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Abstract

Studies of the Interactions of Chiral Ruthenium(IT) Complexes with DNA
by
Avis T. Danishefsky

Adviser: Professor Jacqueline K. Barton

We have investigated the interactions of chiral polypyridyl complexes of ruthenium(ITI)
with DNA. The ultimate goal of these studies is to develop these, or similar complexes, as
probes or modifiers of DNA with particular conformational or sequence specificities. Chiral
complexes are employed because the relative affinity of two enantiomers can reflect the
conformation of the helical DNA. Moreover, the well characterized spectroscopic
characterisitics of the ruthenium(II) complexes provide a handle by which the interactions of

these molecules with DNA can be monitored.

Enhancement of the emission of Ru(1,10-phenanthroline)32+ and Ru(4,7-
diphenylphenanthroline)32+ is observed upon binding to DNA . Emission titrations of
Ru(phen)32+ with calf thymus DNA illustrate that greater enhancement is observed for the A
enantiomer than for the A enantiomer, consistent with our model of an intercalative mode of
binding. The degree of enantioselectivity observed was dependent on DNA base composition,

which may reflect the different modes of binding of Ru(phen)32+ to these various sites as well

as differences in structures of the binding sites.

We have also studied interactions of the complex, Ru(phen),Cl, with DNA.

Coordination of ruthenium(II) to DNA lends a sequence selectivity to the binding as well as a

greater degree of stability of the bound adduct as compared to that of the tris chelate complex.



Binding studies indicate a preference for G-C containing sequences. A binding preference for
the A enantiomer was observed in most cases. Of the polynucleotides examined, only the
alternating polymer poly(dG-dC) poly(dG-dC) displayed é binding preference for the A
enantiomer. Similar degrees of enantioselectivity in binding were observed for
poly(dG)-poly(dC) and calf thymus DNA suggesting that the binding sites on these two
polynucleotides are structurally similar. A model of the bound adduct is proposed based on
these observations and on spectroscopic data.

Photochemical reactions of the ruthenium(I) complexes with DNA have also been

observed. Irradiation of Ru(phen),Cl, in the presence of DNA increases the rate of binding,

though the mode of binding appears to be similar to that of the thermal reaction.

Photocleavage of DNA in the presence of Ru(phen)g,2+ and Ru(phen),Cl, has also been

observed.
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Chapter 1

Introduction

Investigations of the binding of small molecules and proteins to DNA have revealed that
binding is often related to sequence dependent properties. For example, many intercalators
display a binding preference for sequences containing G-C base pairs.l’2 Particular preferences
have been observed for pyrimidine-3',5'-purine steps in many of these cases. 345 On the other
hand many DNA groove binders such as netropsin and structurally related antibiotics favor
binding at A-T sequences.® The importance of the DNA sequence for protein binding has been
considered in terms of the hydrogen bonding capabilities of the functional groups on the bases
by Seeman et. al.” They concluded that formation of two hydrogen bonds between amino acid
side chains and bases would lead to sequence specific recognition. Hydrogen bonding to, or
electrostatic interactions with, various functional groups on the bases are means by which
DNA binders can recognize DNA sequences. Base composition and sequence of the DNA also
affect the conformation of the DNA. Therefore, in addition to sequence preferences that arise
from hydrogen bonding and electrostatic interactions, conformational heterogeneities of the
DNA may also contribute to specificities in ligand binding. The sequence dependencies of DNA
conformations and their effect on the interactions of DNA with ligands are therefore areas of
avid investigation. This chapter will begin with a review of recent findings on the
conformations of DNA and their relation to base sequence. Proposals and evidence for the
biological implications of the various conformations are then considered. Lastly, a description
of some of the work involving small molecules as probes of DNA structure is discussed.

Several families of DNA conformations have been identified from fiber diffraction

studies.8:9:10,11 Some of the major conformational families are illustrated in Figure 1. B-



B and Z conformations (from seference 12).

Figure 1. Hlustrations of DNA i the A



DNA is aright handed helix with an average of 10 base pairs per turn. The plane of the bases

are approximately perpendicular to the helix axis. The B conformation has a narrow minor

groove and a wide major groove of comparable depth. A-DNA is a shorter and wider helix. Its

bases are canted toward the helix axis. It has a deep major groove and a shallow minor groove.
The differences between conformations can be described by the seven torsional angles

shown in Figure 2.13

Figure 2. Main chain torsional angles of DNA.

Two particularly informative angles are % and & . The angle ¥ is the glycosyl angle between
C1' and the nitrogen on the base. The conformation is termed syn when the base points toward
the minor groove and anti when it points away from the groove. The angle § identifies the
conformation of the deoxyribose ring. Variations in main chain torsional angles are of course

reflected in changes in'the helix structure such as groove sizes, exposure of the phosphodiester



backbone and the distance and direction between a base and its neighbors. The range of groove

sizes observed in the various DNA conformations is exemplified by the table below (from

reference 16).

Table 1. Groove dimensions in nucleic acids

Minor Major
groove groove
Depth Width Depth Width
(nm)§ (nm) (nm) (nm)
A helix 0.28 11.0 1.35 0.27
B helix 0.75 0.57 0.85 1.17
Dodecamert
at central AATT - 0.32 1.27
atend of ATT - 0.70 - 1.06
d(GGATGGGAG, 0.83-0.97 0.93

Variations among DNA conformations can also be described by the parameters helical twist,
propeller twist, slide and roll of the bases, illustrated in Figure 3. The helical twist is the
projected angle between C1' and C1' looking down the helix axis. The propeller twist is the
angle between hydrogen bonded bases with respect to each other. The slide is the translation of
base pairs relative to each other down the long helix axis of the bases. The roll is the angle by

which the base pairs open toward the minor groove.

(¢}

Figure 3. Diagram of slide (0), twist (1), roll (p) and propeller twist



Though most hydrated polymucleotides examined by fiber diffraction adopt the B
conformation, 17 varying environmental conditions can lead to preferences for other
conformations.1® For example lowering the relative humidity causes a B to A transition in
most cases. However, the propensity for a polynucleotide to adopt particular conformations
was observed to be somewhat dependent on base sequence. For example, DNA of random
sequence undergoes a B to A transition at a higher relative humidity than that at which
poly(dA-dT)-poly(dA-dT)19 undergoes this transition. Poly(dG)-poly(dC) has a greater
propensity than random sequence DNA to adopt the A conformation.20 Poly(dA)-polyd(T) on
the other hand appears never to adopt an A conformation.2! It has a strong preference for the
B conformation but under conditions of low relative humidity may adopt a heteronomous
conformation in which the dA strand is in an A like conformation and the dT strand is in a B-
like conformation.22 Leslie et. al. have correlated the preference for the B conformation with
the presence of AT base pairs.23

Fiber diffraction studies have yielded information about the heterogeneity of DNA in terms
of overall farhilies of conformations that can be adopted. However, it is impossible by this
method to gain information on the local deviations from the average conformation of a
polynucleotide . Information on local heterogeneities of DNA is instead being accrued from
the more recent crystal structure analyses of oligonucleotidgs. Such analyses have been
underway for about a decade. Crystal structures analyzed so far include those of the
oligonucleotides: d(C-G-C-G), 24 d(C-G-C-G-C-G),2 d(G-G-G-G-C-C-C-C),26 d(G-G-A-T-A-
T-C-C)?7 , d(C-G-C-G-A-A-T-T-C-G-C-G)?8, d(G-G-A-T-G-G-G-A-G)?? and d(G-G-C-C-G-
G-C-C)30, The alternating d(G-C) sequences were found to be in a Z conformation. This
conformation is the only one that had not been previously defined by fiber diffraction. The Z
conformation is that of a left handed helix. The characterisitics of the grooves are in a sense

exchanged with those of the A conformation in that the minor groove is deep and the major



groove is flattened. The repeating unit is a dinucleotide. The nucleotide conformations
alternate between the syn and anti conformations of the i angle for G and C nucleotides
respectively . The conformation of the 8 angle alternates as well.

The structural study of the dodecamer d(C-G-C-G-A-A-T-T-C-G-C-G) has exemplified the
deviations in torsional angles from the average that can occur in B- DNA.31 For example the
angle y varies from -140° to -90°. The angle J varies from 80° to 60°. One of the effects
thgt these variations in the torsional angles have on the overall structure of the helix is in
changes in the groove sizes. For example the center of the AATT region on the dodecamer has
a minor groove .32 nm wide, while the end of this region has a minor groove .7 nm wide.32

Aside from local deviations in conformation, another aspect of DNA structure elucidated by
the crystal structure analyses is that of the solvent structure.33 Seventy two ordered water
molecules were observed surrounding the dodecamer. Particularly notable is an ordered
arrangement of two layers of water molecules in the minor groove of the AT containing
regions termed the spine of hydration. Water molecules ordered to this extent are not observed
in GC rich regions, presumably because of disruption of the spine by the 2-NH, group on
guanosine.

Effort has been directed toward the correlation of the various torsional angles within a
conformation and the correlation of base sequences with deviations in torsional angles from
the average values.3! For example, correlations were observed between % and & angles. As )
varies from -140° to -190° , § varies from 80° to 160° degrees. Higher values for both of
these dihedral angles were observed for purines than for pyrimidines. These observations were
interpreted as arising from the need to alleviate steric hindrance betweén the base and sugar
moiety, which occurs more severely for the 6-membered pyrimidine ring than for the five
membered ring to which the sugar is bonded in purine bases. An interesting approach to the

analysis of sequence dependent conformational deviations has been taken by Calladine.34 In



this model, steric clashes occur between successive purines on opposite strands as a result of
their propeller twists (see figure 2). These steric clashes can be alleviated by variations in the
twist, roll, propeller twist and slide at these steps. (Corrections are also made to the steps
immediately flanking those under consideration.) Dickerson has used this model to calculate
theoretical values for these particular helical parameters given the sequence of the dodecamer.13
Theoretical and experimental values were compared for both B and A DNA. Correlation ‘
coefficients between theoretical and experimental values were .99 and .92 for the helical twist
and roll, respectively in B-DNA. Correlations were also good for the & angle and the propeller
twist in B-DNA. In the A-DNA model, good correlation was found for the twist and roll for
all the samples of A DNA analyzed by this method (including d(G-G-C-C), d(G-G-C;C-G-G-C-
C) and d(G-G-T-A-T-A-C-C)) but not for the angle 8 and the propeller twist. The
corroboration or further elaboration of this model or the development of new models whose
goal is to predict conformation based on sequence, awaits further data. Particularly, since the
dodecamer is the only reported example of a B-DNA crystal, there is data on only 11 steps for
B-DNA. Another aspect that may be very important to DNA conformation that is excluded
from this model is the effect of flanking sequences further away from the nucleotide in question
than the nearest neighbors.

Two questions arise concerning these DNA structural studies. 1. How accurately do
structural determinations from crystallographic studies represent solution structures? 2. If
the structural studies described are in fact related to the solution structures, what are the
possible biological implications of the observed sequence dependence of the conformations?
One experiment that was performed in order to address the first question was the reaction of a
sequence, for which the crystal structure had been determined, with the endonuclease,
DNAsel.35 In these experiments a correlation was found between the rate of the reaction of

DNAse and the helical twist angle observed in the crystal form. Larger twist angles



corresponding to more accessible phosphodiester backbones are most easily cleaved. The result
was taken to support the similarity between crystal and solution structures. On the other hand
large scale transitions of the whole polynucleotide between one conformational family and the
next may not always correspond between crystal structure and solution structure. For instance,
poly(dG-dC)poly(dG-dC) in solution at physiological salt concentrations is in the B-
conformation.36 All crystal structures of this sequence however, are in the Z
conformation.24:25 Except for the crystals containing alternating GC sequences which are in
the Z conforrhation, and the dodecamer which is in the B confprmation, all crystal structures
reported so far have been in the A conformation. This finding is somewhat surprising and may
be a function of crystal paéldng forces. The packing involves the hydrophobic interaction of
the end base pair of one oligonucleotide with the minor groove of another, so that the long
axes of the helices are perpendicular. Such a packing force may shift the conformational
equilibrium of the DNA in favor of the A conformation.2” An experiment which most
directly proves the notion that oligonucleotides may adopt different conformations in solution
than in the crystal structures is the study of the oligonucleotide d(G-G-A-T-A-T-C-C). This
sequence was investigated by crystal structure analysis2? and by NMR studies.37 The
conformation in the former studies was determined to be A while that in the NMR studies was
determined to be B at least at the center steps. Thus, the observation of a particular
conformation for crystal structures of particular oligonucleotides should probably be taken to
indicate a propensity of that sequence to adopt that conformation , rather than an indication that
the sequence will always adopt that conformation in solution.

There is evidence, some circumstantial and some direct, that the variety of conformations
that DNA can adopt is exploited by nature. In order to argue that sequence dependent
deviations from an average conformation may be biologically important it is necessary to

show that proteins can recognize these deviations. It is of course easiest to address such a



question using proteins that do not have much sequence specificity. The studies by
Lomonosoff et. al.35 mentioned above indicate that DNAse I is sensitive to the range of
helical twist angles attainable within the B conformation . A good corelation was observed
between the rate of reaction of this enzyme at each base step and the helical twist angle at that
step observed in the crystal structures. In another study, DNAse I was reacted with a
sequence that contained a
poly d(A)-d(T) tract and a poly d(G)-d(C) tract.38 The enzyme did not react at the AT tract or
the G-C tract but it was reactive at the junction of these two tracts. This finding was
interpreted as a sensitivity to the minor groove size which is believed to be larger than average
for poly d(G)-d(C) and small for poly d(A)-d(T) but intermediate at the junction. In the same
study restriction enzymes were observed to be sensitive to the flanking sequences around the
consensus specific sequence, indicating that the flanking sequences were affecting the
conformations of the specific sites in a way that the enzyme could recognize. Another
example of the apparent sensitivity of an enzyme to the conformation of DNA (as opposed to
its sequence) are the observations on the reactivity of mung bean nuclease. The DNA substrate
sites for this enzyme were found to correspond to intergenic reg@ons only with no obvious
consensus sequence.39

Another point that is important to address in order to investigate possible biological roles
of various conformations is the frequency of occurence in biological systems of families of
DNA conformations other than B-DNA or the occurence of sequences with a propensity to
adopt conformations other than B-DNA. Z-DNA was originally observed in vitro only under
extreme conditions such as high ionic strength or a dehydrated environment.40 Subsequently
it was determined that Z-DNA can exist in conditions of physiological ionic strength in
supercoiled form*! and that under these conditions the conformation is sensitive to the ionic

strength within physiological range.42 Alternating purine pyrimidine sequences have been



found in diverse eukaryotic genomes.43 In vitro, the presence of Z-DNA sites has been
implicated in enhancer sequences,*4 in polytene chromosomes4> and at intergenic regions in
plasmid DNA.46

It has been noted that sequences with a propensity to adopt the A conformation tend to
occur in transcription factors.47 Whether this conformation exists under physiological
conditions or whether it is requisite for these factors is unknown as yet. Roles for A-DNA
that have been proposed include the importance of these structures for binding to RNA (which
is also in the A conformation) or for promoting destacking or unwinding of the DNA.27

Another interesting feature of DNA conformation tilat that appears to have biological
relevance is the ability for DNA to bend or cirpularize.48 Poly d(A)-polyd(T) sequences at
helical repeat distances have been observed to cause stable bending of the DNA. The phage A
origin is one example of a site at which such sequences have been identified.4° These
sequences appear to be important for wrapping around the O protein involved in replication,
Though these sequences do not actually constitute the binding region to these proteins, their
removal prevents replication. The ability to bend is also important for the wrapping of DNA
around nucleosome particles.SO Translational and rotational placement of nucleosome proteins
on the DNA has been correlated with the ability of particular sequences of DNA to bend .
The roll and twist angle of nucleotide steps as well as the groove sizes of the helices appear to
be important in determining whether nucleosome particles will bind to the DNA.5!

In recent years effort has been put into the design of DNA binding molecules that would
bind to particular sequences and or conformations of DNA. The goal of such studies is to be
able to identify, probe, or analyze particular sequences or conformations on DNA using these
molecules. A mostly base sequence directed approach was taken by Dervan and coworkers.

They have tethered Fe-EDTA to low molecular weight DNA binders (such as antibiotics and

10



anti viral agents) with sequence preferences.52 The Fe-EDTA in the presence of Oy and a

reducing agent generates hydroxy radicals which cleave the DNA.53 The attached .DNA binder
provides sequence specificity . For example, Fe-EDTA-distamycin and related molecules
cleave DNA near regions containing AT sequences. An Fe-EDTA moiety has also been
tethered to oligonucleotides 16, 19 and 37 bases long,4:55 yielding molecules which
specifically recognize the sequences complementary to the oligonucleotides and cleave DNA
nearby these sequences.

Fe-EDTA in the presence of HyO5 has also been used alone to probe DNA conformations.
The hydroxy radical formed leads to cleavage of DNA with no dependence on the identity of the
base.56 Burkhoff and Tullius monitored the cleavage pattern on kinetoplast DNA .
(Kinetopiasts are small, stably curved DNAs containing long repeating AT tracts.) A
sinusoidal cleavage pattern of this DNA at the AT tracts was interpreted as a periodically
changing shape of the minor groove, within these regions.57

Sigman and coworkers have studied the binding and cleavage reaction of (phen),Cu® in the
presence of a reducing agent.58 The efficiency of the reaction was observed to be a function of
the conformation of the DNA.59 DNA in the B conformation is the most efficiently cleaved.
DNA in the A conformation is less efficiently cleaved and Z conformation DNA is not cleaved
by the reagent. Cleavage studies were done on a series of mutations in the lac promoter
region.50 It was observed that various mutations had different hypersensitive sites to the
reagent. These studies therefore indicate that the mutations effected the local conformation of
the DNA.

Methods other than cleavage of DNA have also been used in designing probes or site
specific binders. Helene and coworkers have studied the binding of a molecule containing

acridine tethered to an oligonucleotide.61 The binding of the oligonucleotide could be

11



monitored by changes in the emission of the acridine. Moreover, a suitably placed acridine
molecule enhanced the binding of the oligonucleotide to its complementary strand of the DNA.

Attempts have also been made to study the interaction of small peptides with DNA in order
to model DNA protein interactions and ultimately design sequence specific DNA binding
peptides.52 Based on the observation that many DNA binding proteins contain o-helical
regions that bind to the major groove of the DNA,53 an o-helical peptide was designed as a
sequence non-specific DNA binder. The o-helical structure of the peptide was found to increase
upon binding to the DNA. Binding of the peptide was also improved when hydrogen bonding
side chains were added.

In Dr. Barton's laboratory we have employed small chiral metal complexes as
conformational and sequence sensitive prdbes or modifiers of DNA. Except for their
interactions with other chiral molecules, such as DNA, the chemistry of the two enantiomers
of any of the metal complexes are obviously identical. The relative binding of two
enantiomers can be affected by conformational characteristics of the DNA such as groove size
or helicity. The chirality of the complex therefore lends a conformational sensitivity to the
binding experiment. Depending on the particular complex employed, the metal center can
impart to the molecule a spectroscopic handle, a redox active center or a means by which the
probe can coordinate to the DNA. The first work in this area was done with Zn(phen)32+.64
Binding of this complex to B-DNA shows a preference for the A enantiomer. Binding and
enantiomeric discrimination were studied further with Ru(phen); 2+ 65 (Figure 4) and

Co(phen)33+ 46, Ruthenium(I) was chosen as the metal center in these studies because of

the well characterized spectroscopic characteristics of ruthenium(II) polypyridyl complexes 66
(discussed further in Chapters 2 and 3). This complex absorbs and emits strongly in the
visible region. Moreover, the spectroscopic properties are affected by DNA binding.

Cobalt(IIT) compounds which undergo photoreduction reactions are effective photocleavers of

12



DNA. DNA cleavage reactions of Co(phen)33+ or related cobalt(IIT) complexes at particular

sites on DNA can be monitored sensitively. 46:70 Cleavage with the bulkier Co(dip);2*

complex has been used to map conformationally distinct sites on DNA. Whereas both
enantiomers bind to Z-DNA, presumably because of the shallower groove size of this
conformation, the A enantiomer binds to B-DNA. Specific cleavage was observed at intergenic
regions on pPBR322 and at particular control regions on SV40 DNA.

Recently, binding of Ru(3,4,7 ,8-tetramethylphena.nthroline)32+ to DNA has also been
monitored in our laboratory. It was observed that this complex binds to polynucleotides in the
A conformation but not in the B conformation.”! Mapping of the cleavage sites of this

complex on plasmid DNAs is currently in progress in our laboratory .

This thesis involves investigations of aspects of the binding of Ru(phen)32+ (Figure 4)
and Ru(phen),Cl, (Figure 5) to DNA. In Chapter 2 the use of luminescence assays to detect
binding of Ru(phen)32+ to DNA is described. The sequence dependencies of luminescence and

binding are considered. In Chapters 3 and 4 binding of Ru(phen),Cl, to DNA is described.

Unlike the tris(phenanthroline) metal complexes, this complex has two labile ligands,
enabling the ruthenium(II) to coordinate to the DNA. Coordination lends stability as well as
sequence preferences to the interactions with DNA. In Chapter 3 we consider the binding in
terms of sequence preferences, enantiomeric preferences and effects on conformation of the
DNA. Spectroscopic studies were done to try to characterize the type of site to which the
ruthenium may be coordinated are also discussed. In Chapter 4 photoreactions of

Ru(phen),Cl, and Ru(phen)g;2+ with DNA are described. Photosubstitution and

photocleavage reactions were observed.

13
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Figure'4. Enantiomers of Ru(phen);2*.

Figure 5. Enantiomers of Ru(phen),Cl,. The chloro ligands are labile in aqueous

solution.
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Chapter 2
Luminescence Stud'ies of the Interactions of Tris Chelate

Ruthenium(II) complexes with DNA.

Introduction

One of the reasons that the properties, of small molecules that bind to DNA are currently
under avid investigation,! is that these molecules can be used as stains or probes‘ by which the
DNA can be identified . Many of the known DNA binding molecules contain extended
aromatic, heterocyclic systems. As a result of these structures they absorb visible light and
often have excited states that decay by radiative pathways. Both of these properties are useful
because they allow binding to the DNA to be monitored spectroscopically. Some dyes have
been widely employed because of these properties 2. For example, the trypanocide ethidium
bromide, which displays a marked increase in fluorescence upon binding to DNA3 is often used
in research to locate DNA. Some dyes are specific as to where they bind on the DNA or what
types of sites cause spectroscopic changes. Such discrimination can be particularly useful.
For example acridine orange emits 535 nm light when bound to double stranded DNA and 640
nm light when bound to single stranded DNA 4. This property renders it a useful tool for
detecting these forms of DNA. Luminescent DNA binders, such as quinacrines 3, or the
mithramycin group of antibiotics 6 have also been used to stain chromosomes. The binding
or enhancement at particular sites causes the wéll known banding patterns on the
chromosomes. The advantages of both luminescent properties and DNA site specificity in a
DNA binding molecule has prompted researchers to synthetically combine these two aspects
in a single molecule. One example is the linking of luminescent molecules to single stranded

oligonucleotides.7 The binding properties of such molecules are being investigated.
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In order to develop or use small molecules as probes it is desirable to understand what
modes of binding they can undergo with DNA, what are the preferred binding sites on the DNA
and what spectroscopic effects result from different sites or modes of binding. Many studies
designed to aniswer such questions have been conducted with classical intercalators. Intercalation
of planar aromatic compounds such as ethidium8 and acridine® derivatives has been
demonstrated by x-ray crystallographic studies. An intercalative mode of binding, first described
by Lerman0, involves the insertion of an aromatic ring of the ligand between the base pairs of
the DNA. It is known however, that more than one type of binding mode can occur for most of
these chromophores. Preferences of one type of DNA binding site over another and non-
intercalative types of binding may occur. This fact has been demonstrated by binding studies,
involving spectroscopic methods, for ethidium?2,11 an(i for acridine derivatives!2:13. Some
questions still exist concerning which of these modes of binding contribute to emission
enhancement.14 An outside mode of binding involving the interaction of the ligand with the
groove of the helix has been depicted by the crystal structure of netropsin, an oligopeptide
antibiotic, with DNA.15 Groove binding is al.so known to occur for the structurally related
oligopeptide distamycin, 16 for the mithramycin group of antibiotics17 and for steroidal
diamines such as irthediamine A18, Simple electrostatic binding of charged dyes to the
phosphates no doubt also occurs. It is to be expected that the modes of binding that occur will
be somewhat dependent on the sequence composition of the DNA.

In this chapter investigations of the binding of the chiral inorganic complexes
[Ru(phen)3jC12 and [Ru(dip)]3Cly to DNA by luminescencg assays are described. The metal
center imparts a spectroscopic handle to the molecule because of the intense metal to ligand
charge transfer band. We take advantage, also, of the the chirality of the molecule by
monitoring the difference in binding of the two enantiomers. This property is useful because

the differential binding of the two enantiomers, in many cases, reflects the conformation of the



21

right handed helix. In the first sections below we investigate the overall effect of DNA on the
Iuminescence of the two enantiomers, discuss the origin of the sensitivity of luminescence of
these complexes to DNA and develop a luminescence assay to monitor binding. In the latter
sections we investigate the effect of the different types of DNA binding sites on the
luminescence of the two enéntiomers, by employing synthetic polynucleotides with varying
base compositions. This data together with data from experiments done by coworkers in our
laboratory!? is used to propose a2 model of the way in which the observed variations in the
luminescence of the complex reflect the nature of the binding and the way in which the nature

of the binding reflects the DNA structure.

Nucleic Acids.

Calf thymus DNA was purchased from Sigma Chemicals and purified by phenol extraction
as described previously.20 An extinction coefficient of 6600 M-1 cm-1 at 260 nm was used to
determine nucleotide concentrations.2! The synthetic polynucleotides poly(dA-dT)-poly(dA-dT)
and poly(dG-dC)-poly(dG-dC) were purchased from P.L. Biochemicals. Extinction coefficients
of 6600 M-1 cm-! 22 and 8400 M-1 cm1 23, respectively, were used to determine
concentrations of these polynucleotides. All nucleic acids were extensively dialyzed against

buffer R (SmM Tris-HCl, S0mM NaCl, pH 7.5) prior to the luminescence experiments.

Syntheses of ruthenium(II) complexes.

The ruthenium starting materials used for the syntheses of the complexes was obtained

from either of two sources. Ko)RuCls was purchased from Alfa products,and RuCl3 was
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received as a gift from Engelhard. The ligands, 1,10-phenanthroline and 4,7-diphenyl- 1,10-
phenanthroline were purchased from Aldrich Chemicals. Syntheses were carried out as
described by Lin et. al.24 excépt that the final products were recrystallized using NaCl rather
than HCL. (The latter caused formation of a large amount of a clear crystalline solid.)

Several types of analyses were done to ensure the purity of the products. An extinction
coefficient of 3.02x104M-1 cm-! was determined for the visible charge transfer band which is
consistent with the reported literature value of 2.95x104 M-1 cm-1 24, Moreover, the UV-
visible absorbance spectra observed are identical with published spectra of the complexes.25 A

typical elemental analysis was as follows, found: C:68.44, H:4.87,N:6.53, calculated: C:68.7,
H:4.64, N: 6.67. An NMR spectrum of the [Ru(Dip)3]Clp complex is shown in Figure 2a.

The samples of [Ru(phen)3]Cly used in the experiments described below were gifts from

several laboratory coworkers. Spectral characteristics of these complexes were also consistent

with those reported in the literature.

Resolution of [Ru(phen)3]Cly and [Ru(Dip)3]1Cl, enantiomers.
a.[Ru(phen)3Cly.

Enantiomers of [Ru(phen)3]Cl, were obtained by successive recrystallizations with
antimony d-tartrate purchased from Pfaltz and Bauer inc. This method of separation has been
described previously.26 Specifically, [Ru(phen)3]Cly was dissolved in water and a solution of
the tartrate salt was added. The precipitate was filtered and redissolved, both precipitate and
filtrate were recrystallized and the process was repeated until a molar ellipticity approaching 606
M-1 cm1 was obtained. Based on studies done by Mason and Peart 27* and studies done in our

laboratory with chiral shift reagents28, this value corresponds to the molar ellipticity of pure

*  The Ae value determined for enantiomeric Ru(phen) in our laboratory was slightly

3Cl
larger than that determined in reference 26.
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enantiomers. C.D. spectra of the [Ru(phen)3]Cl, enantiomers used in several of the

Iuminescence experiments are shown in Figure 1a. The optical rotations are 606 M-1 cm™! for
the A enantiomer and 450 M-1 cm1 for the A enantiomer. Absolute configurations were
assigned analogously to those assigned for [Fe(phen)3]Cly by crystallographic methods2? and
by exciton theory39,

Consistent, reproducible results from the luminescence experiments were obtained only
when the Sb-D tartrate was removed and chloride anions were substituted onto both
enantiomers. Clearly, intensities of emission are extremely sensitive to small variations in the
solution, such as the anion or the salt concentration. The anion exchange was accomplished by
the use of anion exchange columns or successive precipitations in concentrated NaCl solutions.
The removal of the tartrate anion can be easily monitored by the carbonyl stretch on the L.R.
spectrum, or by the CD spectrum of tartrate, which is very strong below 240 nm. The presence
of tartrate does not affect the C.D. spectrum of the ruthenium complex at wavelengths above
240 nm, as illustrated in Figure 1c. As an extra precaution, in the first luminescence
experiments performed, solutions of a racemic mixture were compared to solutions of a 50/50

mixture of the resolved A and A enantiomers. This comparison ensured that no impurities were

introduced into the enantiomeric solutions as a result of the separation procedure.

Partial resolution of the [Ru(phen)3]Cl, enantiomers could also be accomplished by use of
a DNA-cellulose column &Sigma chemicals). However, this technique was not optimized and
enantiomers obtained in this manner were not used in luminescence experiments.
b. [Ru(Dip)3]Cl,

[Ru(Dip)3]Cl, enantiomers were resolved in a similar fashion to that used for the
[Ru(phen)3]Cl, enantiomers . The differences between the two methods, arise because of the

differences in solubilities of the two ligands. To resolve enantiomers of the [Ru(Dip)3]Cl,, a



24

240 260 280 300 240 260 280 300

wavelength (nm)

Figure 1a. C.D. spectra of enantiomers of {Ru(phen);]Cl; (10uM) used in the luminescence

titrations. (Instrument sensitivity = 20). right: spectrum of the solution enriched in the A enantiomer -
89% A, left: specorum of the solution enriched in the A enantiomer - 100% A .
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Figure 1b. C.D. spectra of enantiomers of [Ru(dip)3]Cl, (10 uM) used in the luminescence
titrations
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concentrated solution of the complex was prepared in ethanol to which an equal volume of water

was added. To this clear solution, a concentrated solution of Sb-D-tartrate was added dropwise

to obtain a final stoichiometry of approximately 1:1 [Ru(Dip)3]Cl5 to tartrate. The

v

precipitate, which developed either immediately or overnight was filtered and then redissolved by

the addition of a few drops of nitromethane , several mililiters of ethanol and an equal volume

of Hp0, in that order. The nitromethane was necessary to dissolve the complex which had
limited solubility in ethanol. The A enantiomer tended to be enriched in the precipitate but this

was dependent on pH as well as concentration of the solution. The separation was most

efficient when no pH adjustments were made to the ethanol H»O solutions (i.e. pH 5-7). An
NMR spectrum of [Ru(Dip)3]Cl, in the presence of the chiral shift reagent, tris[3-
(trifluoromethylhydroxymethylene)-+-camphorato]europium(III) is shown in Figure 2. The

spectra of both a racemic mixture and a sample with an optical rotation of 235 M-! cm™! are

shown. Using this method we assign the rotation of [Ru(Dip)3]Cl3 to be approximately

300 M-1 cm-1,
The methods used to substitute chloride ions for tartrate ions described above

for[Ru(phen)3]Cl, were not successful for [Ru(Dip)3]Cl, because of the insolubility of this

complex. One alternative method for accomplishing the ion exchange was extraction of the

complex into pentanol saturated with HyO/HCI. The [Ru(Dip)3]Cl, partitioned almost

exclusively into the pentanol phase whereas the tartrate salt was more soluble in the aqueous

phase. Three or four extractions were usually sufficient to remove the tartrate salt,

Final recrystallizations from ethanol HyO mixtures containing excess LiCl yielded very
thin needle-like crystals of the A enantiomer. The less enantiomerically pure A complex was

collected as powder.
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Figure 1c. C.D. spectrum of [Ru(dip)3]Cl; (10uM) in the presence () and absence (=) of

excess Sb-D-tatrate. The excess tartrate was added to ensure an interaction with the ruthenium
complex. The spectrum illustrates that there is practically no effect of the tartrate on the C.D.
spectrum of [Ru(dip);]Cl, at wavelengths above 240 nm. The optical rotation of tartrate itself

becomes large at wavelengths below 240 nm.
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Figure2. Proton NMR spectra illustrating the effect of the chiral shift reagent, Eu(tfc); on the spectrum of [Ru(dip)3]Cl5. top: racemic mixture of .
(Ru(dip)3]Cl; in CD,Cly, middle: same as top spectrum with 5 mg. of the Eu shift reagent, bottom: enantiomerically enriched {Ru(dip)3]Cl; having a
molar ellipticity of 235 M-! cml, in the presence of Eu(tic), in CD,Cl,.
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[Ru(phen)3]Cl, emission spectra and titrations of [Ru(phen)3]Cl, and [Ru(Dip)3]Cl, with

DNA

Titrations were performed on a Perkin-Elmer LS-5 spectrofluorimeter. Samples were
excited at 460 nm, the isosbestic point in absorbance titrations, and emission was monitored at
595 nm. Both excitation and emission slit widths were set at 3 nm. The fluorimeter was fitted
with a UV filter to counteract screening effects caused by the large absorbance in the UV region
by the phenanthroline ligands and by the DNA in these experiﬂxents. The experiments were
performed in ES quartz glass cells purchased from NSG Precision Cells Inc.

Titrations were performed by adding aliquots of DNA from, a concentrated stock solution to

a solution of [Ru(phen)3]Cl, and the emission intensities were monitored. Since the DNA

stock solution did not contain [Ru(phen)3]Cl,, intensities were always corrected for dilution

effects. The intensity of the readings were somewhat unstable with time and were therefore
recorded at a consistent time interval (1 minute) after the DNA was added. Spectra were recorded
using a Perkin Elmer Data Station and the PECLS program. The concentrations of
[Ru(phen)3]Cly in these experiments was either 3 uM or 10 uM. The latter was most
convenient for observing binding but emission intensities were not linear with ruthenium
concentrations in this region. (This non-linearity is more likely a function of the

instrumentation than a property of the complex.)

[Ru(Dip)3]Cl, emission titrations were carried out by methods similar to those described for

[Ru(phen)3]Cly emission titrations, with the following changes. [Ru(Dip)3]Cl, stock

solutions were prepared in DMSO immediately prior to performing the experiment. Stock
concentrations were such that the final DMSO concentration in the titration experiment was

less than 0.3%. Given concentrations of DNA were mixed thoroughly in buffer within the

fluorescence cell. The [Ru(Dip)3]Cl, was then diluted to 3 uM within the cuvette and mixed
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slightly, just until the compound was observed to be evenly distributed throughout the cuvette.
This sequence of events was necessary because the [Ru(Dip)3]Cly complex is quite insoluble
in aqueous solution and sticks to surfaces of cuvettes, pasteur pipettes etc.. Any excessive
mixing or other disturbance of the solution exacerbates this situation. On the other hand, the

presence of DNA solubilizes the [Ru(Dip)3]Cly somewhat. Prior addition of DNA therefore _

allowed adequate mixing of the viscous, DNA stock solution without excessive disturbance of

the [Ru(Dip)3]Cl, in addition to slightly increasing the solubility of the latter complex.

Excited state lifetime measurements

Lifetime measurements were performed on an Ortec 776 single photon counter and timer in
line with an Apple Computer. The samples were excited with a PRA 510A nanosecond lamp
and emission was observed at 593 nm. Measurements were made at ambient temperature. No

attempt was made to purge the O, from the cell. The time per channel was equal to 1.64x108

seconds.

Effect of DNA binding on emission properties of racemic [Ru(phen)3]Cl,,

The following experiments were performed to determine the effect of binding to DNA on
the luminescence properties of [Ru(phen)3]Cl, .
Emission Spectra.

The emission spectra of [Ru(phen)3]Cl, in the free form and when bound to calf thymus

DNA are shown in Figure 3. Addition of DNA to [Ru(phen)3]Cl, at the concentrations
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Figure 3. Emission spectra of racemic [Ru(phen);]Cl, free (- - ) and in the presence of calf

thymus DNA (~). The ruthenium and nucleotide concentrations were 10pM and 200 M respectively.
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indicated causes an approximately two-fold enhancement of emission. A small red shift at the
peak maximum, of 2-3 nanometers is observed as well.

Excited State Lifetimss.

The excited state lifetimes of [Ru(phen)3]Cly measured are shown in Figure 4. A lifetime
of 0.54 pseconds was measured for free [Ru(phen)3]Cly_ consistent with valués reported in the
literature.31 . The decay curve is monoexponential, indicating one emitting species. In
contrast, the decay curve of the bound form of [Ru(phen)3]Cl, was not monoexponential and
clearly contained contributions from more than one species. The decay traces were not
deconvoluted at this time. Rather, approximations were made by neglecting the first one to
two microseconds of the curve thus reducing the contribution of the free form to the decay
curve. By this approximation, the excited state lifetime was found to increase approximately
three-fold as a result of binding to DNA. This value was subsequently corroborated by fitting

the trace to a biexponential equation.192

Emission titrations of [Ru(phen)3]Cl, enantiomers with calf thymus DNA.

In order to determine if the emission enhancement observed reflects an enantioselective
mode of binding to calf thymus DNA an emission titration of the enantiomers of
[Ru(phen)3]Cly with calf thymus DNA was performed. Figure 5 illustrates that addition of
DNA causes a gradual enhancement concomitant with binding. The observed enhancement is
slightly greater for the A enantiomer than for the A enantiomer. At the DNA concentrations
shown the emission of the A enantiomer is approximately 30% more enhanced than that of the
A enantiomer. This value is consistent with the enantioselectivity observed from equilibrium
dialysis data.32 The qualitative effect of DNA on the emission spectrum is the same for both

enantiomers as shown in Figure 6.
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Figure4. Plots of the excited state decays of free [Ru(phen);]Cl, (top) and [Ru(phen);]Cl, in
the presence of calf thymus DNA (bottom). Ru and DNA concentrations were 10 uM and 300 uM
respectively. The time per channel was 1.64x10-8 seconds.
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Figure 5, Luminescence titrations of enantiomeric {Ru(phen);]Cl, with calf thymus DNA.

[Ru(phen)3]Cl, concentration is equal to 10 uM.
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Sequence dependence of emission enhancement and enantioselectivity.

The experiments discussed in previous sections have demonstrated that the emissibn of
[Ru(phen)3]Cly is sensitive to the DNA and that the binding of [Ru(phen)3]Cl, to DNA can
be monitored by luminescence titrations. It is useful to know whether these titrations are also
sensitive to the particular nature of the site on the DNA. To address this question we

monitored the emission of [Ru(phen)3]Cly as a function of binding to synthetic

polynucleotides, poly(dG-dC)-poly(dG-dC) and poly(dA-dT)-poly(dA-dT). Figure 7 and 8

illustrate emission titrations of enantiomers of [Ru(phen)3]Cly with synthetic polynucleotides
of various base compositions. (The poly(dA-dT)-poly(dA-dT) titrations were performed at a
[Ru(phen)3]Cl; concentration of 3uM . This concentration was preferred because the emission
intensities of [Ru(phen)3]Cly were found to be slightly non-linear with concentration. The
emission of poly(dG-dC)-poly(dG-dC) ;however, was not enhanced enough at these
concentrations , so a [Ru(phen)3]Cly concentration of 10uM was used in this case. Titrations
with calf thymus DNA were done at both these concentrations for comparison. The following
results were observed:

1. Poly(dG-dC)-poly(dG-dC) is the most enantioselective in its enhancement of the emission

of [Ru(phen)3]Cl of the polynucleotides examined. Enhancement of the A enantiomer is
observed but no enhancement of the A enantiomer is observed up to DNA to ruthenium ratios

of 10:1.

2. Whereas the A enantiomer is preferred to the exclusion of the A enantiomer (as far as can be
discerned from this experimental technique) in the case of poly(dG-dC)-poly(dG-dC), and is
slightly preferred in the case of calf thymus DNA, enhancement by poly(dA-dT)-poly(dA-dT) is
greater for the A enantiomer.

3. The degree of emission enhancement of [Ru(phen)3]Cl, by the various polynucleotides

follows the order poly(dA-dT)-poly(dA-dT) > calf thymus I_)NA > poly(dG-dC)-poly(dG-dC).
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Effect of DNA on emission spectra of [Ru(Dip)3]1Cly

An emission spectrum of free and bound [Ru(Dip)3]Cl; is shown in Figure 9 for a 2:1
ratio of DNA to ruthenium, The two fold increase in enhancement is similar to that seen for
[Ru(phen)3]Cly with calf thymus DNA. The 10 nm red shift in the case of [Ru(Dip)3]Cl, is

larger than that seen for [Ru(phen)3]Cl».

Titrations of enantiomers of [Ru(Dip)31Cly with calf thymus DNA
Emission titrations of [Ru(Dip)3]Cl, with calf thymus DNA are illustrated in Figure 10.

The degree of enhancement is similar to that seen for [Ru(phen)3]Cl, but the maximum is

reached very early in the titration i.e., below a ratio of 5:1 nucleotides to ruthenium, The

figure illustrates that the emission enhancement of both enantiomers is nearly equal.

DNA sequence dependence of the emission enhancement of [Ru(Dip)3ICl,.

Titrations of [Ru(Dip)3]Cl, with DNA were compared for calf thymus DNA poly(dG-
dC)-poly(dG—dC)and poly(dA-dT)-poly(dA-dT). Graphs of these titrations are shown in Figure
11. The relative magnitudes of emission enhancements; poly(dA-dT)-poly(dA-dT) > calf
thymus> poly(dG-dC)-poly(dG-dC), are similar to those observed for [Ru(phen)3]Cly. (Even
larger differences among emission enhancements caused by the polynucleotides of various
sequences were observed when conditions were varied slightly and 4% DMSO was used in the

buffer.)
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Figure 11. Diagrams of A (left) and A (right) Ru(phen)32"‘ with one phenanthroline ligand
intercalated into B-DNA. When one ligand is intercalated the other two are positioned within the
groove of the helix. The groove easily accomodates the two non-intercalating ligands of the A

enantiomer. Binding of the A enantiomer is hindered somewhat by the interaction of the two
non-intercalating ligands with the phosphodiester backbone.
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Emission enhancement

Figure 3 illustrates the emission enhancement observed upon binding of [Ru(phen)3]Cl,

to DNA. Emission spectra of [Ru(phen)3]Cly have been extensively studieq and this emission

band has been assigned as a 3CT to ground state.33:34

The lifetime of the excited state of ruthenium polypyridyls has been found to be sensitive
to the medium.31:35 The emission enhancement that we observe in the presénce of DNA is
consistent with these findings . Moreover, this sensitivity presents a handle for monitoring
the binding of this molecule to DNA. It is therefore interesting to consider the basis for the

effect of the medium on the emission of [Ru(phen)3]Cly. This topic has been addressed in the

literature, though not yet fully answered. For example, some ruthenium polypyridyls have
been found to have a faster rate of non-radiative decay in D5O than in Hy0.3! This finding led
to the suggestion that there is a charge transfer to solvent component to the relaxation and that
this component accounts for the medium dependence. In other studies the non-radiative decay
rate of the excited state has been observed to increase with higher solvent dielectric constant.35
The dependence of the emission intensity of [Ru(phen)3]€1, on the medium has been exploited
in studies of the interaction of this molecule with micelles in aqueous solution.37-33 In those
studies as well, it was found that interactions with micelles (or protection from the aqueous

environment) enhances [Ru(phen)3]Cly emission. In any case, interactions with the aqueous

solvent seem to be important in affecting the emission intensity.

Excited state lifetime measurements
An emission enhancement such as that dicussed in the above section can theoretically arise
from either a smaller rate of non-radiative decay or a faster rate of radiative decay, according to

the equation ®=k/k+k,,,. (P=quantum yield of emission, k,=radiative decay rate, k,,=non-

radiative decay rate) A faster rate of radiative decay would be expected to be accompanied by an
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electronic change in the ground or excited state. Since the absorbance and emission spectra of
[Ru(phen)3]Cly in the bound and free forms are qualitatively similar (Figure 3 and reference
32), it seemed likely that thc; observed emission enhancement was due to a decreased rate of
non-radiative decay.

To further investigate this question we examined the effect of DNA binding on the excited
state lifetime of the complexes. A faster radiative decay rate would be reflected by a shorter

radiative lifetime while a smaller non-radiative decay rate would result in a longer lifetime.

The three-fold increase in the observed lifetime is consistent with a slower rate of non-radiative

decay. Exclusion of the polar HyO molecules (as discussed above) is likely to be at least

partially responsible for this phenomemon.

Emission titrations of enantiomers of [Ru(phen)3]Cl, with calf thymus DNA.

Figure 5 illustrates the emission enhancement of [Ru(phen)3]Cly as a function of calf
thymus DNA concentration. The degree of enhancement is slightly larger for the A enantiomer
than for the A enantiomer. This finding is consistent with equilibrium dialysis experiments
done in our laboratory by Jon Golberg in which 20* 10% more binding was observed for the
enantiomer over the A enantiomer with calf thymus DNA.32 The consistency between the
results of the equilibrium dialysis experiments and the luminescence titration experiments
demonstrates that increased enhancement reflects increased binding. This explanation is at least
part and perhaps most of the overall scheme. It may be a slight oversimplification, however,
since it has been shown in our laboratory by methods involving luminescence quenchers!?
that there is more than one mode of binding for each enantiomer and that not all modes always
lead to emission enhancement. (See below.) Nevertheless, the agreement between the
equilibrium dialysis experiments and the luminescence titrations leads us to propose that in the

case of titrations with calf thymus DNA , molecules bound by modes that do not lead to
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luminescence enhancement are either not a large fraction of the overall bound population, or
occur to equal extents for both enantiomers.

Equilibrium dialysis and spectroscopic methods complement each other in terms of the
information that they yield. Equilibrium dialysis yields information about overall binding
whereas luminescence experiments yield information about particular modes of binding. There
are also other advantages and disadvantages to each of these experiments. A binding constant
was obtained from equilibrium dialysis but not from luminescence titrations. Mainly, this is
because the emission intensity of the bound [Ru(phen)3]Cly remains unknown. At DNA
concentrations large enough to have all the ruthenium bound, other factors, such as solution
viscosity also affect emission enhancement. (These other factors are not large, but even small
artifactual effects make it difficult to ascertain a binding constant by this method14.) On the
other hand, in some sense the sensitivity of the luminescence experiment is greater than that of
the equilibrium dialysis experiment. Enantioselectivity could only be determined in the
dialysis experiments by a difference method in which the optical rotation of the unbound
[Ru(phen)3]Cl, in the dialysate was measured. Experiments in which the two enantiomers
were separarately dialysed against the DNA were not sensitive enough to detect small
differences in binding. Furthermore, the luminescence titrations present a simpler, less time
consuming method for determining qualitative binding aﬂd enantioselectivity.

The preference in binding of the A enantiomer to calf thymus DNA is best interpreted in
terms of an intercalation model. The A enantiomer preferentially intercalates into the DNA.
Intercalation of the A enantiomer is less favored because of steric repulsions between the non-
intercalated ligands and the helix backbone. This model is illustrated in Figure 12. The
intercalation model is based on several types of experimental evidence: DNA unwinding
angles measured by gel electrophoresis are similar to those of other intercalators.32

Luminescence depolarization values are greater for the bound A enantiomer than for the bound



Figure 12. lllustration of the groove binding of the A enantiomer into B-DNA. Left, view
facing the groove; right, view from the side of the groove.
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A enantiomer. The bound A [Ru(phen)3]Cl, enantiomer is more inaccessible to solvent than
the bound A enantiomer as shown by luminescence quenching experiments. Linear dichroism
measurements consistent with one phenanthroline ligand perpendicular to the helix axis have
been observed for [Ru(phen)3]Cl, 39 and [Fe(phen)3]Cl,40.

The classical examples of intercalators involve extensive overlap of the ligand with the

bases. However extensive ovérlap may not be necessary for a favorable stacking interaction.

This point is noteworthy since because extensive overlap is not possible for [Ru(phen)3]Cly

because of the steric hindrance of the non-intercalating ligands. In a study done by Bugg et.

al.4! seventy crystal structures of nucleotides and nucleosides were examined. A common
packing motif, which prevailed through many complexes which were not structurally similar
in other respects, was the partial overlap of rings or the overlap of a bond moment with a
polarizable system. (Extensive overlap of aromatic rings was not a common motif.) Bugg et.
al. attribute the favorability of this interaction to a dipole-induced dipole interaction. Other
studies have also led to the conclusion that the interaction between the polar nucleotide and a

polarizable ligand is important in complex formation.

Sequence dependence of enhancement

Emission titrations of [Ru(phen)3]Cl, with DNA (Figures 7 and 8) have shown that there

is greatest emission enhancement of [Ru(phen)3]Clp with poly(dA-dT)-poly(dA-dT), least for

poly(dG-dC)-poly(dG-dC) and intermediate for calf thymus DNA. Three types of explanations
can be invoked to account for the observed sequence dependence of the magnitude of emission
enhancement:

1. Enhancement may simply reflect the quantity of binding.
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* 2. Various modes of binding occur for the different sequences and these modes may differ in
the degree of emission enhancement that they cause.

3. The different electronic structures of the bases or different solvent structures surrounding the
bases may cause varying degrees of quenching in 4 sequence dependent manner. This
explanation differs from the second in that differences in binding modes need not be invoked.

To address the first possibility we compare the binding constants, of the various

polynucleotides to [Ru(phen)3]Cly, obtained by equilibrium dialysis.19 These values are

charted below.

DNA KeM=l)
poly(dG-dC)-poly(dG-dC) 4000

calf thymus DNA 6200
poly(dA-dT)-poly(dA-dT) 9200

The binding constants correlate with the degrees of emission enhancement observed. However
it is not clear that the variations in binding affinity totally account for the variations in
emission enhancement.

The second proposal, that there are different modes of binding for poly(dG-dC)-poly(dG-
dC) and poly(dA-dT)-poly(dA-dT), is supported by the fact that the enantioselectivity of A
over A observed for calf thymus DNA and poly(dG-dC)-poly(dG-dC) is reversed for poly(dA-
dT)-poly(dA-dT) (Figure 8).

The third possibility for the variations in enhancement is that they arise from the nature of
the polynucleotide itself. For example, different sequences have different water structures
around them and such differences could affect intensity of emission. Moreover, particular base
specific electronic interactions have been observed to quench other luminescent

intercalators.42 For example , in the cases of proflavine43 and acriflavine44, enhancement, or
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no effect is seen on dye emission when bound to poly(dA-dT)-poly(dA-dT) , but binding to
poly(dG-dC)-poly(dG-dC) causes quenching. Authors explained this observation by a charge
transfer interaction between the guanine and the dye, since metallation®> or methylation? of
the guanine inhibits this quenching in certain cases. A similar phenomenon migﬁt be
occuring in the case of [Ru(phen);]Cls. V

In order to determine if either different modes of binding or various degrees of emission
enhancement by the different polynucleotides are causing the variations in the emission
intensities observed in the titration experiments it would be useful to know the emission
intensity at the end point of the titration. However, as mentioned above values for the end
points were not obtainable from these titrations because at the DNA concentrations necessary
to bind all the ruthenium, the viscosity and scattering effects render the emission intensity
values unreliable. In lieu of the titration end point values we can compare the emission
lifetimes (determined by C.V. Kumar in our laboratory) of the bound forms of racemic

[Ru(phen)3]Cl, in the presence of the three types of polynucleotides. The values of the

observed lifetimes (from reference 19) are listed below.

DNA xcited lifetimeof bound form (us
poly(dA-dT) - poly(dA-dT) 1076
poly(dG-dC) - poly(dG-dC) 708
calf thymus DNA 1600 (avg. value)

Based on these values and on those for the binding constants listed above, the relatively lower
emission enhancements observed in the titrations with poly(dG-dC) - poly(dG-dC) result from
both a lower binding constant with [Ru(phen)3]Cl, and a lower increase in emission intensity
of the bound form as compared to the other polynucleotides. The relatively larger increase in

emission intensity of the ruthenium complex that we observe in the titratons with poly(dA-
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dT) - poly(dA-dT) however must result only from an increase in the binding constant. This
fact is clear because the lifetime of the excited state of [Ru(phen);]Cl, bound to poly(dA-dT) -
poly(dA-dT) is actually lower than that of the ruthenium complex bound to calf thymus DNA.
A combinaton of the three reasons mentioned should therefore be invoked to explain the

sequence dependence of the emission enhancement observed in the titration experiment.

Sequence dependence of enantioselectivity.

In addition to the sequence dependence of the emission enhancement, Figures 7 and 8 also
illustrates a sequence dependence of enantioselectivity. The selective enhancement of the A
enantiomer over the A enantiomer follows the order poly(dG-dC)-poly(dG-dC) > calf thymus
DNA > poly(dA-dT)-poly(dA-dT). In the titration of [Ru(phen)3]Cl, with poly(dG-
dC)-poly(dG-dC) only the emission of the A enantiomer is enhanced. In binding to calf
thymus DNA, a slight enhancement of the emission of the A enantiomer over that of the A
enantiomer is seen and in binding to poly(dA-dT)-poly(dA-dT), a greater enhancement is
observed for the emission of the A enantiomer is preferred. The preference of poly(dG-
dC)(poly(dG-dC) for the A enantiomer can be explained by the .intercalation model described
above for calf thymus DNA. To explain why poly(dA-dT)-poly(dA-dT) prefers the A
enantiomer we describe another mode of binding. A mode of binding other than intercalation
has also been defined based on experiments done by C.V. Kumar and J. Goldberg in our
laboratory. This binding mode is enantioselective. Based on emission quenching
experiments, it renders the [Ru(phen)3]Cl5 less accessible to solvent yet does not always cause
emission enhancement. It displays lower values for luminescence depolarization. This
binding mode has been assigned as a surface bound or groove bound mode.19 That is, the

ligands have surface interactions with the groove of the helix. From model building studies it
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seems that this mode of binding should be preferred by the A enantiomer (see Figure 11). We
propose that groove binding is preferred in the case of poly(dA-dT)-poly(dA-dT).

These proposais are interesting in light of observations described in the literature which
indicate that intercalators tend to bind at G-C containing sequences while groove binders
prefer A'T containing sequences. Intercalation involves the insertion of planar aromatic
ligands between the base pairs of DNA.10 Classical examples of intercalators are ethidium
bromide” and acridines.® The interaction between a polar nucleotide and a polarizable ligand
appear to be important for intercalation. Almost all intercalators studied so far display a
preference for G'C. The G-C preference has been rationalized for intercalators in the
acriflavine family by Muller and Crothers.4748 It has been found that GC base pairs are more
polar than AT base pairs 49 and would therefore be expected to the more preferred in the
stacking interaction. It may then be true that an intercalation process is inherently a GC
preferred type of interaction. DNA groove binding ligands have also been described in the
literature. Most groove binders involve some hydrogen bonding to functional groups in the
groove, but hydrogen bonding is not essential, as groove binders have been studied which have
no hydrogen bonding capabilities.#9 Netropsin is an example of a groove binder whose
structure has been solved.50 The crystal structure of the groove binder netropsin has led to
interesting proposals conceming what sorts of interactions favor groove binding. It has been
suggested that the aromatic rings of groove binders oriented to match the walls of the helix,>1
provide favorable surface interactions. This notion has further been used to explain the AT
preference that has been noted for groove binders.50 Whereas aromatic rings can lie flat on the
surface of the minor groove on A'T base pairs , the protruding amino group in the minor

groove of G-C base pairs precludes such an interaction for this sequence. The
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enantioselectivities we observe with Ru(phen);2* may be a reflection of the sequence

preferences of these two binding modes.

Another point to note from Figures 7 and 8 is that enhancement of poly(dG-dC)-poly(dG-
dC) is the most enantioselective of the DNAs examined. Only the emission of the A
enantiomer is enhanced. Emission of the A enantiomer is constant with poly(dG-dC)-poly(dG-
dC) concentration. One explanation fof the higher degree of enantioselectivity observed for
poly(dG-dC)-poly(dG-dC) as compared to the other polynucleotides is a higher degree of
rigidity for the G-C base pairs. Each G-C base pair contains three hydrogen bonds as opposed
to two hydrogen bonds for A-T base pairs. Moreover, stacking energies for G-C base pairs
have been calculated to be larger than those for AT base pairs.52 In accord with the notion of
decreased flexibility contributing to a higher degree of enantiomeric selectivity for the binding
reaction with poly(dG-dC)-poly(dG-dC) , we note that selectivity for the A enantiomer is also
enhanced in the binding reaction with calf thymus DNA as a function of increasing salt
concentration. !9 Increasing salt concentration is expected to render the helix more stable and
less flexible. Calf thymus DNA, most likely; consists of some sites fnore similar in nature to
poly(dG-dC)-poly(dG-dC) and some sites more similar to poly(dA-dT)-poly(dA-dT) rendering
the pattern of emission enhancement intermediate between that of the two synthetic
polynucleotides.

The luminescence titration data for poly(dG-dC)-poly(dG-dC) is mostly consistent with the
data from the equilibrium dialysis experiments. By both of these methods poly(dG-
dC)-poly(dG-dC) was found to be the most enantioselective polynucleotide and to have the
largest preference for the A enantiomer at this salt concentration. However, the
enantioselectivity is seen more strikingly in the luminescence titrations. In the equilibrium

dialysis experiments, a 3-4:1 preference of the A:A enantiomer was observed. In the
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luminescence titrations no enhancement was observed for the A enantiomer. As mentioned in
a previous section, there are apparently some modes of binding that do not contribute to the
luminescence enhancement. The binding of the A enantiomer to poly(dG-dC)-poly(dG-dC) is
clearly one example . This observation suggests that for poly(dG-dC)-poly(dG-dC) the A and A
enantiomers are quite different in their modes of binding and perhaps the A enantiomer is
completely precluded from intercalation.

In summary, emission titrations are a simple method by which to monitor
enantioselectivity in binding to DNA. The data from these titrations together with data from

binding experiments and emission lifetime determinations can be explained by a model which
involves the preferential intercalation of the A enmﬁomer into calf thymus DNA and poly(dG-
dC)-poly(dG-dC) and preferential groove binding of the A enantiomer with poly(dA-
dT)poly(dA-dT). (These preferences of course refer to net binding. Both enantiomers of

Ru(phen):;2+ bind to all the polynucleotides examined and more than one mode of binding may

occur for each case.)

Emission enhancement of [Ru(dip)3]Cl with DNA. Figures 9 and 10 illustrate the

enhancement of [Ru(dip)3]Cl, as a function of DNA concentration. No large difference is

observed between the enhancement of the two enantiomers. This observation is in contrast to
the results obtained by absorbance titrations>> done by L. Basile and luminescence quenching
expc:riments19 done by C.V. Kumar in our laboratory. These experiments demonstrated
exclusive binding of the A enantiomer to B DNA. It appears that because of the
hydrophobicity of this complex, a non-specific type of binding is dominating the emission
enhancement effect. A sudden, sharp increase in [Ru(dip)3]Cl, enhancement as compared to

[Ru(phen)3]Cl> enhancement is also seen in studies in which these complexes were bound to
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micelles.38 This is probably also a reflection of:the extreme hydrophobicity of this complex.
The methods which can better discriminate between different binding modes are clearly

necessary to detect the differences in binding of these two enantiomers.
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Chapter 3
Characte_rization of the Binding of Ru(phen),Cl, to DNA

Introduction

In chapter 2 we discussed the interactions of the chiral metal complex, Ru(phen);2* with

DNA. This work with Ru(phen),2+ as well as studies with the larger complex Ru(dip)32+ !

illustrate the advantage of using chiral complexes as probes. The chemistry of any two
enantiomers is obviously the same except for their interactions with another chiral molecule
such as DNA. The differences in binding between the tw§ enantiomers can reflect the structure
of the DNA.

Many transition metals bind to DNA at more or less specific sites.2 For example, many
of the soft transition metals that have‘ been studied coordinate to N-7 of guanosine as a
preferred site on DNA. This is the case for example in the extensively studied antitumor drug,
cis-diamminedichloroplatinum(II).3 It is also the case for certain ruthenium(II) and
ruthenium(IIT) ammine complexes.4

It has been noticed in recent years by several groups that a DNA sequence with a GpG

step is often involved in binding to certain types of DNA regulatory proteins. Examples are
Spl’, large T antigen® and TFITA7. It has been proposed that short stretches of guanines
within regulatory regions may adopt an A conformation . This proposal has been supported by
the solution of the stucture of the sequence GGATGGGAGS, part of the DNA binding site of
the TFIIIA protein. With the ultimate goal of developing a molecule to probe or modify sites
containing such GpG steps it is interesting to study such sequences in terms of their binding
to small inorganic molecules.

As a first effort to try to design a molecule with a preference for guanine nucleotides while
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maintaining the chirality of the complex, we studied the interaction of Ru(phen),Cl, with

DNA. The chloride ions are labile in aqueous solution and the metal is therefore able to
coordinate to the DNA. Coordination of the metal is expected to lend a sequence sensitivity to
the binding. Moreover, the interactions of the phenanthroline ligands with the DNA  impart
an enantioselectivity to the reaction which should reflect the structure of the adduct.
Coordination also lends a greater stability to this interaction than to those of the
tris(phenanthroline) metal complexes with DNA.

In this chapter we describe some of the characteristics of the binding of Ru(phen),Cl, to
DNA. We first discuss the DNA sequence preferences and enantiomeric preferences of the
binding. A preference for G*C containing sequences is observed. In contrast to the non-

covalent binding of Ru(phen)32+ with DNA, a preference for binding of the A enantiomer is

observed in most cases. Since covalent binders can affect the conformation of the DNA, the

effect of binding of Ru(phen),Cl, on DNA conformation was also investigated. Based on

these observations and on spectroscopic data we propose a possible model for binding of

Ru(phen),Cl, to DNA.

- Preparation of DNA

Calf thymus DNA was purchased from Sigma Chemicals and purified by phenol
extraction.? Synthetic polynucleotides were purchased from P.L. Biochemicals. All DNAs
were dialyzed extensively against buffer R (5 mM Tris-HCI, 50 mM NaCl, pH7.5) prior to the

binding experiments. The extinction coefficients used to determine the nucleotide
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concentrations were as follows: calf thymus DNA, 6600 M- cm™! at 260 nm19;
poly(dG)-poly(dC), 7400 M-! cm-! at 253 nm11; poly(dG-dC)- poly(dG-dC), 8400 M- cm-1
at 255 nm*?; poly(dA)poly(dT), 6000 at 260 nm!}; poly(dA-dT) poly(dA-dT), 6600 at 262
nm!2. SV40 plasmid DNA was purchased from Bethesda Research Laboratories.

Z-DNA was pre_pared by dialyzing a 1 mM stock solution of poly(dG-dC)-poly(dG-dC)
against pH 7.5 buffer containing 5 mM tris-HCI, 10mM NaCl. The stock solution was then
diluted into the same buffer already containing 30 uM Co(NH3)63+ . Final concentrations of
the DNA used in these experiments was 100-150 uM. Higher concentrations of poly(dG-

dC)-poly(dG-dC) tended to aggregate under these conditions. -

Synthesis of Ru(IT) complexes

RuCl; was received as a gift from Engelhardt Inc. The ligand, 1,10-phenanthroline was
purchased from Aldrich Chemicals. Derivatized phenanthroline ligands were purchased from G.
Frederick Smith Chemical Company . The synthesis of Ru(phen),Cl, was similar to the
one described by Sullivan et. al.13 for Ru(bpy),Cly. The complex was prepared by the
addition of stoichiometric phenanthroline to RuClj already dissolved in DMF and refuxing for
2 to 3 hrs. To purify the complex, DMF was pumped off, the remaining solid was dissolved,
by heating, in an ethanol/H,O solution and the purified product was precipitated overnight

or longer from a 50:50 ethanol H,O solution containing excess LiCl. Direct light was

avoided during the synthesis and the subsequent purification steps were carried out in dim light
or in foil wrapped glassware. A typical elemental analysis was as follows, found: C: 50.47% ,
N:10.6%, H: 3.41% ; calculated: C:50.7%, N:9.9%, H:3.54% . An¢ of 10,800 * 500 M-
lem-1 14 3¢ 490 nm in ethanol was used to determine concentrations of the metal complex.

The NMR spectrum of this compound shown in Figure 1 is consistent with its structure.

The synthesis of Ru(5,6-dimethylphenanthroline),Cl, and Ru(5-phenylphenanthroline), was



i
1
! |
H i
I
f

s y—
e — e G s

I; :
" i,
K i
t o
- I 3 l'
| \ |t
M‘J ‘J !
AARE SRR RN S RN R A A AR R e e n e RS n e n e frrr LR S R 0 i B
1 )I
11 10 9 8 7 6 5 4 3 2

e

AAAARRERRE RRRERRRRSRRRRE RS RS s TR N et o RN RS R R R LA AL LR SR
1 10 9 8 ? 6 5 4 : K} <

PpmMm

Figure 1. 300 MHz proton NMR spectra of Ru(5,6-dimethylphen),Cly (1op) and Ru(phen)yCla (borom) in dSDMSO. referénce: DMSO ai
2.49 ppm.

09



carried out analogously to that of Ru(phen),Cl,. The extinction coefficients determined for

the two compounds in ethanol were 10,800 *500 M- cm™! at 500 nm and 11,500% 500 M-1
cm! at 505 nm respectively.

Ru(phen),(NH3), 2+, Ru(phen),(en)2t Ru(phen),(py), 2* and Ru(phen),pyCl 2+ were

synthesized as described by Bryant et. al.!5 for the analogous bpy compounds starting from

Ru(phen),Cl,. NMR spectra of these compounds are shown in Figure 2. The identities of
the first two compounds were further corroborated by mass specirometry analyses (molecular
ion weights were 521 and 496 for Ru(phen)z(en)2+ and Ru(ph<=:n)2(NH3)22+ respectively) and
elemental analyses (C:N ratios found were 3.7 and 3.4 for Ru(phen),(en) and
Ru(phen),(NH3), respectively).

Attempts were also made to synthesize a Ru(phen)22+ complex with one or two
guanosines coordinated to the metal. This was done by refluxing a 2:1 ratio of guanosine to
Ru(phen),Cl; in methanol/H,0 for several hours. The reaction mixture was loaded on to a

Sephadex CM-25 carboxymethylcellulose column and eluted with a NaNO3 gradient which

ranged from .05M to 2M in concentration. An NMR spectrum of the major band eluted from

this column is shown in Figure 2a. The mass spec of this mixture contained peaks

corresponding to Ru(phen),(deoxyguanosine) (728) and Ru(phen),(deoxyguanosine)Cl (764).

Agarose gel electrophoresis

Agarose gels of SV40 DNA bound to Ru(phen),Cl, were run in 1% agarose typeV
purchased from Sigma Chemicals. The running buffer contained 50 mM Tris-HCl, 18mM
NaCl, 18mM Na acetate, pH 7.0. Gels were run on a BRL Model H-6 "baby gel" at 40-
S0volts for 2-3 hours. DNA bands were visualized by staining with ethidium bromide

solution.



Figure 2. 300 MH: proton NMR specua of Ru(phcn)z(py)zz’ (10p), Ru(phcn)y(Nity),2*
(middlic), and Ru(phen);Cl; in d®DMSO. reference: DMSO at 2.49 ppin.
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Spectroscopic instrumentation

Absorbance spectra were recorded on a Cary 219 spectrophotometer. C.D. spectra were
recorded on either a Jasco J-40 recording spectropolarimeter or Jasco J-S00A spectropolarimeter
in line with a Jasco DP-S00N data processor. Resonance Raman spectra were obtained by
excitation of the sample at 441.6 nm with a Liconix He/Cd laser (40mW). The collection and

analysis of data was identical to that described by Kumar et. al. 16

DNA sequencing experiments
The DNA fragment used in the sequencing experiments was obtained by digesting SV40

DNA with the restriction enzymes Bgl I ( which cuts at the 5242 site) and Asp 718 (which
cuts at the 299 site ). Both enzymes were purchased from Boehringer Mannheim Biochemicalé.
The labelling of the 5' end of the DNA and the gel electrophoresis procedures were carried out
as described in reference 17. The labelling reaction was performed subsequent to the Bgl I
reaction and prior to the Asp 718 reaction. The fragment was purified on a 5% poyacrylamide
gel (acrylamide: bis acrylamide 29:1) with bromphenol blue as a marker. The piece of the gel
containing the fragment was identified by exposure to x-ray film, cut out of the gel, sliced
into tiny pieces and left overnight at 4° C covered with buffer containing 500 mM Na acetate
and 1 mM EDTA, pH 8. The solution was separated from the gel pieces through glass wool,
loaded onto a NAP-10 purification column (P.L. Biochemicals) , eluted with HyO and
immediately frozen at-70° C and lyophilized. The fragment was stored lyophilized at -70° C
and resuspended in buffer R immediately prior to the binding experiments.

Binding reactions were carried cut by incubating Ru(phen),Cl, with the DNA fragment
initially containing 30 cpm per sample. Calf thymus DNA at 1mM concentration was used as

carrier. After the incubation period, the DNA was precipitated and resuspended in buffer
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appropriate for the exonuclease reaction. Exonucleaselll reactions were performed exactly as
described by Bowler and Lippard.18

DNA sequencing was done according to the procedure of Maxam and Gilbert.19

Determination of the direction and magnitude of the rotation of Ru(phen),Cl,

In order to prepare enantiomeric Ru(phen),Cl; a racemic mixture of this complex was

incubated with DNA in buffer R at a 5 to 1 nucleotide to ruthenium ratio for 90 minutes, after

which the DNA and the bound ruthenium complex was precipitated with ethanol. A 5-6 fold

excess of phenanthroline was added to the free Ru(phen),Cl, in the supernatant and the
solution was heated at 80° C +10 C for 3 hours. At that point optically active Ru(phen);2*
had been formed and hardly any Ru(phen),Cl, remained. The heated solutions were kept
scrupulously in the dark. Control samples contained Ru(phen),Cl, refluxed without addgd

phenanthroline and Ru(phen),Cl, kept at ambient temperature in the dark for 3 hours. The

concentration of the samples at the end of the 3 hours was determined based on their visible
absorbance spectra. C.D. spectra of the solutions were taken in order to determine the sign and

magnitudes of the optical rotations at 270nm.

Calculation of enantiomeric selectivity from binding data

Solutions of Ru(phen),Cl, incubated with DNA for varying lengths of time were ethanol

precipitated to remove DNA and bound ruthenium complex. C.D. spectra were taken of the
free Ru(phen),Cl, in the supernatant. Enantiomeric selectivity of the reaction was calculated
using the equation:

%selectivity= rotation observed /(concentration bound x rotation of pure enantiomer).

The concentration bound was determined by visible absorbance spectra.

r
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Results

Binding of Ru(phen),Cl, * to calf thymus DNA

The binding of Ru(phen)>Cly to DNA over time was monitored by incubating DNA with
Ru(phen)>Cly and ethanol precipitating the DNA and the bound Ru(phen),Cly after various
time intervals. The concentration of free Ru(phen),Cly in the supernatant was measured by

the visible absorbance band of the complex. (Ru(phen)32+ which cannot coordinate to the

DNA shows no binding to DNA by this assay.) The time course of the binding reaction to

calf thymus DNA is shown in Figure 3. When a solution with a 5:1 nucleotide to

ruthenium ratio is incubated at room temperature, the reaction nears completion at an ryq,,q

value of about .05 after approximately 3 hours. The final ry,,,4 value was found to vary with

the ruthenium concentration and the ruthenium to DNA ratio used in the experiment. Both

higher ruthenium concentrations and higher ruthenium to nucleotide ratios result in higher

Thound Values.

Further details concerning the nature of the reactants
The experiments described in this section address the following questions: 1. In the buffer
system used (SmM tris 50mM NaCl pH 7.5) what is the identity of the two non-

phenanthroline ligands? These ligands are labile and could be chloro groups, hydroxyl groups

* Ru(phen)2Cl2 refers to the solid form of the complex. Once dissolved in aqueous solution

aquo ligands partially or totally replace the chloride ligands.
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Figure 3. Time course of Ru(phen),Cl; binding to calf thymus DNA in buffer R.
Concentrations bound at each point were measured by ethanol precipitation of the DNA with the
bourd Ru complex and measuning the absorbance of the free Ru(phen),Cl left in solution.
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or water molecules. 2. Does the nature of this leaving group ligand affect the
enantioselectivity of the reaction?

It has been observed that when Ru(phen),Cl, is dissolved by heating in aqueous solution
one or two of the chloride ligands dissociate.20 To determine if one of the non-phenanthroline
ligands is a chloride ion in our buffer system NMR spectra were taken of Ru(phen);Cl, in

D,0 with increasing chloride concentrations. These spectra are shown in Figure 4. In DO

the complex retains C2 symmetry as seen by the eight peaks that appear in the spectrum. As

the chloride concentration is increased some of the peaks begin to split. This splitting is most

easily interpreted as chloride ions coordinating to the ruthenium in place of the DO to form
[Ru(phen),D,0CI]* or [Ru(phen),Cl,]. At a concentration of SO mM NaCl the downfield
peaks are split with only about one half of the area corresponding to the peaks originally
present in the DO spectrum. The non-phenanthroline ligands in our buffer system are then a

mixture of chloride and solvent ligands. The pK for the analogous Ru(bpy),(Hy0),2+

complex was determined to be approximately 9. 21 Hydroxyl groups are therefore not expected
to be the leaving groups on most of the complexes. The presence of aquo or chloro ligands on
the ruthenium complex is also reflected in its visible absorbance spectra, as shown in Figure
20. No differences in enantioselectivities were observed between binding experiments
performed in chloride containing buffer as compared to those in which the binding reaction

took place in nitrate containing buffer.

Enantioselectivity of Ru(phen),Cly binding to calf thymus DNA

In order to determine the enantioselectivity of the binding reaction to DNA , the optical

rotation of the Ru(phen),Cl, left free in solution was measured for various time points during

the reaction. In Figure 5 the optical rotation at 270 nm of the free Ru(phen),Cly is plotted

versus the r value. This data illustrates that until an r value of approximately .04 is reached,
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the enantioselectivity is constant . From the slope of the line we calculate that there is

approximately a 2.6 to 1 preference for binding of the A enantiomer over the A enantiomer to

calf thymus DNA.**  This value was calculated using Agy7 = +280 M-1 cm~1 for A

Ru(phen)7Cl, which was determined as described in the following section.

Equilibrium dialysis experiments of Ru(phen),Cl, with calf thymus DNA

Ru(phen),Cl, also interacts non-covalently with DNA . A certain enantiomeric preference

in a non-covalent binding mode could conceivably set up a higher local concentration of the
preferred enantiomer near the DNA thereby causing this enantiomer to be favored for
coordination. In order to determine if this was the case in our experiments, equilibrium
dialysis experiments of Ru(phen),Cl, versus calf thymus DNA were performed. The
enantioselectivity of the non-covalent mode of binding was determined by dialysing
Ru(phen)7Cl, versus calf thymus DNA and measuring the optical activity of the dialysate.
The dialysate was enriched in the A enantiomer indicating a preference for the A enantiomer
 similar to that observed for Ru(phen)32+. The enantioselectivity observed in such an
experiment reflects both covalent and non-covalent modes of binding. A preference in binding
the A enantiomer is observed. This finding indicates that the selectivity for the A enantiomer
observed for the covalent binding mode does not simply result from a higher local

concentration of this enantiomer near the DNA .

Specifically, the enantioselectivity of the binding reaction with calf thymus DNA was
calculated as follows: As shown in the graph in figure 4, at an r value of .02 the ellipticity in
mdegrees of the solution of the unbound ruthenium complex at 270 nm was approximately 4.5.
Since the ratio of ruthenium to DNA incubated was 50:250 uM, when the Thound Value equals

.02, SuM of the ruthenium complex is bound to the DNA. The samples were ethanol precipitated
and this increased the volume of the samples 4x, so that the concentration of the sample of
which the C.D. was measured was 1.25uM. (Pathlengths were equal to 1 cm.)

4.5mdegree/1.25uM=4.05x10% mdeg/uM

The ellipticity of pure enantiomeric Ru(phen),Cl, is estimated to be .9x107mdegrees for a uM
solution.

4.05x1067.9x107 = 42% = 72% A /28 % A = 2.57



Determination of the sign and magnitude of the optical rotation of Ru(phen),Cl,

In order to determine the enantioselectivities of the binding reactioﬁ discussed above it is, of
course, necessary to know the sign and magnitude of the optical rotation of enantiomeric
Ru(phen);Cly. Since these values are known for Ru(phen);,;2+ 22 they could be determined for
Ru(phen)7Cly by synthesizing Ru(phen)32+ from enantiomerically enriched Ru(phen),Cl,.

The synthesis was carried out by heating the Ru(phen),Cl, solution in the presence of 5-fold

excess phenanthroline. Complete absence of light is required to prevent racemization of the
heated solution.

Table 1 lists the results of one such experiment. The sign of the rotation is the same for

Ru(phen),Cl, as for Ru(phen)32+. (It is known that this reaction occurs by a dissociative
mechanism not involving inversion.) The magnitude of the rotation of Ru(phen),Cl, at 270
nm is 2.2x less than that of Ru(phen);2*, Since Aey7q has previously been determined to be

approximately 600 M-lcm1, for Ru(phen);2+: the Ae of Ru(phen),Cl, is calculated to be

280 M-1cm-1 (* 20%). This value is consistent with that calculated by Bosnich.23

Sensitivity of binding and enantioselectivity to the DNA sequence

The DNA sequence sensitivity of the Ru(phen),Cly binding reaction was investigated

using synthetic polynucleotides. Figure 6 illustrates the time course of the binding reaction of
Ru(phen),Cl, to DNA of varying sequences. More binding is observed to G-C containing
sequences than to A-T containing sequences. The greatest amount of binding observed is to
the homopolymer poly(dG)poly(dC). The enantiomeric discrimination for the binding
reactions with each of these sequences was determined in the same manner as that described
above for calf thymus DNA. These preferences are compared in Table 2. Of the

polynucleotides examined, the one with enantioselectivity closest to that of calf thymus DNA
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Tablel. Comparison of the optical rotations of Ru(phen)32+ and Ru(phen),Cl, at 270 nm.

sample concenfration(uM) rotation(m rotation(m neentration(puM
1 11+1 8.25 . .76+.09
2 13.75 +.25 10.75 .78%.01
3 10*1 17.5 1.8*+.01

sample 1, Ru(phen),Cl, heated at 80 C in ethanol/ Hy0 for 3h; sample 2, Ru(phen),Cl, kept

at ambient temperature in ethanol/H50 for 3h; sample 3, same as sample 1 with Sx excess

phenanthroline

Degrees are related to molar ellipticity by the equation: O = 2.303 (Ay -AR)180/411=33AA
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Table 2. Enantiomeric preferences of the binding of Ru(phen),Cl, to DNA.

DNA I _atlhr A/A_bound
total A A

Calf thymus DNA 034 0245  .0095 2.6
poly(dG)-poly(dC) 049 035 014 24
poly(dG-dC)-poly(dG-dC) .039 016 023 7
poly(dA)-poly(dT) .020 011 0091 14
poly(dA-dT)-poly(dA-dT) .020 011 0091 1.4
poly(dG-dA)-poly(dC-dT) A preference

Enantioselectivities were calculated from plots similar to that shown in Figure 2, using a
Ag value of 280 M- cm1 for enantiomeric Ru(phen),Cl, .
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is poly(dG)-poly(dC), suggesting a similarity in the binding site for the two polymers. Less
enantioselectivity is observed in the binding reactions with the AT containing sequences.

Only the alternating sequence poly(dG-dC) poly(dG-dC) prefers the A enantiomer.

Effect of Ru(phen)ZClz binding on the conformation of the DNA

The effect that the coordination of Ru(phen),Cl) to the DNA, has on the conformation of
the DNA was investigated by gel electrophoresis experiments. Figure 7 illustrates the results
of an experiment in which pBR322 DNA, which had been incubated with Ru(phen),Cl, for
varying time intervals was run on an agarose gel. It can be seen that as a function of
incubation time, unwinding occurs for the supercoiled band and increased mobility occurs for
the nicked band. These results also illustrate the slow dissociation rate of the metal complex

from the DNA, as expected for a mode of binding involving the coordination of the metal to

DNA. In contrast, for Ru(phen)32* no effect on the mobility of DNA can be observed on an

agarose‘ gel unless the complex is dissolved within the gel. If the Ru(phen)32+ complex is

simply incubated with the DNA prior to running the gel, it dissociates from the DNA once on
the gel and travels to the opposite pole. (Some dissociation occurs in the case of
Ru(phen)7Cl, as well. This is known because the amount of unwinding was observed to be
dependent on such factors as the length of the gel and the voltage at which it was run. This
dissociation is slow enough however that the unwinding effect can still be observed.)

Consistent with the notion of a conformational change occuring to the DNA, we observe
changes in the C.D. spectra both immediately and over the time course of binding to DNA .
These spectra are shown in Figures 8, 9 and 10. Experiments performed to determine the effect
of the ruthenium complex on the transition between the B and Z conformations in particular

are discussed below.
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Figure 7. Effect of bound Ru(phen)yCl5 on the mobility of pBR-322 DNA in agarose gel

electrophoresis. From left to right , incubation times of the Ru complex with the DNA were:
Ohr., .5hr., 1hr., 2hr., 6hr., 15hr. and 22hr.
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Figure 8. C.D. spectra of B-DNA illustrating the effect that the binding of the Ru complex
has on the spectrum. Left: 100 uM poly(dG-dC)-poly(dG-dC) in the B-form (10mM NaCl , pH
7.5) — and the same DNA immediately after addition of 20uM Ru(phen),Cly = - = -+ Right:
difference C.D. spectrum of the DNA before and after the addition of the ruthenium conplex.
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Figure 9. Effect over time of the binding of Ru(phen),Cl; on the C.D. spectrum of
poly(dG-dC)-poly(dG-dC) in B-DNA conditions (10mM NaCl, pH7.5). Left: the polynucleotide
immediately after the addition of Ru(phen),Cl; —  and after 3 hours of incubation with the

Ru complex - - - . Right: difference C.D. spectrum. Concentrations are the same as those in
figure 8.
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Figure 10. Effect over time of the binding of Ru(phen);Cl3 on the C.D. spectrum of Z-DNA.
Left: 100 uM poly(dG-dC)-poly(dG-dC) converted 1o Z-DNA by the addition of 20 uMCo(NH3)g>*
at various time points after the addition of 20 uM Ru(phen);Cl;: immediately after Ru(phen)Cly
addition —-——-- , 3 hrs after Ru(phen),Cl, addition - - - - and 18 hours after Ru(phen),Cl
addition------ . Right: the difference C.D. spectrum.
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Resonance Raman Spectra of Ru(phen),L, Complexes
Attempts were made to identify the type of site on DNA to which Ru(phen),Cl, binds by
comparing the resonance raman spectra for Ru(phen),Cl, bound to DNA with those of

Ru(phen)zpy22+, Ru(phen)z(NH3)22"‘ and free Ru(phen),Cly. These compounds were

chosen to represent binding of the metal to an endocyclic nitrogen or to an amine - both
possible ligands on the DNA. The spectra of these compounds are shown in Figure 11. The
largest peaks are seen at 1630, 1578, 1515, and 1450 cm™!. Smaller peaks are seen at 1303,
1209, and 1146cm-1. There are no significant shifts in these peaks among the various model
compounds, though there may be some small changes in intensities. Not surprisingly, the
peaks in the spectrum of [Ru(phen),Cly] bound to DNA are similar to the peaks observed for
the model compounds.The attempts to use resonance Raman spectroscopy to elucidate the
nature of the adduct were unsuccessful because of the apparent insensitivity of the spectrum

to the non- chromophoric ligands.

Absorbance spectra of Ru(phen),Cly bound to DNA and related complexes
The effect that DNA binding has on the visible absorbance spectrum of Ru(phen),Clj is
shown in Figures 12a and 12b. The immediate effect is a decrease in absorbance and a red
shift, (12a) reminiscent of the effect seen with Ru(phen)32+. Over time, the band is blue
shifted.(12b) For comparison, absorbance spectra of Ru(phen),Ly (in which L represents
“various known ligands) and absorbance spectra of Ru(phen);Cl, in various buffers are

illustrated in Figures 13-15 . Addition of GMP or of guanosine to Ru(phen),Cl, also has the

effect of blue shifting the spectrum over the course of several hours as shown in Figure 16.

Unlike the effects of binding to DNA, no immediate red shift is observed in these cases.

Attempts were also made to purify the major product of a reaction of Ru(phen),Cl, with
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Figure 11. Resonance raman spectra (from top to bottom) of Ru(phen),Cl, , Ru(phen)y(py)a2*

Ru(phen),(NH3),2* and Ru(phen),Cl; bound to calf thymus DNA.
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Figure 12a. Absorbance spectra of Ru(phen),Cl; in buffer R (- - - ) and the same solution

immediately after addition of calf thymus DNA (-+) . The nucleotide to ruthenium ratio was
20:1.
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Figure 12b. Absorbance spectrum of Ru(phen),Cl, immediately after addition of calf

thymus DNA at a 20:1 nucleotide to ruthenium ratio () and after 12 hours of incubation of

the solution at room temperature (—) . It is estimated that 50% of the ruthenium complex is
coordinated to the DNA in the latter solution.
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Figure 13. Absorbance spectra of complexes of the type Ru(phen),(L.), illustrating the blue
shift as a function of the non-chromophoric ligands. Ru(phen),Cl; dissolved in buffer R (~),
{Ru(phen),pyCl}* dissolved in buffer R (o0), Ru(phen),(NH3),2* (----) and
Ru(phen),(guanosine)2* (=) .



wavelength(nm)

Figure 14. Effect of chloro vs. aquo ions on the absorbance spectrum of Ru(phen),Cl,
dissolved in agueous solution. Ru(phen),Cl; from an ethanol stock, immediately after dilution into

aqueous solution (—), 2 hours after dilution into the aqueous solution (- - ), and after treatment
with AgNOj to remove all chloride ligands (- - ).
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Figurel5. Absorbamce spectra of Ru(phen),Cls, in buffer R (—) and in phosphate buffer ()
after 12 hours at room temperature.
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Figure 16. Absorbance spectra of Ru(phen);Cl; (—), Ru(phen),Cl,incubated with
guanosine(-) and Ru(phen),Cl, incubated with guanosine 5' monophosphate (- - - ). All
solutions were incubated for 12 hours in buffer R at room temperature.
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guanosine . We were not able to isolate a single species. The absorbance spectrum of the

mixture shows a similar effect as was seen for Ru(phen)7Cly bound to DNA. The small blue

shifts in the spectra of these complexes (relative to that of Ru(phen),Cl,in buffer R) is

consistent with coordination of the metal at a weakly backbonding ligand such as an endocyclic
nitrogen on the nucleotide. (See discussion.) Moreover, the similarity of the spectral shifts
observed with GMP and with guanosine and the lack of any blue shift of Ru(phen),Cl, in
phosphate containing buffer suggest that the ruthenium is not coordinating at a phosphate

group on the DNA.

Binding of Ru(phen),Cl, to poly(dé-dA) poly(dC-dT)

As is shown in Table 2 poly(dG-dC)-poly(dG-dC) is the only polynucleotide, of those
examined, with a preference for the A enantiomer. One possible explanation for this opposite
enantioselectivity in binding to poly(dG-dC)-poly(dG-dC) is the formation of an intrastrand G-
G adduct not possible in the cases of the other synthetic polynucleotides. To test this
possibility we monitored the enantioselectivity of the binding reaction. with the polymer
poly(dG-dA)poly(dC-dT). Unlike in the case of poly(dG-dC)-poly(dG-dC), the A enantiomer
was preferred in binding, indicating that the potential for an intrastrand adduct does not by itself

cause a preference for the A enantiomer.

Binding of Ru(phen),Cl, to Z-DNA and the effect on the B to Z transition.

Since poly(dG-dC)-(polydG-dC) is known to adopt a Z conformation in the presence of
certain metal ions we wanted to determine if a Z conformation induced by the ruthenium might
explain the observation that poly(dG-dC)-(polydG-dC) is the only sequence with a preference

for the A enantiomer. The following experiments were done to determine if this is the case. 1.
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The relative affinity of Ru(phen),Cl, to B and Z DNA and 2. The effect of [Ru(phen),Cl,]

binding on the B to Z transition of poly(dG-dC)- (polydG-dC) were determined.

DNA in the Z conformation was prepared from poly(dG-dC) (polydG-dC) in 10 mM
NaCl, 5 mM trig and 30 uM Co(NH3)g 3+, pH 7.5. B-DNA was prepared in the same buffer

without Co(NH3)63+. Figure 17 illustrates the difference in binding of Ru(phen),Cly to
poly(dG-dC) (polydG-dC) in the two buffer systems. A much smaller amount of binding is
seen when Co(NH3)63+ is present . Control experiments were done to assess the effect of the
presence of Co(NH3)63+ on binding, regardless of the DNA conformation. Two types of
control experiments were done. In the first experiment, the effect of Co(NH3)q 3+
concentration on the binding of [Ru(phen)9Clj] to calf thymus DNA was examined. A 30
" uM Co(NH3)63+ concentration considerably reduces the binding of Ru(phen),Cl, to calf
thymus DNA. The difference in binding in the presence and absence of Co(NH3)63+ however
is not quite as great as that observed for poly(dG-dC)-poly(dG-dC). The second experiment
was done by taking advantage of the fact that the B to Z transition driven by Co(NH3)63+
does not occur instantaneously. The binding of Ru(phen),Cl, to poly(dG-dC)- poly(dG-dC)
was compared for samples to which Co(NH3)63+ was added three hours prior to addition of
Ru(phen),Cly (which allows time for the polymer to adopt the Z conformation) and those to
which Co(NH3)63+ was added immediately prior to the addition of Ru(phen),;Cly. A smaller
amount of binding is observed for the case in which DNA has been converted to the Z
conformation before addition of the Ru(phen),Cl,.

The B to Z transition can be driven by the presence of high NaCl concentration. The time
course of the B to Z transition was monitored for samples of poly(dG-dC)poly(dG-dC)

containing various amounts of bound ruthenium by adding 4M NaCl to poly(dG-dC)-(polydG-

dC) which had first been incubated with Ru(phen),Cly for increasing time intervals. The



0 S50 100 150

time (minutes)

Figure 17. Effect of the presence of Co(NH3)63+ on the degree of binding of Ru(phen),Cl; to
poly(dG-dC)-poly(dG-dC). The points depicted represent represent binding experiments done in the
presence of no Co(NH3)3+(®), 20uM Co(NH3)63+ added to the DNA simultaneously with

the Ru(phen),Cl (), and 20 uM Co(NH3)g3* added to the DNA 3 hours prior to the addition

of the Ru(phen),Cl; (+). The concentrations of the DNA and the ruthenium complex were 20uM
and 100uM respectively.

16
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total ruthenium complex in solution was therefore identical while the amount coordinated was
increased with each time point. The transition was monitored by observing the absorbance of .
the DNA at 295 nm. DNA in the Z conformation has a larger extinction coefficient at this
wavelength than DNA in the B-conformation. (See Figure 13) As is shown in Figure 19, the
approach to the absorbance characteristic of the Z-conformation following addition of NaCl
slows or stops as the concentration of bound ruthenium increases, indicating an inhibition of
the transition.

The conformational transitions were also monitored by the C.D. spectra of poly(dG-dC)
(polydG-dC). Figure 20 illustrates the C.D. spectra of poly(dG-dC) (polydG-dC) and of

poly(dé—dC)- (polydG-dC) bound to Ru(phen);Cl; (r=.1) each in the presence and absence of

4M NaCl. Again, the bound ruthenium appears to be inhibiting the conformational transition.

Binding experiments with derivatives of Ru(phen),Cly

In order to try to maximize the enantioselectivity of the binding reaction and to investigate
which positions on the phenanthroline are most responsible for the steric hindrance which
leads to enantioselectivity, ruthenium(II) complexes containing derivatives of phenanthroline

were used in binding experiments similar to that shown in Figure 1. The compounds

compared to Ru(phen),Cly were: Ru(S,6-dimethylphenanthroline),Cl, and Ru(S-
phenylphenanthroline),Cl,. The binding of these complexes to DNA is illustrated in Figure
15. It is seen that greater amounts of binding to both calf thymus DNA and poly(dG-
dC)-poly(dG-dC) occurs for Ru(5,6-dimethylphenanthroline),Cl, as compared to
Ru(phen)7Cly. Slightly smaller amounts of binding were observed for Ru(5-
phenylphenanthroline),Cls.

Optical rotations at 270 nm for the enantiomerically enriched solutions of the unbound

ruthenium complexes as a function of r are graphed in Figures 21 and 22. The modification of
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Figure 18. Top: Absorbance spectra of B(----) and Z(- - - ) DNA. Bottom: C.D. spectra of 100%
B-DNA(d ), 66% B-DNA (¢ ). 33% B-DNA (b ) and 100% Z-DNA (3 ).
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Figure 19. Effect of the bound Ru(phen),Cl, complex on the B to Z transition as monitored

by the absorbance of the DNA at 295 nm. The transition was induced by the addition of 4M
NaCl subsequent to incubation with Ru(phen),Cl5 . Increasing time of incubation with

Ru(phen),Cl, prior to the addition of NaCl causes an inhibition of the conformational
transition. 0'.@; 12',¢ ; 26'%; 80,0 .
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Figure 20. Effect of the bound ruthenium complex on the B to Z transition as monitored by
the C.D. spectra. Right: 100 uM unbound poly(dG-dC)-poly(dG-dC) in the presence of S0 mM
N2Cl (—) and 4M NaCl (- - ). left: 100 uM poly(dG-dC)-poly(dG-dC) which had first been
incubated with 20 uM Ru(phen),Cl; for 4 hours (fpqung = -1 ) in the presence of 50 mM NaCl

(=) 4 MNaCl (---).
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Figure 21. Binding (top) and enrichment of the A enantiomer (bottom) as a function of time for

the reactions of Ru(phen),Cl; (@ ). Ru(5.6 dimethylphen),Cl; (@) and Ru(5phenylphen),Cl,
(») with calf thymus DNA.
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Figure 22. Binding (top) and enrichment of the A enantiomer (bottom) as a function of time for
the reactions of Ru(phen),Cl, (@) and Ru(5,6-dimethylphen),Cl; (3% ) with poly(dG-dC)-poly(dG-
dC).



98

the 5 and 6 positions was not effective in increasing enantioselectivity with calf thymus DNA,

A small increase in enantiostelectivity is observed for Ru(5,6-dimethylphenanthroline),Cl,
compared to Ru(phen),Cl, in the binding reaction with poly(dG-dC)- poly(dG-dC). The
magnitudes of the optical rotations were not determined for all of these complexes. Based on
the known magnitudes of the optical .rotations of similar complexes containing 3,4,7,8-
dimethylphenanthroline and 4,7-diphenylphenanthroline as ligands, we are assuming that the

magnitude of the optical rotations of the complexes discussed above are not less than 60% that

of Ru(phen),Cl,

Effect of Ru(phen),Cl, on the Exonuclease Reaction with DNA

In order to identify sites of Ru(phen)Cly binding on DNA the effect of the bound complex
on the pattern of cleavage by the enzyme exonuclease III was analyzed by gel electrophoresis.
Lanes 3-8 in Figure 23 illustrate that Ru(phen),Cl, does inhibit exonuclease cleavage. Higher

concentrations of Ru(phen),Cly incubated with the DNA result in darker bands within the

lanes which correspond in most part to those in the G reaction. (Bands result from incomplete
reacton of the enzyme.) Longer incubation periods of the DNA with the ruthenium complex
also result in darker bands. This effect is illustrated by the comparison of Ianes 3, 5 and 7
with lanes 4,6 and 8 respectively. The observed effects support the notion that ruthenium
binds at guanine nucleotides on the DNA. However, as is also illustrated in lane 1, the
enzyme itself has many stopping points on this fragment. The activity of ExollI is least
efficient at the 3' end of guanine nucleotides24 and this is may be the reason for the
similarity of the G reaction to the ExollIl reaction. A general inhibition of the enzyme by
ruthenium could conceivably increase or médify these already existing bands. It is difficult to
distinguish between a local inhibition caused by binding to a paricular site on the DNA and a

general inhibition or modification of the reaction caused by binding of the ruthenium to the



99

¢

5

Figure 23. Effect of Ru(phen),Cl, on the reaction of Exonuclease III with SV40 DNA (0-
300) . Ru(phen),Cl, was incubated with the DNA (calf thymus DNA was used as carrier). Free
Ru(phen),;Cl, was then removed by ethanol precipitation and the samples were resuspended and
treated with the enzyme. lane 1, no Ru(phen),Cl; 30 U Exo III ; lane 2, Maxam Gilbert G
reation.; lane 3, rge. =.006, incubation time with Ru(phen);Cl; = 1 minute; lane 4, rgee =
.006, incubation time with Ru(phen);Cl, = 3 hours ; lane 5, rg..=.06, incubation time with
Ru(phen);Cl; = 1 min. ; lane 6, rge. = .06, incubation time with Ru(phen),Cl; = 3 hours;

* lane 7, rgee =.2, incubation time with Ru(phen),Cl, = 1 min., lane 8, g, =.2, incubation
time with Ru(phen),Cl; = 3 hours. DNA in lanes 3-8 was treated with 150 U ExollI.
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enzyme.

Sequence dependencies of binding and enantioselectivity

In order to determine the sequence preferences of Ru(phen)yCl, for binding to DNA,
binding experiments were carried out with the synthetic polynucieotides poly(dG-dC)-poly(dG-
dC), poly(dG)-poly(dC), poly(dA-dT)poly(dA-dT) and poly(dA)poly(dT). A dependence on
G-C content is observed. The most binding is seen to polymers containing G-C base pairs.
Though synthetic polynucleotides are a simple way to measure sequence dependencies of a
reaction, because of their repeating nature one must consider the possibility that they might
regularly take on conformations uncharacteristic of natural DNA. Such conformational
differences could conceivably account for the different amounts of binding to each
polynucleotide. However, these types of conformational differences have been shown to be as
much a function of base sequence as base composition.25 Therefore, the observation that both
alternating and homopolymers containing GC sequences are preferred over both alternating
and homopolymers containing AT sequences and that calf thymus DNA has an intermediate
degree of binding between the two sequences leads to the conclusion that variations in binding
do arise because of the sequence composition (i.e., G-C preferences) rather than any
anomolous conformations.

Many of the soft transition metals for which binding to DNA has been observed display a
preference for N-7 of guanine.2 Binding at N-7 is therefore one likely explanation for the
dependence of binding on G-C content. Conceivably, there may be a preference for another

functional group on G or C nucleotides.42:4¢,26  Preferences arise because of a combination
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of effects including that of the basicity of the site, inductive effects and steric interactions
(favorable or unfavorable) on the thermodynamics and the kinetics of the reaction. It has been
noted that the binding of [Ru(NH3)sCl] * to N-7 of guanine on DNA is governed by a mix of
kinetic and equilibrium controls.2”

Chiral molecules are employed in our studies with the goal that differences in binding of
the two enantiomers will reflect the structures of the binding sites. For this reason we
compared the enantioselectivities of the various polynucleotides. They are listed in Table 2.
The data illustrate that poly(dG)-poly(dC) is the most similar to calf thymus DNA in terms of
the enantioselectivity of its binding reaction. This observation plus the fact that the greatest
amount of binding to Ru(phen),Cl5 is observed for poly(dG)-poly(dC) leads us to propose
that a site similar in sequence or conformation to the one found on this polynucleotide (i.e. a
homopurine site containing guanine nucleotides) is a primary binding site on naturally
occuring DNA,

Figure 24 illustrates a model of one possible mode of binding. In this model the metal is
coordinated to the endocyclic nitrogen, N-7 of guanine. The model suggests an explanation for
the preference for the A enantiomer observed in most cases. First we note that if the metal is
oriented to coordinate to either one or two of the central guanines in the major groove the
phenanthrolines on the A enantiomer follow the orientation of the helix, whereas the ligands
on the A enantiomer oppose that orientation, Specifically, for the A enantiomer, one ligand is
positioned in the solvent and the other is positioned with its surface against the walls of the
helix. In the case of the A enantiomer, one of the phenanthroline ligands is hindered by
interactions with the phosphate backbone and the other by the column of bases. Further
characterization of the adduct will be necessary to corroborate or modify this model.

We note from the results in Table 2 that the greatest enantioselectivity is observed for the

binding reaction with calf thymus DNA, as compared with all the synthetic polynucleotides.



Figure 24. Proposed models of A (left) and A
of guanine in B-DNA.

(right) ¢is- Ru(phcn)2C12 coordinated to N-7
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This fact may reflect secondary structures that the synthetic polynucleotides can adopt (eg:
hairpins, strand slippage). Alternatively it is possible that a site on calf thymus not
represented amongst the polynucleotides examined has the greatest enantioselectivity. For
instance, some model building studies suggest to us that a site containing thymine and
guanine nucleotides on one strand may be the most preferred for the A enantiomer. According
to this model, if the ruthenium coordinates to the guanines and favorable hydrophobic
interactions could occur between the methyl groups on thymine and the phenanthroline

" ligands.

Spectroscopic Studies of Ru(phen),Cl, bound to DNA and related complexes

The energies of the charge transfer bands of ruthenium(II) complexes have been
demonstrated to correlate with the difference in potentials between the oxidation of the metal
and the reduction of the ligand. 28 For example, the more stabilized the ruthenium(II) state of
a complex, the higher in energy is its metal to ligand charge transfer (MLCT) transition.

Insofar as the non-chromophoric ligands (L, of Ru(phen);yLy) affect the electron density at the

metal center, their nature will be reflected by the energy of the charge transfer band. Data in the

literature indicate that in the case of cis-Ru(bpy),L, complexes, ligands in the L, positions

that are capable of backbonding by accepting IT electron density from the metal, stabilize the

ruthenium(II) state and thereby raise the energy of the MLCT transition in these complexes.2®

The addition of DNA to Ru(phen),Cl, causes an immediate decrease in absorbance of the

band and a red shift of the maximium wavelength similar to that seen when DNA is added to

Ru(phen)32+. This effect reflects the non-covalent binding of the complex to the DNA. The

original red shift is followed by a gradual blue shift in the spectrum. The addition of GMP

or of guanosine to Ru(phen),Cl, also causes a blue shift in the spectrum over the course of

several hours. (No immediate red shift is observed in these cases suggesting that non-covalent
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associations with the metal complex are only characteristic of polynucleotides.)

We compared the effects on the absorbance spectrum of DNA or components of DNA
binding to Ru(phen),Cly to the effects of having pyridine or ammines as the non-
chromophoric ligands. Both endocyclic nitrogens and amine groups are potential ligands on
the DNA. Consistent with the notion that non-chromophoric backbonding ligands raise the
energy of the MLCT transition, we find that the complexes containing pyridine ligands have
spectra that are blue shifted compared to Ru(phen)oCl, in our buffer system. Ammines and
water molecules on the other hand are not Il bonding ligands. Ammines coordinated to the

metal have the effect of slightly red shifting the transition compared to the spectrum of

Ru(pheh)ZClz dissolved in buffer R. (This shift may be a function of the better ¢ bonding
ability of the NH3 group). The removal of all the coordinated chloride ions from
Ru(phen),Cl, in aqueous solution by AgNO3 also causes a blue shift in the spectrum,

consistent with the chloride ions being IT electron donating ligands. Dissolving Ru(phen),Cly

in phosphate buffer has hardly any effect on thé energy of the visible charge transfer band. A
question relevant to our system is the degree of effectiveness of a nucleotide as a backbonding
ligand. Clarke and Taube have studied ruthenium pentaammine-guanine complexes and have
proposed, based on the reduction potential of their complex, that when ruthenium is bound to
guanine at N-7 this ligand has some backbonding capabilities but is not nearly as strong a
backbonder as pyridine.#? The same conclusion was drawn based on the relative affinities of
ruthenium(Il) and ruthenium(III) for guanine.27? The observed blue shift in the spectrum of

the DNA bound complex (as well as the complexes bound to GMP or guanosine), intermediate

between that of Ru(phen),Cl, dissolved in buffer R and of [Ru(phen)(py)Cl]*, (Figure 13) is
consistent with binding of the Ru(phen),Cl5 at an endocyclic nitrogen on the nucleotide.
The lack of effect of phosphate buffer on the spectrum of Ru(phen);Cl, and the similarity

in shifts for Ru(phen),Cl, binding to guanosine and to guanosine 5' monophosphate suggest
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that binding to phosphates is not occuring on the DNA. Such a finding would not be
surprising. Though ruthenium(III) compounds have been observed to bind to phosphate
oxygens30 and ruthenium(II) does coordinate to oxygens, such interactions are .
mennodynanxically less favorable and kinetically more labile than interactions of
ruthenium(II) with softer ligands.3! Given the proven preference toward N-7 for
Ru(NH3)5(C* binding to DNA this site is the most likely possibility for the site of |
binding in our case as well.

Some reservations concerning the interpretations of the absorbance spectra remain,
however. The bands we observe are very broad and the shifts among some of these complexes
are small. In addition, the bonding of free ammines or free phosphates to Ru(phen),Cly may

| have a different spectroscopic effect than the bonding of these groups on the DNA. Finally,
though we have interpreted the shift in the spectra in terms of IT bonding, it is known that ¢
bonding also affects the energy of the MLCT transition.32 These considerations cause these
spectra to fall short of being conclusive evidence of the type of site of metal binding. Some
caution must also be used in drawing parallels between the rutheniumi(Il) amine complexes,
whose adducts have been characterized, and the phenanthroline complexes. For example,
backbonding of the phenanthroline ligands may affect the reactivity of the metal. Data indicate
that backbonding ligands lower the rate of substitution of ruthenium(II) complexes and also
lower the affinity of the metal for another backbonding ligand.33 Moreover, the
Rﬁ(phen)ZCIZ complex is relatively sterically hindered compared to the pentaammine complex
and the DNA (or even a single nucleotide) is a quite bulky ligand. Amines or other groups
not within the rings on the nucleotides would be more accessible to the metal than endocyclic
nitrogens.

We also attempted to use resonance Raman spectroscopy to elucidate the nature of the

adduct. However, these studies were unsuccessful because of the apparent insensitivity of the
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spectrum to the non- chromophoric ligands. The charge transfer transitions are all localized on
the phenanthroline ligands. Apparently, variations in the non-chromophoric ligands do not
have effects on the vibrational energies of the phenanthroline ligands that are large enough to
observe. Resonance Raman of the nucleotides in the UV region might be more successful,
though more complicated since all the nucleotides and the phenanthrolines have large
extinction coefficients in the U.V. region. A small amount of photoanation or photoaquation
of the complexes may also have occured during irradiation. Such reactions would of course be

expected to render the various spectra more similar to each other.

Effect of the binding of Ru(phen),Cl, on the conformation of DNA

Coordination of metal complexes to DNA has been found to alter its conformation. Such

an effect is demonstrated in our system by the changes that Ru(phen)>Cl, binding has on the
C.D. spectra and the electrophoretic mobility of DNA. The unwinding of the DNA by
Ru(phen),Cl, as illustrated by the gel electrophoresis experiments (Figure7) reflect the

perturbation that Ru(phen),Cl> binding has overall on the conformation of the DNA.

Retardation of the supercoiled band reflects unwinding of the DNA and the faster migration of
the nicked band reflects compaction of the DNA. Similar effects have been observed with
platinum(IT) compiexes 33 whose major adduct involves the metal coordinated to N-7 of
guanines and with benzo[a]pyrene diol epoxide which forms adducts at N-2 of G and N-6 of
A.34 Electron microscopy in the case of cis-DDP has illustrated shortening of the DNA as a
function of Tygypg. 34 It has been proposed that unwinding of supercoiled DNA and
shortening of the nicked DNA may stem from disruption of hydrogen bonds between the bases.
In any case such effects on the migration of the DNA must reflect a change in orientation of
the phosphodiester backbone by a non-dissociating (or slowly dissociating ) species.

Of the various polynucleotides examined, only the alternating polymer poly(dG-
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dC)-poly(dG-dC) displays a preference in binding to the A enantiomer of Ru(phen)>Cly (Table

1). Various explanations can be proposed for this observation. One possibility is that this
polynucleotide offers different potential connectivities than any of the other polynucleotides.
Specifically, interstrand crosslinks or intrastrand crosslinks between two non-adjacent guanine
(or cytosine) nucleotides are possible. For example, in the reaction of ¢is-DDP with poly(dG-
dC)(polydG-dC) a major adduct that forms is that of the central platinum coordinated to two
non-adjacent guanines on the same strand.35 The effect of the potential for an intrastrand
crosslink on enantioselectivity was investigated by the binding experiment with poly(dG-dA)
poly(dC-dT). As indicated in Table 2, The A enantiomer is preferred in the binding reaction
with this polynucleotide. Therefore we conclude that the potential for an intrastrand cross-link
is not the cause of preference in poly(dG-dC)-(poly(dG-dC) binding to the A enantiomer.

A second possible explanantion for the for the reversed enantioselectivity observed in
binding to poly(dG-dC)-poly(dG-dC) involves the propensity of this polymer to adopt the Z
conformation. The presence of metal ions can drive this transition36, Molecules that bind to
DNA can also affect the B to Z conformational transition.37 If Ru(phen),Cl, is inducing
this conformational change, the bound adduct on this polynucleotide would be different from

those on the other polynucleotides. Several methods were used to determine the effect of

Ru(phen)yCly binding on the B to Z transition. 1. The relative amounts of binding of

Ru(phen)yClj to B and Z DNA were measured. A greater degree of binding to one form or the

other would be expected to drive the transition in the direction of the favored conformation. 2.

The effect of the binding of Ru(phen),Cl, to B and Z DNA on their C.D. spectra were
monitored. 3. The effect of covalent binding of Ru(phen)7Cl, on the B to Z transition of
poly(dG-dC)-poly(dG-dC) induced by 4M NaCl was monitored by the absorbance spectra and

the C.D. spectra of the DNA.
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Less binding is observed for poly(dG-dC)poly(dG-dC) in the Z conformation than in the

B conformation (Figure 11). The interpretation of these results, however, are made ambiguous

because of the large effect that the Co(NH3)g3* (which is necessary to stabilize the Z-DNA)
has on the binding of Ru(phen),Cly to DNA (see Figure 17). Since Co(NH3)¢3* binds to

phosphate oxygens, N-7 of guanine and 0-6 of guanine, a site specific specific competition is

likely to occur between the two metal complexes. Moreover, since Co(NH3)63+ drives the

transition to Z-DNA, it is probable that it binds more stroneg to this form than to B-DNA.
Therefore it may compete even more effectively with Ru(phen)7Cly when the DNA is in the
Z conformation than when it is in the B conformation. In summary, though more binding is

observed for poly(dG-dC)poly(dG-dC) in the B conformation than in the Z conformation, this

may be more of a reflection of the effectiveness of Co(NH3)63+ as a competitor of
Ru(phen),>Cly than of which conformation is favored in binding to the ruthenium complex.

The immediate effect that Ru(phen),Cl, binding has on the C.D. spectrum of B-DNA is a

decrease at 290 nm and an increase at 270nm (Figure 8). This difference spectrumn has some
characteristics of a Z-DNA spectrum. However, since a similar effect is observed for the non-
covalent binding to calf thymus DNA this effect cannot be interpreted asa Bto Z
conformational transition. Increasing amounts of covalent binding of Ru(phen),Cl, cause a
qualitatively different type of change in the C.D. spectrum (i.e., unlike that of B or Z DNA)
with no further decrease at 290 nm (Figure 9).

The B to Z transition of poly(dG-dC)poly(dG-dC) can be followed by monitoring the
absorbance of the DNA at 295 nm ot the C.D. spectrum of the polynucleotide in this region.

Figure 13 illustrates that the more Ru(phen),Cly covalently bound to the DNA the less

effective is 4M NaCl at causing an increase in absorbance at 295 nm. This result indicates

that Ru(phen),Cly does not drive the transition of DNA to the Z conformation being
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enhanced by Ru(phen),Cly. Kinetics of the B to Z transition are such that nucleation sites

created by a molecule which binds and locally stabilizes one of the conformations should

increase the rate of the transition to that conformation driven by another agent.38 Although it

is not possible to tell from this experiment whether Ru{phen),Cl is completely inhibiting

the transition or just slowing it, either explanation is inconsistent with Ru(phen),Cl, driving

an overall transition to Z-DNA.

The effect of the coordination of the ruthenium complex on the conformational transition

was also monitored by C.D. spectroscopy. The Ru(phen),Cly was bound to DNA to an
Thound Value of about .1 and then 4M NaCl was added to induce the B to Z transition. The

comparison of the C.D. spectrum of this DNA that of Z DNA formed in the absence of
Ru(phen),Cly (Figure 12) leads us to suggest that the transition to Z DNA is partially

inhibited by the ruthenium complex. By calculating the expected Ae value at 292 nm for an
uninhibited transition we determine that 20-25% of the DNA did undergo a transition to Z-

DNA. This represents 3-5 base pairs inhibited for every Ru(phen))Cl, bound. Of course

one must consider the possibility that the spectra of Z-DNA will not be the same once
Ru(phen),Cly is covalently bound. However, since both the absorbance spectra and the C.D.
spectra indicate an inhibition of the B to Z transition and since these spectra are not so
drastically modified by the binding of the ruthenium complex in the case of B-DNA , it is
reasonable to conclude from the absorbance and C.D. spectra that the B to Z transition is
inhibited by the bound ruthenium complex.

Based on these results we conclude that binding of Ru(phen)2C12 does not drive an overall
transition to Z-DNA. However, we do not rule out the possibility that local conformational
changes at the binding site may be induced by the metal complex. Such local conformational

changes have been observed for the binding of cis-DDP to poly(dG-dC)-poly(dG-dC). In that
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case, as well, the binding of the metal complex inhibits an overall transition to Z-DNA 3940
Binding of cis-DDP to poly(dG-dC)-poly(dG-dC) causes a C.D. spectrum uncharacteristic of B-
DNA or Z-DNA 41b Based on antibody binding studies however, the Pt-DNA adduct has been
found to have some characteristics of the Z conformation?!, Proton NMR spectra of the
trinucleotide d(G-C-G)*2 bound to cis-DDP have shown the coordinated guanosine to be in
the syn conformation, characteristic of Z-DNA and this may be the structure that the antibodies
recognize.

It has been proposed that the inhibition of a B to Z transition can be caused by an adduct
that does not allow for a movement of the bases necessary for the transition to occur.40 Steric
inﬁibition of the movement necessary for the transition may be the inhibiting factor in our
case. Preliminary evidence has indicated that the Z to B as well as the B to Z transition is

inhibited by binding of the ruthenium complex. In that sense binding of Ru(phen),Cly may

be stabilizing whatever conformation the DNA originally adopts.

Binding experiments with complexes containing derivatizecd phenanthrolines.
Some model building studies suggested to us that the 5 and 6 positions on the

phenanthroline may be integral in the steric hindrance of the A enantiomer. However, no

increase in selectivity was observed for the binding of Ru(5,6-dimethylphen),Cly or Ru(5-
phenylphen),Cly to calf thymus DNA. The enantioselectivity of poly(dG-dC)poly(dG-dC)
for the Ru(5,6-dimethylphenanthroline) derivative is however slightly increased as compared to
the enantioselectivity of this polynucleotide for Ru(phen),Cly , suggesting once again the
different nature of this adduct as compared to that of calf thymus DNA.

The net enantioselectivity observed is of course affected by the many variables which

contribute to the stereochemistry of the adduct with either enantiomer. These factors are
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difficult to predict particularly because the effect of the binding of the complex on the structure
of the DNA is unknown. It is clear however that binding does cause structural perturbations
as discussed in the above sections.

The methyl substituted compounds show greater amounts of binding (Figures 16,17).
Two explanations for this effect can be proposed. The methyl groups may be donating
electron density to the ﬁthenium center which increases the substitution rate.43 Alternatively,
the methyl groups could have hydrophobic interactions with the DNA which may render their

interactions with it more favorable.

In summary, the model we propose explains the preference of Ru(phen),Cl, for G-C

containing sequences, the A enantioselectivity of the binding reaction, the similarity between

the hydrodynamic effects of Ru(phen),Cly with those of platinum(IT) complexes and the

spectroscopic features of the ruthenium complexes. Further characterization of the adduct is

necessary in order to corroborate or modify the proposed model.
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Chapter 4
Photochemical Reactions of Ru(phen),Cl, and Ru(phen);2+ with DNA

Introduction

The excited state properties of polypyridyl complexes of ruthenium(Il) have been the
subject of much research in inorganic chemistry.! The excited states of [Ru(bpy)3]Cl,y can
undergo oxidation2, reduction? and photosubstitution? reactions not available to the ground
state. Polypyridyl ruthenium(II) complexes have therefore been investigated for use as
photocatalysts and photosensitizers. ' One interesting example is the investigation of the
photoredox reactions of these complexes as catalysts in energy conversion schemes involving
the decomposition of H20.5 Several aspects of photosubstitution reactions have also been
studied. Interesting synthetic routes for the preparation of complexes unobtainable by
thermal reactions, have been elucidated.®

Studies of the photophysics of these complexes have led to the determination of some
properties of excited states from which the photoreactions occur. (A diagram of the excited
state model for [Ru(bpy)3]Cl, shown in Figure 1. Excitation of the visible charge transfer
band is followed by formation of short lived IMLCT 7 excited states which undergo efficient
intersystem crossing to 3MLCT excited states.3 Experimental observations are best
interpreted as the MLCT states being in thermal equilibrium with LF states from which
photosubstitution can occur.42:b

Complexes of the type Ru(bpy);L, , where L is a monodentate ligand, share with the tris
chelate complexes the ability to undergo photosubstitution reactions following optical

excitation of the charge transfer band. Though they share some characteristics of the
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Figure 1. Photophysical properties of Ru(bpy)32"' (from reference 1b).
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tris(polypyridine)ruthenium(Il) complexes, the photochemical mechanisms of the
bis(polypyridyl) complexes are not as well understood.?>10

The spectral properties of these ruthenium complexes, that have been exploited for the
photophysical investigations, are also useful for studying the interactions of the complexes
with bioiogical molecules. Extensive spectroscopic investigations have been carried out in

our laboratory to examine the binding of [Ru(phen);]Cl, 11 and [Ru(dip)3]Cl,12 to DNA.

(See Chapter 2.) These complexes bind non- covalently to DNA and can serve as probes for
its structure. In Chapter 3 studies of Ru(phen);Cl, which can coordinate to DNA via
substitution of one of the non-phenanthroline ligands, are described.

In this chapter some photoreactions of the ruthenium complexes with DNA are described.
We have observed a photosubstitution reaction of Ru(phen),Cl,, in which the binding of this
complex to DNA is significantly increased over that of the thermal reaction. Based on
comparisons of some physical and spectroscopic feature of the two substitution reactions, the

photoreaction appears to be qualitatively simialar to the thermal reaction. Photoracemization

of Ru(phen),Cl, has also been observed and its efficiency is compared with that of the
photosubstitution reaction. Photocleavage of DNA in the presence of [Ru(phen)3]Cl, and

Ru(phen),Cl, are also described.

Experimental Procedures

Preparation of nucleic acids.

DNA was prepared by the procedures described in Chapters 2 and 3.
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Preparation of ruthenium(II) complexes.

The synthesis of [Ru(phen)3]Cl, was described in Chapter 2 and that of Ru(phen),Cl,

was described in Chapter 3. Stock solutions of Ru(phen),Cl,, used in the binding

experiments were prepared at a concentration of 1-2 mM by heating the solid in ethanol water
solutions, in the dark for about 5 minutes. An extinction coefficient of 10,800 M-! cm™! at
500 nm in ethanol was used to determine concentrations.13 Stock solutions were kept in
ethanol/water at 4° C when not in use. For the binding experiments, an aliquot of this
solution was added to buffer R to yield the desired final concentration. In this buffer the
ruthenium is partially aquated and the non-phenanthroline ligands are a mixture of water

molecules and chloride ions.

Spectroscopic Instrumentation

All absorbance spectra were recorded on a Cary 219 spectrophotometer. C.D, Spectra were
recorded on a Jasco J-40 automatic recording spectropolarimeter. Emission experiments were
performed on a Perkin Elmer LS-5 spectrofluorimeter in line with a Perkin Elmer Data

Station.

Irradiation of solutions. '

Irradiations were performed using either an Oriel model 6140, 1000 W Hg/Xe lamp at
460 nm, or a Liconix He/Cd laser at 442 nm. The power obtained from both of these sources
was approximately 18 mW. The lamp was equipped with a monochromator and the slit width
during the experiments was set at + 15 nm. Unless otherwise specified the solutions were not
deoxygenated. All solutions were at ambient temperature. All samples were contained in a
volume of 1 ml. except for samples which were irradiated in preparation for gel

electrophoresis. For these experiments 5ul samples were irradiated. Subsequent to irradiation
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absorbance spectra were monitored to determine if any qualitative changes occured to the

Ru(phen),Cly samples

Substitution reactions of [Ru(phen),Cl,] with DNA.

In order to carry out the substitution reactions, an aliquot from a concentrated Ru(phen),Cl,

stock solution was added to buffer R, followed by an aliquot of DNA from a concentrated stock
solution. For the thermal substitution reactions this solution was incubated in the dark at
room temperature for the alloted period of time. For the photoreactions, addition of DNA was
immediately followed by irradiation. Incubation was followed by ethanol precipitation of the
DNA with the bound ruthenium complex and centrifugation of the precipitate. Bound

ruthenium concentrations were determined by the visible absorbance of the supernatant (free

Ru(phen),Cly).

Agarose gel electrophoresis.

Gel electrophoresis of SV40 DNA bound to Ru(phen),Cl, were run in 1% agarose typeV

purchased from Sigma Chemicals. The running buffer contained 50 mM Tris-HCI, 18mM
NaCl, 18mM Na acetate, pH 7.0. The gels were stained in ethidium bromide solutions and the

densities of the bands were quantitated on an LKB 2202 laser densitometer.

Determination of the quantum yield of photoracemization

Ru(phen),Cl, solutions enriched in the A enantiomer were prepared by incubating a
racemic mixture with calf thymus DNA at a ratio of 10:1 nucleotides to ruthenium, for three
hours at room temperature in buffer R. After this time the DNA and the ruthenium complex
bound to it was precipitated with 70% ethanol . The solution was centrifuged and the

supernatant, enriched in the A enantiomer was lyophilized and resuspended in buffer R. This
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solution was stored in the dark, at —-70° C when not in use. A 10uM solution of
Ru(phen),Cly, 5% enriched in the A enantiomer was irradiated for varying time intervals with
442 nm light. The concentration racemized per light absorbed was calculated for several points
within a region where the concentration racemized was linear with time. Since the solutions
irradiated for the photoracemization experiments were only 5% enriched in the A enantiomer
the amount of light absorbed by the solution was calculated based on this 5%. ( The
determination of the Ae value of Ru(phen),Cl, used in these calculations is described in
Chapter 3.)

Actinometry was done according to the method of Parker.14 An extinction coefficient of
1.1x10% M-1cm-1 was used to determine concentrations of Fe(phen)32+ . Irradiated solutions
of ferrioxalate were at a concentration of .15M. A quantum yield of 1.0 was used for the
ferrioxalate photoreaction at 442 nm. Samples were stirred with a magnetic stirrer during

irradiation.

Results

Effect of irradiation on the substitution reaction of Ru(phen),Cl, with DNA.
An increase in binding of Ru(phen),Cl, to DNA as a function of irradiation is observed.
The effect of irradiation with 460 nm light on the binding of Ru(phen),Cl> to calf thymus

DNA is shown in Figure 2. The amount of Ru(phen),Cly bound to DNA within 10 minutes
in the presence of light is equal to the amount bound within two hours when the reaction takes
place in the absence of light. Explanations for why the reaction is driven in the direction of

binding to DNA are considered in the discussion section.
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Figure 2. Effect of irradiation with 442 nm light on the binding of Ru(phen),Cl; to calf
thymus DNA. 8, unirradiated samples @, irradiated samples. Irradiations were performed
with an 18mW He/Cd laser. Concentrations in solution were 10uM and 100uM for the
Ru(phen),Cl, and the DNA (in nucleotides) respectively.
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Luminescence studies of Ru(phen);Cly bound to DNA

Emission spectra can, in some cases, be useful for monitoring the binding of a complex to

DNA. Therefore investigations were done to determine if emission can be detected for -

Ru(phen)7Cly bound to DNA. No emission was detected at temperatures as low as 4 C.

Physical and spectroscopic effects of the photosubstitution reaction of Ru(phen),Cly with

DNA.

In order to determine if the photosubstitution reaction is qualitatively similar to that of the
thermal reaction some of the physical effects that the two reactions have on DNA were
compared. In Chapter 3 we noted certain changes in the physical and spectroscopic properties
of DNA that occur upon binding to Ru(phen)>Cl, =~ For example, in gel electrophoresis
experiments the mobility of the supercoiled DNA band (form I) was retarded while the
mobility of the nicked DNA band (form IT) was increased. The graphs in Figure 3 illustrate
that a similar effect is seen for the photosubstitution reaction. SV40 DNA was first
incubated in the absence of light with varying amounts of Ru(phen),Cl,. The figure
illustrates that higher ruthenium:nucleotide ratios lead to increased unwinding of the
supercoiled band. These same samples were then exposed to one half minute and two minutes
of irradiation with 460 nm light from a Hg/Xe lamp (18mW) and the electrophoretic mobility
of the supercoiled bands were further monitored. The irradiation causes further unwinding of
the supercoiled band. The largest effect was observed for the sample with a ratio of 5:1
nucleotides:ruthenium.

It was also shown in Chapter 3 that over the time course of DNA binding to

Ru(phen)7Cl», changes are observed in the U.V. region of the C.D. spectra. Spectra of
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Figure 3. Effect of irradiation with 460 nm light, in the presence of Ru(phen),Cl,, on the

electrophoretic mobility of SV40 DNA. All samples were first incubated in the absence of light
for 3 hours. They were then irradiated with 460 nm light from a Hg/Xe lamp for the time

periods indicated. The concentration of Ru(phen),Cl, was equal to 50uM
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poly(dG-dC)-poly(dG-dC) in both B-DNA and Z-DNA forms bound to Ru(phen),Cl, are
shown in Chapter 3, Figures 9and 10. The C.D. difference spectra of poly(dG-dC)-poly(dG-
dC) before and after 3 minutes of irradiation in the presence of Ru(phen),Cl; are shown in

Figure 4. The effect of the binding of the ruthenium complex on the C.D. spectrum is

identical for the thermal reaction and the photoreaction.

Photoracemization of Ru(phen), Cl, enantiomers - comparison of rate to increased rate of

binding to DNA.

We have observed photoracemization of Ru(phen),Cl, in enantiomerically enriched
solutions. (In contrast no racemization is observed for up to 24 hours when the solution is
kept at room temperature in the absence of light.) We measured the relative efficiencies of the
photosubstitution reaction and the photoracemization reaction under our conditions. This
experiment was done in order to determine firstly, if the photosubstitution reaction we observé

may be occuring by a similar mechanism as photoracemization and secondly, if we could

expect to carry out photosubstitution reactions on enantiomeric Ru(phen),Cly. The graph in

Figure 5 depicts the concentration of Ru(phen),Cl, that racemizes in a sample absorbing

3x10-10 (+ 5x10-11) Einsteins per second. The quantum efficiency calculated for this reaction

is .05+.02. The graph in Figure 6 depicts the concentrations of Ru(phen),Cl, that binds to

DNA for a sample absorbing 5.5x10-7 (* 5x10-8) Einsteins per minute. The quantum yield

calculated for this reaction was .0015%.0002.

Photocleavage of DNA by Ru(phen),Cly and Ru(phen);Cl,

Irradiation in the region of the visible charge transfer band of Ru(phen)32+ in the presence

of DNA causes cleavage of the DNA. This effect is shown in Figure 7. The following
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Figure 4a. Difference C.D. spectrum of poly(dG-dC)-poly(dG-dC) in 1/5x buffer R before
and after 3' of irradiation at 460 nm in the presence of Ru(phen),Cl,. The concentrations
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Figure 4b. Same experiment as figure 4a. except that 30 uM cobalt hexamine is present in
the buffer to maintain the Z conformation of poly(dG-dC)-poly(dG-dC)-
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Figure 5. Racemizatin of A Ru(phen),Cl5 as a function of time irradiated with 442 nm
light. The total Ru(phen),Cl, concentration was 10uM, 5% enriched in the A enantiomer.

The ligh tabsorbed per second by the excess A enantiomer was approximately equal to 3x10-10
einsteins. The quantum yield of racemization calculate from this experiment is equal to
.05%.02.
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Figure 6. Concentration of Ru(phen),Cl, bound to DNA as a function of time irradiated

with 442 nm light. The concentrations of the DNA and the ruthenium complex were 100uM
and 10uM respectively. The light absorbed by the Ru(phen),Cl; per minute was equal to

5.5x10°7 einsteins per minute. The quantum yield for the photosubstitution reaction under these
conditions was calculated, from this experiment, to be .0015%.0002.
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Figwe 7. Cleavage of DNA in the presence of Ru(phern)-_;2+ as a function of time irradiated

with 460 nm light. Lanes, from left to right, depict increasing time periods of irradiation. 1, 10’
(no ruthenium); 2, 30"; 3.1 4,3% 5.5, 6,5, 7,10 8, 15. The samples in lanes 2-8

contained 50 uM Ru(phen)32*. The samples in all the lanes contained 250 uM DNA (in
nucleotides). '
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experiments were done to investigate the possibility that singlet oxygen produced by the

excited state of Ru(phen)32+ in the presence of oxygen may be causing the cleavage
reaction.} The effect that the presence of D50, which enhances the lifetime of singlet
oxygen!6 has on the rate of the cleavage reaction is illustrated in Figure 8. Samples were
irradiated in buffer R containing 85% D0O. The presence of DO enhances cleavage. The

earliest time point shows a 1.8 fold enhancement of cleavage in the presence of DyO. The

reaction has clearly proceeded further than the region in which the reaction is linear with time,

however. (After 2 minutes 66% of the product has already formed.) The 1.8 fold enhancement

then is a minimum limit of the D70 enhancement effect. Figure 9 illustrates the effect of Oy
on the Ru(phen)3Cly photocleavage reaction . The presence of Oy enhances the photocleavage
reaction as compared to air or No. The least efficient cleavage is observed in the presence of
Nj.

Photocleavage of DNA has also been observed in the presence of Ru(phen),Cl,, as
illustrated in Figure 10. The figure also illustrates that the efficiency of this reaction can be

slightly enhanced by alkaline conditions.

Photosubstitution reactions of polypyridyl complexes of ruthenium(II) were first noted by
Bosnich and Dwyer.!7 Since that time numerous studies of these reactions have elucidated
several of their features. In our work, we observe that irradiation of Ru(phen),Cl, in the
presence of DNA significantly increases its rate of binding to DNA. In order to use this
photoreaction in binding experiments of this or similar compounds, it is important to consider

some of the characteristics of this reaction. Firstly, the question of whether the photoreaction
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Figure 8. Effect of the presence of D50 on the photocleavage of DNA by Ru(phen)2+.
Samples in the even numbered lanes contained 85% D,O in buffer R. Time periods of

irradiation of the samples increase from left to right on the gel as follows: lanes 1 and 2,0';
lanes 3 and 4, 2'; lanes 5 and 6, 5" lanes 7 and 8§, 10'.
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Figure 9. Effect of the presence of O on the photocleavage of DNA by Ru(phen)32+.

Samples represented by the symbols for oxygen. air and nitrogen were irradiated in the presence
of those gasses. Samples represented by the symbol for ambient conditions were irradiated in

open tubes.
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Figure 10. Cleavage of DNA in the presence of Ru(phen),Cl; as a function of time of

irradiation with 460 nm light. The samples were irradiated for the following time periods: lanes
1 and 4, 0"; lanes 2 and S, 3'; lane 4 and 6, 15'. Samples in lanes 4-6 were incubated at 50°C.
pH 11 for 1 hour following irradiation. Densitometric scans indicate that the percent form I
DNA in the samples were as follows: 1.6%; 2,11%; 3.45%: 4.22%: 5.50%. 6.66%.
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is qualitatively similar to the thermal reaction is addressed. Secondly, the relative efficiencies
of the photoracemization and photosubstitution are compared. This point is important if one

wants to employ photosubstitution in the reaction of chiral probes similar to Ru(phen),Cly

with DNA. Thirdly, we consider possible explanations for the direction of the photoreaction.

Comparison of characteristics of thermal and photosubstitution reactions

Two physical effects that are observed for the thermal binding reaction are unwinding of the
bound DNA on agarose gels and changes in the C.D. spectra over the course of binding. Both
of these features were compared for the thermal reaction and the photoreaction. The similarity
of the effect on the C.D. spectra and on the mobility of the DNA on gel electrophoresisfor the
thermal reaction and.the photoreaction are consistent with a similar mode of binding for the

two reactions.

Comparison of the time course of photosubstitution and photoracemization reactions.

An impdrtam aspect of our studies with the DNA binding complexes has been the
monitoring of the enantiomeric selectivity of the DNA for the two enantiomers of the chiral
-complexes (see Chapters 2 and 3). If we are to use photoreactions in binding our complexes to
DNA it is important to know at what rate photoracemization occurs relative to the
photosubstitution reaction. Durham et. al.4¢ have concluded that the five coordin.ate
intermediate that forms during the photoreaction of tris chelate complexes has a chiral
intermediate. If this is the case it should be possible for the molecule to undergo a
photosubstitution reaction without undergoing racemization. However, the relative efficiencies
of the substitution and racemization reactions indicate that the photosubstitution reaction with
DNA under our conditions occurs much more slowly than the photoracemization reaction. It

may be that photosubstitution is slower than racemization because the binding to DNA is
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rate limiting. That is, the efficiency of capture of the intermediate by the DNA may be the
slowest step. If this is the case it may be interesting to investigate increasing the efficiency
of this step by increasing the DNA concentration or lowering the salt concentration or using
ligands other than phenanthroline in order to increase the affinity of the metal complex for the

DNA thereby maximizing the efficiency of capture by the DNA.

Consideration of the direction of the photosubstitution reaction

The observation that irradiation affects the rate of binding of Ru(phen),Cl, to DNA is
consistent with the data reported in the literature for other bis(polypyridine)rﬁthenium(II)
systems.46:17-20 Evidence suggests that photoanantion reactions qf compounds of the type
Ru(bpy),L9 (where L is a monodentate ligand) occur via a five coordinate intermediate that is
formed from a LF excited state. (A schematic of the excited states is shown in Figure 1.)
However, it is not always the case in these systems that the product of the photoreactions and
the thermal reactions are equivalent. Therefore the direction in which the reaction:

[Ru(phen)yLo] +DNA [Ru(phen)»(DNA)L)}+ L or [Ru(phen)yDNA] + 2L
is driven by irradiation deserves consideration. (L in this case represents coordinating solvent
or anion molecules i.e., water or chloride ions in our system.)

Some of the observed characteristics of bis(polypyridine)ruthenium(II) photoanantion
reactions are listed below. 1. Monodentate ligands are more efficiently displaced than chelated
ligands. 2. In coordinating solvents, the incoming ligand is often the solvent molecule. 3.In
low dielectric constant, non-coordinating solvents, incoming ligands are counteranions or
"contaminating” water molecules.

4. Neutral ligands are not favored as incoming ligands unless they are in large excess, whereas
coordinating anions are observed to substitute for neutral ligands even at stoichiometeric metal

to anion concentrations. The fact that the charge on the incoming ligand is particularly
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crucial in these reactions is suggested by the observation that even anions that are usually
non-coordinating in thermal reactions (eg.nitrate anions) do coordinate by photoreactions. 5.
The equilibrium state reached by the photoreaction will obviously also be determined by the
relative efficiencies of the photoanation of the reactant and product. An example of a case in
which this effect is clearly illustrated is the cis trans photoisomerization of
[Ru(bpy)o(Hy0)2]2+ .17 The first four characteristics listed illustrate the importance of the
effect of local concentration of the incoming ligand. Solvent molecules, anions in solvents
with low dielectric constants, and chelated ligands are all at a high effective concentration near
the metal and will therefore be trapped by the five coordinate intermediate.

Several of the phenomena suggest possible explanations for our observations of DNA as-an
incoming ligand in the photoreaction. Firstly since photosubstitution reactions favor
coordination to anionic ligands one possibility is that the metal may be coordinating at a
phosphate anion on the DNA. We do not consider this a very likely possibility since
coordination of ruthenium(lI) is more favored at the softer ligands on DN A.21 However, there
is a negative electrostatic field surrounding the DNA even in the groove away from the
phosphate backbone, (according to some calculations the negative potential at the groove
appears to be even greater than that of the potential at the backbone 22y this negative field may
have enough of an effect to increase binding to neutral substituents on the bases within the
groove. Both of the above explanations imply that photosubstitution onto the DNA occurs
because of a higher local concentration of the ruthenium near the DNA. The higher local
concentration is presumably not only a function of the opposite charges of the DNA and the
ruthenium complex but also a function of hydrophobic interactions between the two. In any
case, it is known that these complexes bind non-covalently to DNA with a Keq between 103-
104 M-1. Therefore regardless of whether the interactions are ionic or hydrophobic, the end

result is a higher local concentration of the ruthenium complex near the DNA.
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A second possible explanation for the direction of the photosubstitution reaction is that a
five coordinate intermediate that resembles, or is identical to, the transition state for the
thermal reaction may be produced by decay of the LF excited state. The production of such
an intermediate would effect the rate of the reaction, but not the direction. A proposal such as
this one has been offered to explain some of the photosubstitution reactions observed for

chromium(II) ammines.23

A third possible explanation is that the efficiency of the photoanation of the Ru(phen),-

DNA complex may be lower than the efficiency of the photoanation of the free Ru(phen)o(L),

complex (L. in this case represents water or chloride ligands.) The proposal of this possibility
was prompted by some results of an investigation by Pinnick and Durham!8 in which the

quantum yield of photoanation was measured in dichloromethane for several compounds of the

variety Ru(bpy)sLo . In their investigation it was found that the quantum yield of

photoanation for [Ru(phen);(imidazole)y] was lower than that for most of the other

complexes tested. It has been noted in the literature that as is the case for many other soft
transition metals a primary site of binding of ruthenium(II) and ruthenium(IIT) compounds
on DNA is N-7 of guanine.2! Since this site resembles the coordination site on imidazole, it
seemed possible that photoanation from this site would be less efficient than from water or

chloride molecules, causing the photoreaction to be driven in the direction of binding to the

DNA. However, the spectral properties of the Ru(phen),-DNA complex are not similar to
the spectral characteristics of the Ru(bpy)(imidazole); complex described by Pinnick and
Durham. Consistent with their imidazole complex having a low quantum yield of
photoanation, is the fact that it emits as strongly as Ru(bpy)32+ at room temperature. 10
(Photoanation and non-radiative decay are presumed to both occur via the LF state). In

contrast we find that there is no detectable emission at room temperature (or as low as 4° C)

for the Ru(phen)22+-DNA complex. Therefore, there is less reason to suspect that the
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quantum yield of photoanation of this complex will be as inefficient as that of the imidazole
complex. The most likely explanations for the direction of the photoreaction therefore are the

first two possibilities proposed above.

Photocleavage reaction

Cleavage of DNA in the presence of Ru(phen)2C12 or Ru(phen)32+ was observed in our
studies. In cases when cleavage occurs at the DNA binding site such a reaction would be
useful to map the site of binding of these complexes on DNA. Such work is presently in
progress in Dr. Barton's laboratory.

Since Ru(phen)3Cl, is known to‘generate singlet oxygen and singlet oxygen is known to
promote cleavage of DNA, !5 several experiments were done to determine if this is the
mechanism of cleavage in this case. The lifetime of singlet oxygen is enhanced by D20,16 S0
a reaction dependent on singlet oxygen should be increased in the presence of D,O. An
enhancement of the cleavage reaction in the presence of DO is observed (Figure 6).

Of course, DoO may affect the cleavage reaction through effects other than enhancement of

the lifetime of singlet oxygen. Therefore, further experiments were done to determine the

effect of oxygen on cleavage of DNA. Figure 7 illustrates the effect of oxygen on the

efficiency of the photocleavage reaction. Photocleavage is enhanced in the presence of Oy and
decreased when the samples are partially degassed with Ny, Additional experiments by M.
Fleisher in our laboratory have demonstrated that when O, is completely purged no cleavage
occurs. Also consistent with a singlet Oy mechanism is the observation by H.Y. Mei that
histidine, a singlet O quencher decreases the efficiency of this cleavage reaction.

The elucidation of the mechanism of cleavage of Ru(phen),Cl, awaits further experiments.

We would like to note, however, that it is possible that the effect of irradiation in this case

may simply be to increase binding. It may be that binding itself causes a low level of
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cleavage of DNA which becomes more detectable when the reaction is driven quickly to

completion. Furthermore, given the tendency of bis(polypyridyl) complexes of ruthenium(II)

to udergo photosubstitution reactions, it is also possible that a product of such a reaction is

responsible for the DNA cleavage.
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