in the 

synthesis of [Rh(bpy)2(chrysi)]Cl3.6  [Rh(bpy)2(NH3)2]OTf3 (100 mg, 0.1 mmol) and 

benzo[a]phenazinequinone (35 mg, 0.125 mmol), were prepared according to literature 

procedure.5; 28  These were dissolved in dry acetonitrile (50 mL). Aqueous sodium 

hydroxide (2 mL, 0.2 M) was added and the solution was rapidly stirred for 30 minutes 

at ambient temperature. The reaction was quenched with the addition of 35 mL water 

and 0.2 N HCl to neutralize.  The acetonitrile was removed in vacuo. The remaining 

solution was ýltered from the brown solid and loaded on a CM-C25 Sephadex cation 

exchange column (resin equilibrated with 0.05 M MgCl2). A yellow organic ligand passes 

right through. After rinsing with water, 0.05 M MgCl2, a green fraction elutes which 

was collected and concentrated on a Seppac-C18 column and eluted with a mixture of 

acetonitrile/water/TFA (1:1:0.001) and lyophilized to dryness. Yield: 23mg (30% yield). 

Microanalysis found (calc): C 54.8 (55.4), H 3.6 (3.3), N 15.3 (14.8). 1H NMR (d6-

DMSO, 300 MHz): d 14.88 (s), 14.70 (s), 9.03 (m, 4H), 8.90 (d, 2H, 7.2 Hz), 8.72 (d, 1H, 
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6.1 Hz), 8.60 (t, 2H, 8.5 Hz), 8.54 (d, 1H, 6.1 Hz), 8.47 (t, 2H, 8.5 Hz), 8.32 (d, 1H, 8.5 

Hz), 8.20 (d, 1H, 8.5 Hz), 8.11 (t, 1H, 7.3 Hz), 8.03 (m, 3H), 7.94 (t, 1H, 6.1Hz), 7.84 

(t, 1H, 7.3Hz), 7.75 (m, 3H), 7.69 (d, 1H, 6.1 Hz) ppm. ��������� UV/vis (H2O, pH 5): 245 nm, 

(89,800 M-1cm-1); 304 nm (65,800 M-1cm-1), 314 nm (67,300 M-1cm-1), 343 nm (39,300 

M-1cm-1). ����������������������� ESI-MS(cation) 671(M-2H+) observed, 671 calc.

	 DNA Preparation and Photocleavage Experiments.  The oligonucleotides, 5ô-

GAT GTC GGT CCC ACG ATG GTG ACG GAT TAC C-3ô and 5ô-GAG TTG GTA ATC 

CGT CAC CAT CGT GCG ACC GAC ATC ATG CG-3ô, where C denotes the postion of 

the mismatch, were synthesized on an ABI 392 DNA/RNA synthesizer, using standard 

phosphoramidite solid-phase synthesis, and initially puriýed on Poly-Pak II cartridges 

and further puriýed by HPLC (98% 100 mM NH4OAc/2% acetonitrile to 70% 100 mM 

NH4OAc/30% acetonitrile over 30 minutes).  The single strands were then 5ô labeled 

with [g-32P]ATP and T4 polynucleotide kinase.  The labeled strands were further puriýed 

by gel electrophoresis (20% denaturing polyacrylamide gel), eluted from the gel via 

soaking in TEAA, ethanol precipitated, and annealed in the presence of unlabeled DNA.  

To the labeled 31/41-mer duplex (2 mM in 50 mM NaCl, 10 mM TrisHCl, pH 8.5) was 

added either [Rh(bpy)2phzi]Cl3 or [Rh(bpy)2chrysi]Cl3, and the sample was irradiated.  

After irradiation, all samples were lyophilized, denaturing formamide loading dye was 

added, and the samples were electrophoresed on a 20% polyacrylamide denaturing gel. 

The photocleavage results were quantitated via phosphorimagery (Molecular Dynamics 

Phosphorimager).

2.2.3:  DNA photocleavage of a single base mismatch

As is evident in ýgure 2.8, photoactivation of [Rh(bpy)2phzi]3+ bound 

to a mismatched site leads to direct strand cleavage.  Upon photoactivation of 
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Figure 2.7:  Photocleavage of mismatched DNA with Rhphzi.  Phosphoimagery 

of 20% polyacrylamide gels shows mismatch-speciýc cleavage by the rhodium(III) 

complex (a) after DNA photocleavage by 1 ɛM [Rh(bpy)2chrysi]Cl3 (BC) and 0.1 

to 100 ɛM [Rh(bpy)2phzi]Cl3 (BZ) on [5ô-32P]-labeled CC mismatch-containing, 

indicated by *, 31/41-mer DNA duplex (1 ɛM). All samples were prepared in 

10 mM Tris pH 8.0, 50 mM NaCl. All irradiations were at 313 nm for 15 min. (b) 

after DNA photocleavage by varying concentration of [Rh(bpy)2chrysi]Cl3 (BC) and 

[Rh(bpy)2phzi]Cl3 (BZ) as well as at different wavelengths for [Rh(bpy)2phzi]Cl3. It 

is notable, that BC does not cleave the DNA at concentrations up to 100 nM whereas 

BZ already shows a cleavage at 10 nM at the mismatch site.  Lanes labeled AG and 

CT refer to Maxam-Gilbert sequencing reactions. DC refers to the dark control DNA 

sample without irradiation, and LC refers to the light control sample irradiated in the 

absence of metal complex. 
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Figure 2.8:  Binding of Rhphzi to mismatched and matched DNA.  Binding 

isotherms for [Rh(bpy)2phzi]3+ targeted to a C-C mismatch-containing oligonucleotide 

(closed circles) and the highest afýnity well-matched (open circle) site in the same 

duplex.  Photocleavage reactions were performed in 50 mM NaCl, 10 mM TrisĀCl, 

pH 8.5 buffer with irradiation 313 nm radiation for 15 min. The concentration of the 

oligomer varied from 1 Ĭ 10-10 to 4 Ĭ 10-4 M with the rhodium complex at 10-fold 

lower concentration. Samples were eluted through 20% denaturing polyacrylamide gels 

and the data analyzed using a Molecular Dynamics Phosphorimager and ImageQuant 

software. Cleavage is observed at the base 3ô to the C-C mismatch on the shorter strand. 

For comparison, the speciýc binding afýnity of the corresponding chrysi complex to this 

site is 3.1 Ĭ 10-5 M-1.
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[Rh(bpy)2phzi]3+ in the presence of a mismatch-containing DNA duplex, site-speciýc 

photocleavage is observed at the base 3ô to the mismatch site.  Both the position of 

strand cleavage and the level of speciýcity are in accordance with that seen using the 

chrysi complex.  Signiýcantly, however, speciýc cleavage of the mismatch site by 

[Rh(bpy)2phzi]3+ can be seen at metal concentrations as low as 10 nM.

	 Titrations as a function of concentration, where the ratio of metal/DNA is kept 

constant, can be used to establish the speciýc binding constant to an individual site. 

Figure 2.9 shows the quantitation for such a photocleavage titration.  The speciýc 

binding constant for [Rh(bpy)2phzi]3+ at the C-C mismatch in this oligonucleotide is 

1 Ĭ 107 M‑1.  This compares to a value of 3 Ĭ 105 M-1 for [Rh(bpy)2chrysi]3+ under 

comparable conditions.

Not only does [Rh(bpy)2phzi]3+ bind more tightly to mismatched sites, 

photoactivation experiments reveal also that the complex has approximately a ýve-fold 

higher photoefýciency than the chrysi analogue in cleaving the C-C mismatch. The 

last three lanes in ýgure 2.8 also show the photoefýciency for the complex at different 

wavelengths. Remarkably, the cleavage can be seen even at visible wavelengths of 

525 nm.  

Site-speciýc binding by [Rh(bpy)2phzi]3+ can also be compared quantitatively 

to non-speciýc binding to well-matched sites on the duplex (ýgure 2.9).  For this 

oligonucleotide, the highest cleavage intensity other than that for the C-C site is evident 

within the duplex region 5ô-GTCGG-3ô.  The determination of the binding constant for 

this site yielded a value of 4 Ĭ 105 M-1, almost two orders of magnitude weaker than 

that for the mismatch. This represents the highest well-matched site afýnity, so that the 

average non-speciýc afýnity is weaker.  This level of speciýcity is comparable to that 

seen with the chrsyi complex.18 

	 [Rh(bpy)2phzi]3+ targets not only the C-C mismatch but other mismatches as 
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well.  The full family of mismatches was examined through photocleavage experiments 

on a 31 base-pair oligomer by varying the base sequence at the central mismatch 

site. The pyrimidine mismatches in particular, including C-T, T-T, and T-C, are also 

readily cleaved.  By quantitative photocleavage titration, the binding afýnity for the 

C-A mismatch is found to be 3 Ĭ 106 M-1, while that for C-T is 6 Ĭ 107 M-1.   Overall, 

targeting appears not to be base speciýc, but mismatch speciýc.  As with the parent chrysi 

complex, then, site speciýcity depends upon the local helix destabilization associated 

with mispairing.  

2.2.4:  Photocleavage efýciency

	 Also of interest, while [Rh(bpy)2phzi]3+ has the ability to target a variety of 

different mismatches with high afýnity, it is not able to cleave all mismatches with equal 

photoefýciency.  This may determined through quantitative photocleavage titration; at 

maximum binding, different intensities of photocleavage are observed. The different 

photoefýciencies can be understood in terms of variations in bound geometries within 

the different mismatch site, since photocleavage is expected to depend upon access of the 

photoexcited ligand radical to hydrogen atoms on the sugar.16  Several mismatches, such 

as the C-C and T-T, are cleaved with much better efýciency than [Rh(bpy)2(chrysi)]3+; 

others such as C-A are bound tightly but do not exhibit efýcient cleavage.  

2.3:  [Rh(bqdi)2(chrysi)]3+, a binder of G-G DNA mismatches

2.3.1:  Introduction

	 While [Rh(bpy)2(phzi)]Cl3 is a higher afýnity complex, it retains similar mismatch 

recognition properties to the [Rh(bpy)2(chrysi)]Cl3 complex.  It was desired to synthesize 

a complex which would be able to recognize mismatches which were not recognized 

by the parent complexes.  In general, these mismatches are the guanine containing 
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mismatches G-G, G-A, and G-T.  

	 The strategy for the creation of this new complex was simple.  Guanine containing 

mismatches are not stabilizing in comparison to Watson-Crick base pairs, but are simply 

more stable than other mismatches.29  If the afýnity of a complex could be boosted 

slightly perhaps it would be possible to target these guanine containing mismatches.

	 Previous work within our group has demonstrated the ability of coordinated 

amines in the recognition of guanine bases.  Several complexes have been synthesized 

which demonstrate this increased afýnity for guanine rich sites.30  In these complexes, 

amines coordinated in the axial position of a metallointercalator hydrogen bond with the 

O6 of the guanine base. This hydrogen bonding is readily seen in the crystal structure of 

[Rh(dimethyl-trien)(phi)]Cl3.
25 

	 The goal then is to add such functionality to one of our mismatch intercalators 

to see if the increase in binding afýnity will be sufýcient to bind guanine containing 

mismatches.  While this may seem simple enough there are two complicating factors.  

First, the binding of [Rh(bpy)2(chrysi)]Cl3 to DNA has never been adequately described.  

While intercalation from the major groove would seem to be the obvious binding mode, 

there is little evidence for or against this.  Additionally the location of the mismatched 

bases is also very important.  If these bases are in an extrahelical conformation upon 

binding, they will not be available for hydrogen bonding.

	 The other complication is the photoefýciency of rhodium amine complexes.  

Upon UV excitation of a rhodium intercalator, a transient species capable of hydrogen 

atom extraction is formed.17  It has been previously shown that when ancillary ligands 

are changed from bipyridine or phenanthroline to amines the yield of photocleavage 

is signiýcantly reduced.  For this reason, the 1,2-benzoquinone diimine, bqdi, ligand 

was also employed.31  This ligand has been shown to not be an intercalator of DNA 

and provides an axial imine moiety which, similar to an amine, should be capable of 
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hydrogen bonding with the O6 of guanine.  Additionally it was believed that these bqdi 

complexes would show a higher photoefýciency for photocleavage as compared to 

ammine complexes.  However these complexes do not show efýcient photocleavage, but 

binding to G-G mismatches can still be observed.

2.3.2:  Experimental

	 Synthesis of [Rh(NH3)4(chrysi)]Cl3.	[Rh(NH3)6]OTf3 was prepared by the 

method of Sargeson as described previously.3  [Rh(NH3)6]OTf3, 100 mg, was reacted with 

39 mg chrysene quinone in 50 mL acetonitrile, 50 mL water with 0.2 mL 1 M sodium 

hydroxide as a catalyst.  Acetonitrile is removed under vacuum followed by ýltration, 

which removes the unreacted chrysi quinone.  The desired complex is separated from 

unreacted [Rh(NH3)6]OTf3 by Seppac C18 cartridge and eluted with 1:1:0.001 acetonitrile:

water:TFA. This forms the desired [Rh(NH3)4(chrysi)]OTf3 complex in 65% yield, 85 mg.  

The NMR of this species is complex at room temperature due to slowly interconverting 

hydrogen bonded structures.  At higher temperatures these interconvert more rapidly, for 

this reason NMR data of this complex is taken in DMSO at 50 ÜC.  1H NMR (d6-DMSO, 

300 MHz): d 13.30 (s), 12.32 (s), 8.876 (t, 1H, 7.7Hz), 8.787 (d, 1H, 7.9Hz), 8.57-8.51 

(m,2H), 8.358 (dd, 1H, 8.9Hz, 4.6Hz), 8.145 (d, 1H, 7.7Hz), 7.85-7.70 (m, 4H), 4.73-4.54 

(broad m, 6H), 3.862 (s, 3H), 3.636 (s, 3H) ppm. ��������� UV/vis (H2O, pH 5): 263 nm, (60,900 

M-1cm-1); 283 nm (38,100 M-1cm-1), 326 nm (12,600 M-1cm-1), 413 nm (12,000 M-1cm-

1). �����������������������������  MALDI-MS(cation) 425m/z (M-2H+) observed, 427m/z calc.

	 Synthesis of [Rh(bqdi)2(chrysi)]Cl3.  [Rh(NH3)4(chrysi)]OTf3, 25 mg, with 

100 mg 1,2-phenylene diamine in a simple displacement reaction in 100 mL water 

with a crystal of hydrazine hydrochloride as a catalyst.  This solution was allowed to 

stir under air atmosphere for 3 days during which time a reaction occurs to produce 
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Figure 2.9:  Synthesis of [Rh(NH3)4(chrysi)]3+ and [Rh(bqdi)2(chrysi)]3+.  

[Rh(NH3)6]OTf3 and chrysene quinone are dissolved in a 3:1 acetonitrile:water 

mixture with excess of sodium hydroxide to form [Rh(NH3)4(chrysi)]3+.  This 

is puriýed by reverse phase chromatography.  The pure [Rh(NH3)4(chrysi)]3+ is 

stirred with an excess of o-phenylene diamine in water for 3 days under oxygen 

atomosphere.  The compound is puriýed from the reaction mixture by ion 

exchange chromatography
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[Rh(pda)2(chrysi)]OTf3 which is not isolated, but upon standing oxidizes with air 

to form the desired [Rh(bqdi)2(chrysi)]OTf3.  The solution is extracted 5 times 

with 20 mL dichloromethane to remove excess ligand.  The resulting solution of 

[Rh(bqdi)2(chrysi)]OTf3 was puriýed by ion exchange chromatography on Sephadex 

CM-25 resin using 0.1 M MgCl2 as an eluant.  This also exchanges the triþate ions for 

chloride. The eluant is collected onto a SepPac C18 reverse phase cartridge and eluted 

with 1:1:0.001 acetonitrile:water:TFA.  The solution is then dried under vacuum to isolate 

the desired complex. Yield 2.5 mg, 13% yield. ��������� UV/vis (H2O, pH 5): 263 nm, (56,400 

M‑1cm‑1), 323 nm (14,200 M-1cm-1), 399 nm (12,600 M-1cm-1).  ������������������ MALDI-MS observed 

573 m/z (M-4H+) calculated 573 m/z.

	 DNA Preparation and Photocleavage Experiments [Rh(bqdi)2(chrysi)]3+.  

The oligonucleotides, 5ô-GAT GTC GGT CCC ACG ATG GTG ACG GAT TAC C-3ô 

and 5ô-GGT AAT CCG TCA CCA TCG TGC GAC CGA CAT C -3ô, where C denotes 

the postion of the mismatch, were synthesized on an ABI 392 DNA/RNA synthesizer, 

using standard phosphoramidite solid-phase synthesis, and initially puriýed on Poly-

Pak II cartridges and further puriýed by HPLC (98% 100 mM NH4OAc/2% acetonitrile 

to 70% 100 mM NH4OAc/30% acetonitrile over 30 minutes).  The single strands were 

then 5ô labeled with [g-32P]ATP and T4 polynucleotide kinase.  The labeled strands were 

further puriýed by gel electrophoresis (20% denaturing polyacrylamide gel), eluted 

from the gel via soaking in TEAA, ethanol precipitated, and annealed in the presence of 

unlabeled DNA.  To the labeled 31-mer duplex (2 mM in 50 mM NaCl, 10 mM TrisHCl, 

pH 7.0) was added either [Rh(bqdi)2chrysi]Cl3 or [Rh(bpy)2chrysi]Cl3, and the sample 

was irradiated for 15 minutes using a solar simulator.  After irradiation, all samples 

were lyophilized, denaturing formamide loading dye was added, and the samples were 

electrophoresed on a 20% polyacrylamide denaturing gel. The photocleavage results were 

quantitated via phosphorimagery (Molecular Dynamics Phosphorimager).
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	 Competition between [Rh(bqdi)2(chrysi)]Cl3 and [Rh(bpy)2(chrysi)]Cl3.  In 

this gel, 5 �������������������    ɛ������������������    L of 5 ����������� ɛ���������� M [Rh(bpy)2(chrysi)]Cl3 and 10 ������������������������������      ɛ�����������������������������      L of 2.5 ɛM DNA, sequence is 

the same used in the previous experiment, was added to 5 ���������������  ɛ��������������  L of [Rh(bqdi)2(chrysi)]Cl3, 

whose concentration varied from 1 ������������������������������������       ɛ�����������������������������������       M to 500 ��������������������������    ɛ�������������������������    M.  This would allow the 

[Rh(bqdi)2(chrysi)]Cl3, which does not cleave, to compete with the [Rh(bpy)2(chrysi)]Cl3, 

which does cleave.  These samples were irradiated by a solar simulator for 15 

minutes.  After this the samples were separated by gel electrophoresis and imaged by 

phosphorimagery.  The data was analyzed as the fraction of DNA cleaved and plotted 

against concentration.  The data was then ýtted to a sigmoidal curve with an binding 

constant of 1 Ĭ 106 M-1.

	 Footprinting the binding of [Rh(bqdi)2(chrysi)]Cl3 to a G-G mismatched 

DNA duplex with [Rh(bpy)2(phi)]Cl3. The experiment was conducted by mixing 1 ɛM 

DNA duplex, 5ô-32Pi-GAT GTC GGT CGC ACG ATG GTG ACG GAT TAC C-3ô and 5ô-

GGT AAT CCG TCA CCA TCG TGG GAC CGA CAT C -3ô, 8 ɛM [Rh(bpy)2(phi)]Cl3 

and a gradient of [Rh(bqdi)2(chrysi)]Cl3 from 125 ɛM to 25 nM and in the presence 

of 50 mM NaCl, 10 mM Tris pH 7.0.  These samples were irradiated for 3 minutes.  

The cleaved DNA was analyzed by gel electrophoresis.  The gel was imaged by 

phosphorimagery.  The DNA spots were quantitated by Imagequant and plotted as the 

fraction of spot intensity to the lane intensity (fraction cleaved).  The data were ýt to a 

sigmoidal curve with an apparent binding constant of 4 Ĭ 105 M-1.  Nonspeciýc sites are 

also noted, but they are at least an order of magnitude less than the G-G mismatch.

2.3.3:  Mismatch binding by bqdi complexes

	 After the initial synthesis of [Rh(bqdi)2(chrysi)]Cl3, its properties with DNA 

where investigated.  A series of experiments were conducted with [Rh(bqdi)2(chrysi)]Cl3 
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and C-C mismatched DNA.  This mismatch being the most destabilizing provides the 

best DNA binding site for the newly synthesized complex to determine photocleavage 

properties.  A broad spectrum source was used for irradiation and upon irradiation for up 

to 3 hours, no cleavage of DNA was seen, an example of the lack of cleavage is shown in 

ýgure 2.10.  [Rh(bpy)2(chrysi)]Cl3 is shown as example of photocleavage.

	 This result can be taken one of two ways.  Either the complex does not bind 

mismatches and therefore does not cleave, or it binds mismatches and has a low 

photoefýciency.  To distinguish between these two possibilities, a competition experiment 

between [Rh(bpy)2(chrysi)]Cl3 and [Rh(bqdi)2(chrysi)]Cl3 was conducted.  To a solution 

containing 5 ɛM duplex containing a C-C mismatch, 5 ɛM [Rh(bpy)2(chrysi)]Cl3, 10 mM 

Tris pH 7.0, 50 mM NaCl, varying amounts of [Rh(bqdi)2(chrysi)]Cl3 were added.  This 

experiment, shown in ýgure 2.11, demonstrates that the bqdi complex is competent 

in binding a C-C mismatch.  From this competition data it is possible to determine the 

binding constant of the added intercalator, in this case [Rh(bqdi)2(chrysi)]Cl3.  The 

binding constant of [Rh(bpy)2(chrysi)]Cl3 for a particular mismatch in the absence of 

[Rh(bqdi)2(chrysi)]Cl3 is easily determined  by a simple titration.  When an additional 

intercalator is added to the system, equilibrium is established between the two 

intercalators.  Using a titration of [Rh(bqdi)2(chrysi)]Cl3 against a constant amount 

of  [Rh(bpy)2(chrysi)]Cl3, it is possible to determine the afýnity of the new intercalator 

towards a particular site, in this case a C-C mismatch.  This relative measurement along 

with the absolute binding afýnity of [Rh(bpy)2(chrysi)]Cl3 for the particular site can be 

used to calculate the binding afýnity of the intercalator.  From this competition data, 

a binding constant to the C-C mismatch of 7 Ĭ 105 M-1
 can be calculated.  From these 

results, we must infer that the bqdi complex can bind to mismatches, but has a low 

photoefýciency for DNA photocleavage.

	 Finally, an experiment was conducted with this complex to determine if 
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Figure 2.10:  Photocleavage with [Rh(bqdi)2(chrysi)]3+.  Photocleavage 

experiment with a C-C mismatched DNA duplex in the presence of 50 mM 

NaCl and 10 mM Tris pH 7.0.  The mismatch site is indicated by the star.  No 

photocleavage is noted, variation of irradiation time does not produce cleavage.
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Figure 2.11:  Competition between [Rh(bqdi)2(chrysi)]3+ and 

[Rh(bpy)2(chrysi)]3+.  Increasing amounts of the bqdi complex are added to 5ɛM 

DNA containing a C-C mismatch, 5ô‑32Pi-GAT GTC GGT CCC ACG ATG GTG 

ACG GAT TAC C-3ô and the unlabeled complement with indicated C mismatched 

with a C, at the indicated site with 5 ɛM [Rh(bpy)2(chrysi)]3+ in 50 mM NaCl, 10 

mM Tris pH 7.0.  The bqdi complex effectively competes for the C-C mismatch 

site to which the bpy complex is bound.  A binding constant of 1 x 106 M-1 can be 

calculated from the ýt of this data.
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indeed it could bind a G-G mismatch.  Because [Rh(bpy)2(chrysi)]Cl3 does not bind 

G-G mismatches it cannot be used.  Binding sites of non-photoreactive major groove 

intercalators can be determined by footprinting using the non-speciýc [Rh(bpy)2(phi)]Cl3.  

This complex cleaves DNA by abstracting a hydrogen atom from the DNA backbone 

upon UV excitation.  Upon the addition of another intercalator, [Rh(bpy)2(phi)]Cl3 can be 

displaced from DNA duplex reducing the damage at a particular site on the DNA.  This 

reduction in damage is called a footprint and it indicates the presence of a competing 

species at that site.  This complex is capable of binding both matched and mismatched 

base pairs within DNA, with little sequence speciýcity.	

	 Using [Rh(bpy)2(phi)]Cl3 as a footprinting agent, The binding of the bqdi complex 

to a G-G mismatch can be assessed.  Solutions containing 1 ɛM G-G mismatched DNA 

duplex, 8 ɛM [Rh(bpy)2(phi)]Cl3, 10 mM Tris pH 7.0, and 50 mM NaCl.  To this mixture 

various amounts of [Rh(bqdi)2(chrysi)]Cl3 were introduced before irradiation.  These 

experiments clearly show a footprint at the G-G mismatch site.  At higher concentrations 

the complex effectively blocks all sites on the DNA.  While quantitative measurements of 

binding afýnity cannot be obtained from this data, the binding constant of this complex 

to a G-G mismatch is at least 4 Ĭ 105 M-1.  Additionally, the binding constant at the G-G 

mismatch is at least 10 times higher than that for the matched base pairs.

	 This complex represents the ýrst attempt at the recognition of highly stabilizing 

mismatch.  This mismatch G-G in this sequence context, 5ô-CGC-3ô is stabilizing to the 

DNA duplex by -1.22 kcal/mol, as calculated using the nearest neighbor method.29  It 

seems likely that this complex is capable of recognizing other highly stable mismatches.  

Additional studies will be required to determine which mismatches and in what sequence 

contexts this complex will bind.

	 How is this complex able to recognize this stable mismatch?  The 

[Rh(bpy)2(chrysi)]3+ has been shown to bind mismatches if they are destabilized to a 
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Figure 2.12:  Photofootprinting of [Rh(bqdi)2(chrysi)]3+ binding to a G‑G 

mismatch.  Since [Rh(bqdi)2(chrysi)]3+ is not capable of photocleavage, 

photofootprinting was used as an alternative.  1 ɛM DNA containing a G-G 

mismatch, 5ô‑32Pi-GAT GTC GGT CGC ACG ATG GTG ACG GAT TAC C-3ô and 

the unlabeled complement with indicated G mismatched with a G, was mixed with 

8 uM [Rh(bpy)2(phi)]3+ and photocleaved in the presence of varying concentrations 

of [Rh(bqdi)2(chrysi)]3+, as indicated on the gel.  The reaction was performed with 

50 mM NaCl and 10 mM TrisĀCl as buffer.  The location of the G-G mismatch is 

indicated by the arrow.  Both speciýc and nonspeciýc behaviors are noted.
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Figure 2.13:  Binding of [Rh(bqdi)2(chrysi)]3+ to a G-G mismatch.  The quantiýed 

intensity of the G-G mismatched site, from ýgure 2.12, expressed as fraction cleaved, 

is plotted against [Rh(bqdi)2(chrysi)]3+ concentration.  The apparant binding constant is 

4 Ĭ 105 M-1.  The actual binding constant will be this value or higher.  The nonspeciýc 

binding constant is at least an order of magnitude less.  1ɛM DNA containing a G-G 

mismatch, 5ô‑32Pi-GAT GTC GGT CGC ACG ATG GTG ACG GAT TAC C-3ô and 

the unlabeled complement with indicated G mismatched with a G, was mixed with 

8 ɛM [Rh(bpy)2(phi)]3+ and photocleaved in the presence of varying concentrations 

of [Rh(bqdi)2(chrysi)]3+.  The reaction was performed with 50 mM NaCl and 10 mM 

TrisĀCl as buffer.



69

T

C

G

C

A

A

G

G

G

T

T

C

G

C

A

A

G

G

G

T

Rh

T

C

G

C

A

A

G

G

G

T

Rh

5’

3’

3’

5’

5’ 3’ 5’ 3’

3’ 5’
3’ 5’

Figure 2.14:  Two schematic representations of [Rh(bqdi)2(chrysi)]#+ binding.  It 

seems likely that the chrysi ligand intercalates into the DNA base stack.  This will 

allow the imines of the bqdi ligand to hydrogen bond with the guanine bases present.  
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kink the DNA.  On the right, the complex inserts in a normal intercalative mode, 

stacking with the G-G mismatch and hydrogen bonding with it and nearby G-C base 

pair.
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certain amount.27  It would seem then that this complex has increased afýnity to this 

particular site.  This small increase in afýnity may be sufýcient to push the complex over 

the energetic barrier to a tighter bound form.  

	 The structure of how the chrysi ligand binds to the mismatch is also of 

considerable interest.  One possibility is that the axial imines hydrogen bond with the 

O6 of guanine similar to the parent ammine complexes.24; 25; 30  In this case, the chrysi 

ligand intercalates and stacks with both the G-G mismatch and a C-G base pair, hydrogen 

bonding with the guanines of both the mismatch and the matched base pair.  The other 

possibilities are that the chrysi ligand intercalates in a canted fashion with the two 

guanines of the mismatch on opposite sides of the intercalated chrysi ligand.  In this 

situation it would seem that this binding mode would place a severe kink within the DNA 

and hydrogen bonding between the guanines would be lost, but a hydrogen bond from 

the coordinated imine to both of the guanines would be possible.  It seems unlikely that 

extrahelical bases could be involved as the both hydrogen bonding and aromatic stacking 

of the guanine mismatch would both be disrupted and could hardly be recovered by the 

intercalation of the complex.  Minor groove binding also seems unlikely as the complex, 

though smaller, would still seem to be far too large to associate with any depth in the 

minor groove.  Perhaps future studies will elucidate the structure of the intercalated 

chrysi ligand.
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Chapter 3:  Single Nucleotide Polymorphism Discovery by 

Targeted DNA Photocleavage

3.1:  Introduction

	 Single nucleotide polymorphisms (SNPs) have been the focus of research for 

both their roles in disease1 and use as markers in genetics2.  Occuring as frequently as 

1 SNP per 1000 base pairs, they are by far the most common mutation present in the 

human genome3,4.  It is estimated that there are 10 million SNPs with an allele frequency 

greater than 1%5 and approximately 5 million so called common SNPs with frequencies 

exceeding 10%6.  Most SNPs have no effect on gene expression or gene products and 

therefore appear to be phenotypically silent.

	 It has been suggested that developing a dense map of SNP locations can 

signiýcantly aid in the identiýcation of genetic factors associated with disease7.  Owing to 

the presence of recombination hot spots8,9, the genome is organized into haplotype blocks 

that infrequently undergo recombination separated by areas of frequent recombination.  

On which regions might SNP discovery efforts be focused? Because of the great cost 

associated with full scale mapping of SNPs throughout the genome, current efforts have 

been directed toward SNP discovery within genes likely associated with disease or 

disease predisposition10.  This strategy then necessarily excludes discovery within regions 

of the genome of unknown function.

	 Although many have touted the beneýts of SNPs, it is because discovering the 

location of low frequency SNPs remains a costly and time consuming challenge that 

Adapted from Hart, J. R., Johnson, M. D., Barton, J. K. (2004). Single-nucleotide 

polymorphism discovery by targeted DNA photocleavage. Proc. Natl. Acad. Sci. USA 

101, 14040-14044.
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SNP discovery efforts have been restricted.  Currently, there are few alternatives to 

resequencing for the initial discovery of these SNPs.  Resequencing is expensive in 

terms of materials, labor, and information processing.11,12  A relatively large population 

must be sequenced throughout the genome7, or alternatively every haplotype block 

and intervening hotspots3, in order to create a high density SNP map of the genome.  

Sequence data from each individual, or pool, must be compared to all other individuals, 

or pools, to detect the presence of a SNP within that sequence.  Current techniques 

require the sequencing of a particular region of the genome several times in order to 

locate a rare SNP11,12.  Additionally these methods suffer from a high false positive rate of 

10%-15%.  Once the SNP has been localized, many existing technologies can be applied 

to determine alleles and allele frequency of the SNP for a broader population13.  For this 

reason the development of a new assay for the discovery and localization of SNPs would 

be particularly attractive. 

	 As an alternative to resequencing as a method of SNP discovery, we have adapted 

our mismatch-speciýc rhodium(III) metallointercalators14,15 to the task of detecting low 

frequency sequence variations.  While DNA mismatches may be of varied sequence 

and within varied sequence contexts, the factor that distinguishes mispaired DNA bases 

from Watson-Crick base pairs is the local instability arising from decreased hydrogen 

bonding and aromatic stacking of the mismatched bases.16  This destabilization is 

exploited in site recognition by [Rh(bpy)2(phzi)]Cl3 (phzi = 3,4-benzo[a]phenazine 

quinone diimine) and [Rh(bpy)2(chrysi)]Cl3 (chrysi = 9,10-chrysene quinone diimine). 

The phi (phenanthrenequinone) ligand is an optimal size for intercalation in well matched 

DNA interbase pair sites, based upon crystallography.16a However, the analogous but 

more bulky phzi and chrysi ligands are wider than a well matched base pair.  This 

shape selective approach allows intercalation of the bulky chrysi and phzi complexes 

in the destabilized region of the DNA mismatch, but not within stable well paired 
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regions.  Rh(bpy)2(chrysi)3+ (Rhchrysi) and Rh(bpy)2(phzi)3+ (Rhphzi) have been 

shown to be remarkably speciýc and high afýnity binders of DNA mismatches.  Upon 

irradiation, these complexes promote direct strand cleavage of the DNA backbone 

selectively neighboring the mismatched site.  It has been documented that Rhchrysi 

targets 80% of all possible base mismatches, with full variation of the sequence 

context as well as identity of the mismatch, and the sites targeted correlate closely with 

their thermodynamic instability17.  Importantly, owing to the high speciýcity of these 

complexes, the targeting of  a single base mismatch within a 2725 bp DNA duplex by 

photocleavage has also been demonstrated18.

	 We have exploited our mismatch-speciýc rhodium complexes to develop a new 

methodology for the detection of SNPs within genomic DNA, ýgure 3.1.  The area of the 

genome to be probed for SNPs is ampliýed by PCR from pooled genomic DNA.  SNPs in 

the PCR product are turned into mismatches by denaturing and annealing the DNA.  The 

site-speciýc targeting of DNA mismatches by the metal complexes provides a method for 

cleaving the DNA and therefore marking the SNP site.  The SNPs can then be detected 

using capillary gel electrophoresis. 

Resequencing does however have some advantages over our method, speciýcally 

resequencing gives a clear picture of the alleles present and their frequencies, albeit 

approximately, in addition to the SNPs location.  Regardless of the method of initial SNP 

discovery, larger populations could be more economically genotyped after the initial 

localization of the SNP to give a clearer picture of SNP frequency and distribution within 

a larger and more diverse population.

	 In contrast to the resequencing method, our new assay allows for low frequency 

SNPs to be detected directly and unambiguously from a pooled sample, greatly reducing 

the costs for the localization of new SNPs.  Speciýcally fewer PCR reactions and no 

cycle sequencing is required.  Additionally, information processing is greatly reduced as 
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Figure 3.1:  Strategy for detecting an SNP from genomic DNA in pooled samples.  

The portion of genomic DNA to be analyzed is selected and ampliýed by PCR.  These 

PCR products are denatured and annealed to produce mismatches at the locations of 

heterozygous SNPs.  The DNA is restricted to create a 3ô underhang to be labeled.  The 

mismatched DNA is then treated with either Rhchrysi or Rhphzi and irradiated to cleave 

the DNA at the locations of the mismatches, corresponding to the SNP sites.  The cleaved 

products are þuorescently labeled, followed by separation and detection by capillary 

electrophoresis.
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individual samples need not be compared to determine the presence of an SNP.

3.2:  Materials and experimental

	 Materials. [Rh(bpy)2(phzi)]Cl3 and [Rh(bpy)2(chrysi)]Cl3 were synthesized 

according to published procedures.14,15  Restriction enzymes, EcoRI, XhoI, and ClaI, calf 

intestinal alkaline phosphatase(CIAP), and Taq DNA polymerase were purchased from 

Roche Molecular Biochemicals.  The SNaPshot labeling kit was provided by Applied 

Biosystems.  Primers used were synthesized using an ABI 394 DNA synthesizer by 

standard phophoramidite chemistry and puriýed using Glen Research PolyPakII columns.  

Plasmids used as templates in this assay were provided by Applied Biosystems.  Pooled 

human genomic DNA was purchased from Roche Molecular Biochemicals.

	 Preparation of mismatched templates.  Both the plasmid templates and pooled 

human genomic DNA were ampliýed using PCR with the primers, F 5ô-TTT TTT ATC 

GAT CGC GTT GGC CGA TTC ATT AAT G-3ô and R 5ô-TTT TTT CTC GAG GCT 

GCG CAA CTG TTG GGA AG-3ô, or F 5ô-AAA ATC GAT AGA ACA AAA GGA 

TAA GGG CTC AG-3ô and  R 5ô-AAA CTC GAG GTG TGG CCA TAT CTT CTT 

AAA CG-3ô respectively.  These products were sequenced by standard þuorescent dye 

terminator cycle sequencing, shown in ýgure 3.2 and ýgure 3.3.  After the ampliýcation 

of the DNA, Primers and unincorporated dNTPs were degraded using a combination 

of 6 U ExoI and 20 U CIAP.  The DNA product was puriýed using a QIAquick PCR 

puriýcation column eluting into 10 mM Tris HCl buffer, pH 8.0.  DNA was thermally 

denatured under these low ionic strength conditions by heating at 99 ÜC for 25 minutes.  

DNA was annealed in the presence of 60 mM Tris HCl pH 7.5, 10 mM MgCl2, 100 mM 

NaCl, 1 mM dithioerythritol, by heating to 95 ÜC for 10 minutes and linearly ramping 

temperature to 4 ÜC over a period of 150 minutes.   This generates mismatches at 

heterozygous SNP sites.  Restriction sites present in the primers were cut using 5 U ClaI 
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TTTTTTCTCGAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATT

ACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTT

TTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTTATCCCAAAACCACAAAGA

NAAATCATAAAATGAACAGGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGC

GTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAA

CATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCAC

ATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCA

TTAATGAATCGGCCAACGCGATCGATAAAAAA

Figure 3.2:  Sequence of PCR product generated from plasmids.  The full product 

is 459 bases in length, restricted product is 440 bases in length.  The polymorphic site 

denoted N in the sequence can be A, T, G, or C, that designation corresponding to the 

base on the forward strand.
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AAAATCGATAGAACAAAAGGATAAGGGCTCAGAGAGCTTCAGGGATATGTGATGGACTCA

CCAGGTGAGGCCGCCAGACTGCTGCAGGGGAAGCAAAGGAGAAGCTGAGAAGATGAAGGA

AAAGTCAGGGTCTGGAGGGGCGGGGGTCAGGGAGCTCCTGGGAGATATGGCCACATGTAG

CGGCTCTGAGGAATGGGTTACAGGAGACCTCTGGGGAGATGTGACCACAGCAATGGGTAG

GAGAATGTCCAGGGCTATGGAAGTCGAGTATGGGGACCCCCCCTTAACGAAGACAGGGCC

ATGTAGAGGGCCCCAGGGAGTGAAAGAGCCTCCAGGACCTCCAGGTATGGAATACAGGGG

ACGTTTAAGAAGATATGGCCACACACCTCGAGTTT

Figure 3.3:  Sequence of PCR product from TNF gene.  Full product is 395 base pairs, 

the -862 SNP is located at position 281.  After restriction the duplex is 382 base pairs in 

length.
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and 5 U XhoI incubated at 37 ÜC for 60 minutes.  

	 Detection of mismatches generated at the polymorphic sites.  The 

annealed, mismatched DNA was cleaved using 500 nM Rhchrysi or 200 nM Rhphzi, 

in the presence of 30 mM Tris HCl pH 7.5, 5 mM MgCl2, 50 mM NaCl, 0.5 mM 

dithioerythritol, by irradiating samples with 442 nm or 340 nm light, respectively, with 

a 1000 W Oriel Hg/Xe arc lamp ýtted with a monochromator, a 295 nm UV cutoff 

ýlter, and an IR ýlter (Thermo-Oriel).  Cleavage can also be induced using a standard 

302 nm transilluminator, inverted at a distance of 4 cm from the top of the sample or 

365 nm ñblacklightò also a distance of 4 cm. Irradiation times using a transilluminator 

or blacklight are approximately 60 times longer than those required for the arc lamp.  

Following cleavage samples were dried and þuorescent tags were introduced by single 

base extension using the SNaPshot kit.  The þuorescently labeled products were analyzed 

by capillary electrophoresis performed on an ABI 310 Prism instrument using a 47 cm x 

50 ɛm capillary, POP4 polymer, dye set E5 with LIZ size standards.

3.3:  Preparation of mismatched DNA templates for SNP detection

	 Typically, rhodium-mediated cleavage of DNA has been performed on relatively 

short oligonucleotide duplexes and the cleavage products have been monitored using 

denaturing polyacrylamide gel electrophoresis19.  Additionally, duplexes containing 

mismatches have been generated by the high temperature annealing of synthetic single 

stranded DNA14.  These conditions provide superb control and sensitivity over reaction 

conditions allowing the determination of binding constants, etc.  In contrast, for the 

detection of SNPs within longer biologically derived DNA duplexes, these methods are 

not applicable.

	 As an alternative, DNA duplexes are generated by PCR using a polymorphic 
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template.  These duplexes are then fully denatured at high temperatures and low ionic 

strength to generate single stranded DNA20.  These single strands are then annealed at a 

higher ionic strength by slow cooling to ambient temperature.  In this way, the forward 

and reverse strands anneal randomly so as to obtain a mixture of products, in which DNA 

mismatches are generated at the sites of SNPs.  The degree of strand exchange can be 

calculated from the maximum cleavage intensities observed for equimolar polymorphic 

templates.  In this system, strand exchange exceeds 45%, and approaches the statistical 

limit.  We have chosen to use this low ionic strength method for denaturation over the 

previously demonstrated sodium hydroxide denaturing method18 to eliminate the time 

consuming desalting steps. 

	 In addition to the creation of mismatched templates for SNP cleavage, a method 

of detecting the DNA and its cleaved products was needed.  Radionucleotides and 

phosphorimagery were used previously.14,15,18  Fluorescent tagging is preferable because 

of the abundance of instruments available for the rapid and high throughput analysis 

of þuorescently labeled polynucleotides, primarily for sequencing.  To incorporate 

þuorescent tags site speciýcally, PCR primers used in ampliýcation were tagged with 

a ClaI restriction site on the forward primer and an XhoI restriction site on the reverse 

primer.  After cleavage with the restriction enzymes, these restriction sites may be labeled 

by polymerase and standard dideoxyribonucleotide dye-terminators used in sequencing 

and primer extension genotyping.20 This results in unique þuorescent tagging of both 3ô 

ends of the DNA simultaneously.

	 Templates for these studies were derived from two sources.  First for basic 

characterization of the system, a set of four plasmid templates containing a single base 

substitution in their insert was used.  Secondly, a pooled human DNA source from 80 

individuals was used as a template in the detection of a known SNP in the tumor necrosis 

factor (TNF) gene.
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xxGG + CCGC + CG
xxTG + CATA + CG
xxTC + GATA + GC

AG + CTAT + CG
xxAC + GTAT + GC

xAA + TTAT + TA

noneCG
noneGC
noneTA
noneAT

Chrysi
Photocleavaged

Phzi
Photocleavagec

Mismatches
generatedb

SNP Alleles
presenta

aThe base pair(s) at the polymorphic site present in the template plasmid.  The ýrst 

base indicates the template plasmid used.  bUpon denaturing and annealing of the PCR 

ampliýed template, mismatches can be generated as indicated if heterozygousity exists.  

DNA duplexes are denatured in the presence of 10 mM Tris pH 8.5, and annealed with 

the addition of buffer to make a ýnal concentration of 60 mM Tris HCl pH 7.5, 10 mM 

MgCl2, 100 mM NaCl, 1 mM dithioerythritol.  This buffer is diluted to half with the 

addition of metal complex to 500 nM Rhchrysi or 200 nM Rhphzi.  Both cRhphzi and 

dRhchrysi generate site speciýc cleavage products, upon irradiation at 340 nm for 1 hr or 

442 nm for 1 hr respectively, as denoted by X. 

Table 3.1:  Homozygous and heterozygous templates and their photocleavage
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3.4:  Discovery of SNPs by photocleavage

	 Photocleavage and analysis using the various plasmid templates were performed 

and representative results are shown in ýgure 3.2.  For plasmid samples not containing a 

heterozygous locus, no cleaved products are detected, ýgure 3.3.  Irrespective of rhodium 

addition or time of irradiation, a low background is detected in all samples, typically 

present with an intensity of <2% of the parent peak.  In contrast, samples containing 

a heterozygous locus, formed by the mixing of dissimilar templates before annealing, 

clearly show the formation of cleaved products after irradiation.  Within the sequence 

context of our plasmid, the forward strand is preferentially cleaved in all cases.  The size 

of the cleaved product aligns perfectly with the location of the polymorphic site.  Upon 

extensive irradiation, small amounts of cleaved reverse strand are also noted.  This is 

expected as rhodium complexes of this type cleave the DNA duplex asymmetrically18.

	 A summary of the possible polymorphisms and their detected cleavage with 

both Rhchrysi and Rhphzi is shown in table 3.1.  As is evident, a variety of SNPs are 

detected using both complexes. Also noteworthy, however, is the lack of reaction with 

the generated AAA site, consistent with previous studies of Rhchrysi targeting as a 

function of sequence context.  Within this sequence context, because of base slippage, 

the adenine-containing mismatches are exceptionally stable, with hydrogen bonding of 

the mismatched adenine base with the thymines present on the opposite strand; thus the 

stabilized site is not targeted.  These data emphasize the fact that speciýc cleavage is a 

clear indicator of the SNP, but the lack of reaction does not preclude the presence of an 

SNP creating a thermodynamically stable mismatch.

3.5:  Photolysis with common light sources

	 A mercury-xenon arc lamp and monochromator are typically employed in our 
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Figure 3.4:  Representative capillary electrophoresis traces demonstrating the 

detection of an SNP within a plasmid.  The red trace represents the forward strand 

while the black corresponds to the reverse strand.  (a) When a homozygous template, 

in this case the homozygous plasmid A, is tested by the assay procedure, no cleaved 

products are detected.  The full length PCR product is present, 436 bases in length.  (b) 

When two templates, here G and C plasmids, are mixed, denatured, and reannealed to 

generate a heterozygous site, mismatches are generated.  After photocleavage for 30 

min at 442 nm with 500 nM Rhchrysi, and þuorescently tagging, the cleaved product, 

170 bases in length, is evident (see experimental section).  The horizontal scale shows 

the fragment size in units of nucleotides.  The vertical scale is þuorescent signal intensity 

in arbitrary units.  We ascribe the small peak ~380 bases in length to overloading of the 

sample.
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photocleavage reactions.  While this lamp is convenient because of its high intensity 

light, other more common laboratory light sources may be utilized in the photocleavage 

reaction.  Both a 302 nm transilluminator used in the visualization of agarose gels, and 

a 365 nm ñblacklightò have been used to activate the metal complex for DNA cleavage, 

although at a somewhat diminished rate owing to the decreased intensity of these sources.  

For example, while the arc lamp is capable of driving the cleavage reaction to completion 

in 20 minutes, the 365 nm blacklight can only cleave 28% in 4 hours and the 302 nm 

transilluminator can cleave 15% in 4 hours.  Before any light source is used with this 

assay, controls are conducted in the absence of rhodium complex to determine if the light 

alone can damage the DNA.  None of these lamps are capable of detectably damaging 

DNA. Typical white þuorescent light and incandescent light do not produce sufýcient 

ultraviolet light to produce signiýcant strand scission.  

3.6:  Detection of an SNP from a biological source

	 Ultimately this method is not designed for the detection of an SNP present in 

a synthetic plasmid, but rather it is designed for the discovery of previously unknown 

SNPs from biological sources.  We therefore sought to examine a target SNP known to 

be present in the general population and well characterized as to its allele frequency as 

a test of the methodology.  Here then, the known SNP, -307, in the TNF promoter22 was 

targeted for detection.

	 To determine the presence and frequency of this SNP within our pooled genomic 

DNA sample, this SNP was detected by the generally accepted resequencing method, 

ýgure 5a.  This shows demonstrates the presence of the -307 SNP within our genomic 

sample.  The frequency of this SNP within the pooled sample is 11% A with the 

remaining 89% C.  
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Figure 3.5:  The discovery of an SNP in the TNF promoter region by two methods, 

(a) resequencing and (b) photocleavage with Rhchrysi.  In (a) The TNF promoter was 

sequenced using a pooled genomic DNA sample.  A portion of this sequencing data is 

shown highlighting a polymorphic site, demonstrating C allele frequency of 89% with 

a minor A allele frequency of 11%.  In (b) using our targeting assay, this SNP is readily 

detected by capillary electrophoresis.  After photocleavage with 500 nM Rhchrysi at 

442 nm for 10 min, the parent band, 377 bases in length, is cleaved and a new peak 

appears at 105 bases.  This fragment length corresponds exactly with the location of the 

SNP detected by sequencing in (a).


