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ABSTRACT

Metal complexes that utilize the 9,10-phenanthrene quinone diimine (phi) moiety
bind to DNA through the major groove. These metallointercalators can recognize DNA
sites and perform reactions on DNA as a substrate. The site-specific metallointercalator
A-1-Rh(MGP),phi®* competitively disrupts the major groove binding of a transcription
factor, yAP-1, from an oligonucleotide that contains a common binding site. The
demonstration that metal complexes can prevent transcription factor binding to DNA site-
specifically is an important step in using metallointercalators as therapeutics.

The distinctive photochemistry of metallointercalators can also be applied to
promote long range charge transport in DNA. Experiments using duplexes with regions
4 to 10 nucleotides long containing strictly adenine and thymine sequences of varying
order showed that radical migration is more dependent on the sequence of bases, and
less dependent on the distance between the guanine doublets. This result suggests that
mechanistic proposals of long range charge transport must involve all the bases.

RNA/DNA hybrids show charge migration to guanines from a remote site, thus
demonstrating that nucleic acid stacking other than B-form can serve as a radical bridge.
Double crossover DNA assemblies also provide a medium for charge transport at
distances up to 100 A from the site of radical introduction by a tethered metal complex.
This radical migration was found to be robust to mismatches, and limited to individual,
electronically distinct base stacks. In single DNA crossover assemblies, which have
considerably greater flexibility, charge migration proceeds to both base stacks due to
conformational isomers not present in the rigid and tightly annealed double crossovers.

Finally, a rapid, efficient, gel-based technique was developed to investigate
thymine dimer repair. Two oligonucleotides, one radioactively labeled, are photoligated

via the bases of a thymine-thymine interface; reversal of this ligation is easily visualized



by gel electrophoresis. This assay was used to show that the repair of thymine dimers
from a distance through DNA charge transport can be accomplished with different
photooxidants.

Thus, nucleic acids that support long range charge transport have been shown to
include A-track DNA, RNA/DNA hybrids, and single and double crossovers, and a
method for thymine dimer repair detection using charge transport was developed.

These observations underscore and extend the remarkable finding that DNA can serve a

medium for charge transport via the heteroaromatic base stack.
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CHAPTER 1

Recognition and Reactivity of
Metallointercalators with DNA*

*Adapted from K.E. Erkkila, D.T. Odom and J.K. Barton. Chemical Reviews 99 (1999)
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1.1 INTRODUCTION

The design of small metal complexes that bind to and react at specific
sequences of DNA becomes more important as we begin to delineate, on a molecular
level, how genetic information is expressed. A more complete understanding of how
to target DNA sites with specificity will lead not only to novel chemotherapeutics, but
also to a greatly expanded ability to probe DNA and to develop sensitive diagnostic

agents.
Transition metal complexes are being used at the forefront of many of these

new techniques. Stable, inert, and water-soluble complexes containing
spectroscopically active metal centers are extremely valuable as probes of biological
systems. Metal complexes have helped elucidate the mechanisms by which
metalloproteins function, both as spectroscopic tags and as functional models for the
active centers of proteins. More recently, such metal complexes have been used to
probe both structural and functional aspects of nucleic acids.

In this introductory chapter, | describe the chemistry of metallointercalators
that bind to and react with DNA. Intercalators are small molecules that contain a
planar aromatic heterocyclic functionality which can insert and stack between the
base pairs of double helical DNA." Lippard and coworkers first established that
square planar platinum(ll) complexes containing an aromatic heterocyclic ligand could
bind to DNA by intercalation.? In the Barton laboratory, metallointercalation was
extended to three dimensions using stable octahedral complexes of late transition
metals. Octahedral metallointercalators have permitted the targeting of the two
speceies on a molecular level. Moreover, the photophysical and photochemical
properties of the metallointercalators have allowed the development of spectroscopic
and reactive probes of DNA. My review of this chemistry is intended to describe the

characteristics of metallointercalators used in the work presented later in this thesis,



and to describe the reactions various types of DNA can undergo when oxidatively

challenged by these metal complexes.

1.2 RECOGNITION OF DNA BY METALLOINTERCALATORS

1.2.1 Background -- Early Metal Complexes

The first experiments describing the interaction of coordinatively saturated
octahedral transition metal complexes with DNA involved the use of metal complexes
that had been chemically well-characterized in many other contexts. These early studies
focused on the binding of tris(phenanthroline) complexes of zinc, cobalt, and ruthenium
to DNA*"" (Figure 1.1). Based upon photophysical and NMR studies, it was proposed
that the cationic tris(phenanthroline) complexes bound to DNA through three non-
covalent modes: (i) electrostatically; (ii) binding hydrophobically against the minor

groove; and (iii) by partial intercalation

|2+ |2+
5;1] E:% of one of the phenanthroline ligands
N
|, == = % .
N‘RT - E%}ulﬁ” I - into the DNA base stack from the major

NN | =) <
|/ Ny N | . . .
P - - groove. Early experiments indicated a
5 ~ preference for the right-handed A-
A-[Ru(phen),]?* A-[Ru(phen);]**

isomers upon intercalation into right-
handed DNA, while a slight preference

~ for the A-isomers could be observed

~ for binding in a complementary fashion

against the right-handed groove.'
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ArfRUEI )] asiCotdip)l While the binding interactions of these

Figure 1.1. Early octahedrally coordinated complexes have been debated,'?"*
metal complexes used to probe DNA structure.

their enantiomeric preferences have
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Figure 1.2. Ancillary and intercalating ligands, and (center) an illustration of an
intercalating complex oriented with respect to the DNA double helix.

been seen consistently in derivative complexes investigated since those early
experiments, as will be evident throughout this introduction. Chiral discrimination of this
type clearly depends upon matching the symmetry of the metal complex with that of the
double helix.

Studies with these simple complexes provided a basis for conceptualizing how
octahedral complexes might interact non-covalently with DNA, and for exploring how the
properties of the metal complexes, notably their photophysical and redox characteristics,
might be utilized in developing novel probes for DNA. The binding affinities of these
complexes for DNA were unimpressive, however, and the mixture of binding modes,
depending upon DNA base sequence, salt, and temperature, was problematic. In order
for octahedral metallointercalators to become useful in biological applications and
assays, and indeed for intercalation to dominate as the mode of interaction, the

intercalative binding affinities had to be significantly increased.



1.2.2. Increasing DNA Affinity and Discrimination by Intercalation

1.2.2.1. Intercalation as a Platform for Binding

Increasing the ligand surface area for intercalative stacking leads to a substantial
increase in binding affinity. As a result metallointercalators which contain an expansive
aromatic heterocyclic ligand can provide immensely powerful tools to probe nucleic
acids.”"® By inserting and stacking between the base pairs, octahedral complexes
containing the phenanthrenequinone diimine (phi) or dipyrido[3,2-a:2',3'-c]phenazine
(dppz) ligand provide predictable, stable anchors in the major groove with a known
orientation of all the functionalities on the metal complex, with respect to the DNA duplex
(Figure 1.2). In combination with the stable ligand architecture of late transition metal
complexes, this type of anchor can be exploited to generate chiral discrimination and

sequence specificity comparable to that of DNA binding proteins.

1.2.2.2.Metal Complexes of Dipyridophenazine and Triphenylene
1.2.2.2.1. dppz and dppz Derivatives
(§N W\lk
i dib Hé]l’\ o : Bipyridyl and phenanthroline
. S
TAP PRELAT complexes of ruthenium containing

the dppz ligand intercalate relatively

N 2+
i N’ K“'N =y, non-specifically into B-form DNA with
giﬁﬁ:\g | |
a slight preference for AT rich
$ Ru(phen),(PHEHAT)** ™ regions.' The dppz complexes,
containing an expansive aromatic
Pz HAT

Figure 1.3. dppz-like intercalating ligands, and a heterocyclic ligand, show extremely
PHEHAT complex of Ru(ll).
high affinity for DNA, with binding
constants >10° M".?° Analogous ruthenium(ll) complexes, with 1,4,5,8-

tetraazaphenanthrene (TAP), 1,4,5,8,9,12-hexaazatriphenylene (HAT) and 1,10-



phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene (PHEHAT), also interact with
DNA, and, like dppz complexes, show changes in photophysical properties upon binding
to the DNA duplex (Figure 1.3).”" Bimetallic complexes bridged by the 2,3-bis(2-pyridyl)-
benzo[g]quinoxaline (dpb) ligand have also been shown to bind to DNA by
intercalation.?
1.2.2.2.2. Metal Complexes as Molecular Light Switches

[Ru(bpy)z(dppz)]2+ and related derivative complexes in organic solutions show
solvatochromic luminescence to varying degrees. However, in aqueous solution, these
complexes do not luminesce, due to the ability of water to non-radiatively deactivate the
excited state by hydrogen bonding with the intercalating ligands.?***** Upon introduction
of B-form double helical DNA to an aqueous solution of any of these metal complexes,
photoluminescence is observed. This luminescence reflects the shielding of the
intercalating ligand from bulk solvent, and would be akin to introducing a local organic
solvent that shields the ring nitrogens on the intercalating ligand from protonation. It is
this effect that has been extensively characterized and described as the "molecular light

switch." In the case of [Ru(phen)zdppz]2+ bound to DNA, the excited state lifetime is

approximately 200 ns, whereas free in aqueous solution, the lifetime of the excited state
is only 200 ps.?* This light switch effect provides the basis for a valuable photophysical

probe of nucleic acids. [Ru(phen)zPHEHAT]z‘“ was also found to be a light switch,
though it displayed a weaker luminescence when bound to calf thymus DNA than
[Ru(phen)gdppz]z".:25

[Ru(phen),HAT]*", unlike [Ru(phen) PHEHAT]*" and [Ru(phen),dppz]*’,
luminesces in aqueous solution, but this luminescence is slightly enhanced in the

presence of DNA.” The photophysics and photochemistry of both osmium(ll) and

ruthenium(ll) complexes of HAT, PHEHAT, and several other, related polypyridyl ligands
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Figure 1.4. [Os(phen).dppz]’' and the light switch effect upon complex luminescence. In
water the luminescence is quenched (blue) but in DNA, the ligand is protected from solvent
quenching, giving rise to the luminescence shown in red.
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in the presence of DNA and single nucleotides is the subject of a recent review.

Another study used fluorescence lifetimes to monitor chiral discrimination of DNA for A-

vs. A-isomers of [Ru(bpy).ppz]**, where ppz = the intercalating ligand 4,7-
2

phenanthrolino-[5,6-b]-pyrazine.?®
1.2.2.2.3. Dppz Complexes and Derivatives as Luminescent Probes of DNA

The systematic introduction of variations onto the terminal aromatic ring of the
dppz ligand of [Ru(phen).dppz]** has been carried out to provide a host of luminescent
probes of DNA.?® The complexes containing modified dppz ligands are not as sensitive
to agueous quenching of luminescence as the parent compound and so cannot be
accurately described as light switches. The modified complexes, however, show a wide
variety of spectroscopic profiles.

Replacement of the ruthenium with osmium as the central metal ion causes the
luminescence observed for Ru(ll) with a maximum of 620 nm to red-shift to 738 nm
(Figure 1.4).*° Hence, [Os(phen).dppz]*’ can act as a red-emitting luminescent reporter
for the presence of DNA. Recently, experiments varying the dppz ligand functionality
similar to those performed for [Ru(phen),dppz]’" have been performed for osmium.*'

[Co(phen).dppz])** and [Ni(phen).dppz]** have also been constructed.*
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| Figure 1.5. [Re(CO),(py)dppzl. | Finally, rhenuim has also been used
in the constrﬁét}oa rom;‘rirﬂlétalrl;r)iﬁtercalators; [Re(CO)s(py)dppz]” has been shown to have
the same “light switch” capabilities as Ru(ll) dppz complexes (Figure 1.5).** This
complex was also found to bind to calf-thymus DNA and, when irradiated, to promote
strand scission on pBR322.*

1.2.2.2.4. Intercalation of Metal Complexes of dppz through the Major Groove

Given the potential utility of the dppz complexes and their derivatives, it is
important to develop a detailed structural understanding of how these complexes interact
with the DNA helix. Both photophysical studies and linear dichroism studies provide
support for intercalation.?*?*33® Additionally, consistent with the early intercalative
models, '’ it was observed that the A—isomer showed greater luminscence bound to right-
handed DNA than did the A—isomer. Calorimetry studies have established the high
affinity of the dppz complexes in binding the DNA duplex.*

The luminescent characteristics of the dppz complexes bound to DNA in general
showed a biexponential decay in emission, with the percentages of the two components
varying as a function of DNA sequence. On this basis, two general orientations for
intercalation of the complexes into DNA were proposed (Figure 1.6).%*** The longer-
lived component was assigned to a “head-on” binding mode; in this mode both nitrogens

of the phenazine ligand are equally protected by intercalation from solvent quenching.

Similarly, the shorter component, more easily quenched, was assigned to a “side-on”



Figure 1.6. Two proposed modes of binding of Ru(phen),dppz®* to DNA through the major
groove. The stacking of a dppz complex (shaded) on the base pair is shown down the helical
axis. The side-on mode (right) is shown with one partially exposed phenazine nitrogen.

binding mode, where the dppz ligand was stacked at an angle with respect to the helical
dyad axis.

While an intercalative mode of interaction was clear, some controversy has
surrounded the groove position of the ruthenium intercalators on the DNA helix. Early
NMR experiments that showed intermolecular NOE’s to major groove protons supported
a model in which the complex binds through the major groove.*® However, other
researchers reported photophysical studies showing that [Ru(bpy).(dppz)]** did not
significantly decrease its luminescence when bound to T4-DNA, which is heavily
glucosylated in the major groove by cytosine derivatization.*® This observation, together
with more indirect lines of evidence, seemed to suggest that the steric accessibility of the
major groove was unimportant for [Ru(bpy)2(dppz)]** binding, and hence that
[Ru(bpy).(dppz)]** might instead intercalate via the minor groove.

In order to explore this issue more fully, direct competition experiments'® were
performed with the minor groove binding reagent distamycin and the well-characterized,
major groove binding molecule A-o—[Rh[(R,R)-Mestrien]phi]**, where (R,R)-Me;trien =
2R,9R-diamino-4,7-diazadecane. For the latter compound, there is both a high

resolution NMR structure,*’ and recently a full crystal structure*? of this rhodium complex



intercalated into a DNA duplex from the
major groove (vide infra) (Figure 1.7).
These experiments showed that

A-o—[Rh[(R,R)-Me;trien]phi]** directly

displaced A-[Ru(phen).dppz]** from the

DNA helix. In contrast, distamycin MMMW
H 2

competition experiments showed that Y Dista ) 2
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the metal, when bound to various

Figure 1.7. Molecules used to show major
sequences of DNA, was unaffected by groove intercalation of A-Ru(phen),dppz®'.
the presence of excess minor groove binder. These results were therefore consistent
with the DNA helix simultaneously accommodating [Ru(phen).dppz]**, a major groove
binder, and distamycin, a minor groove binder. Additionally, [Ru(phen).dppz]** was
shown to have a slight, but significant, preference for poly(AT) over poly(GC), which may
resolve the apparent contradiction of major groove intercalation into T4-modified DNA.
[Ru(phen)gdppz]2+, being preferentially intercalated into AT regions within the major
groove, would not be seriously disrupted by major groove glucosylation of cytosines.

The NMR studies, which extended the original report of major groove

intercalation based on selective deuteration of the dppz ligand, also confirmed the
correlation of the biexponential decay of luminescence with the presence of two
populations of intercalation geometries.*> Two major orientations were proposed for the
intercalation of this metal complex into B-form DNA. The first centers the dppz ligand
symmetrically along the dyad axis of DNA affords even shielding of the phenazine
ligand, whereas the second features canted intercalation that maximizes base overlap
and greatly favors shielding primarily of only one half of the dppz intercalator. The latter

orientation provides very different chemical environments for the 4' and 7’ dppz protons,

which are indistinguishable in the absence of DNA. These two modes of binding could
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account for the biexponential decay of the dppz

'—] 2+
>
luminescence signal based on differential accessibility W

’ . i N. | A=
of the phenazine nitrogens to aqueous quenching in \N:RT&N N";
different binding orientations.*® PPN

&
1.2.2.2.5. Minor Groove Binding of Ru(phen).dpq”*

Figure 1.8. The minor groove
intercalating metal complex A-
Ru(phen).dpg®".

Removal of the terminal aromatic ring on the
dppz ligand makes dipyrido[2,2-d:2’,3’-fl]quinoxaline

44,45

(dpq), a closely related analog to dppz (Figure 1.8). [Ru(phen).dpg]** also
intercalates into DNA, but NMR studies similar to those described above for
[Ru(phen).dppz]** have shown that [Ru(phen)gdpq]2+ binds from the minor groove
side.***® |t is remarkable how apparently minor changes in the ligand architecture and
electronic structure can lead to profound influences on binding geometries. It is not
simply a steric consideration which governs the groove position of the intercalator, as a
crystal structure of a square planar platinum intercalator bound within a dinucleotide
duplex shows intercalation of the coordinated ligand from the major groove side.*’ It will

be important to predictably establish those factors which govern groove position for the

intercalator.

1.2.2.3. Porphyrin Intercalation info DNA

An additional large heterocyclic surface used for DNA intercalation is the
porphyrin ring system. It has been long known that porphyrins bind to DNA.*®
Spectroscopic data indicate that porphyrins can bind to GC-rich sequences
intercalatively, while in AT-rich regions they take on an external binding mode.*? How
such an intercalation can occur has been debated, however, given the substantial size of
the porphyrin versus that of the base pair. Free porphyrins and porphyrins bound to

metals which do not take on axial ligands, such as Cu(ll) and Ni(ll), were suggested to



Figure 1.9. Porphryin hemi-intercalation into DNA. The right box shows the copper porphyrin
used to bind to duplex DNA. On the left is shown the structure of the porphyrin that hemi-
intercalates into DNA, and displaces a cystosine. Adapted from reference 52.

intercalate into DNA,*%"

while metallated porphyrins which have axial ligands such as
Co(ll), Fe(ll), Zn(ll), and Mn(ll) did not appear to intercalate.”

A clearer understanding of how porphyrins interact with DNA emerged when the
crystal structure of a copper porphyrin, [CuTMPPyP4] (copper(ll)meso-tetra(N-methyl-4-
pyridyl)porphyrin), intercalated into 5-CGATCG-3’ was solved.”® The porphyrin was
seen to hemi-intercalate at the end of the DNA oligomer by displacing a cytosine from
the terminal GC base pair (Figure 1.9). The orphan cytosine then base pairs with a
guanine in a separate double helix so that there are no non-paired extrahelical bases.
Intercalation by a metal complex, in this view, represents a substantial perturbation of
the DNA helix with base displacement being accompanied by binding. Indeed, in this
instance, direct stacking of the porphyrin within the DNA helix does not occur. While
subsequent high resolution views of A—a—[Rh[(R,R)Me.trien]phi]** bound to DNA gave a

picture of direct intercalation into the helix,** the porphyrin structure demonstrates that

there are many different ways metal complexes can bind DNA.
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1.2.3. DNA Recognition Based on Shape Selection by Phi Complexes

Due to their shape and polarity, different intercalating ligands stack with different
orientations within the double helix and as such provide somewhat different strategies
for the specific recognition of sites on DNA. Phenanthroline and bipyridine ligands are
sterically compact, and metal complexes that have these ligands have relatively shielded
surfaces. It was this steric shielding that prevents tris(phenanthroline) complexes from
intercalating deeply into the B-form base stack and leads to its low binding affinities.
Metal complexes containing a coordinated dppz ligand, in contrast, extend a heterocyclic
ring system out from the central, compact [Ru(bpy)s]°" core and in this manner provide a
substantial aromatic surface for intercalation in DNA. Because of the large expanse of
the ligand, a family of orientations within the stack appears to be available.

The 9,10-phenanthrenequinone diimine (phi) ligand provides different constraints
and opportunities. When incorporated into an inert transition metal complex, the phi
ligand projects far from the metal center, due to the use of imines as coordinating
chelators (Figure 1.2). Hence, like dppz, phi also presents an intercalating aromatic
system that is removed from the metal center, yet the geometry of the phi ligand
provides an expanse of aromatic structure across the base pair rather than along the
dyad axis. In fact, the phi ligand was first designed in an attempt to match the
positioning of aromatic rings with those of the base pairs.”® The non-intercalating,
ancillary ligands are brought into position against the DNA base pairs, and as a result,
specific non-covalent interactions between the ancillary ligand functionalities and
functionality in the DNA groove can be made.

The phi complexes also differ from the dppz complexes in terms of their
photochemistry, and thus, in terms of their utility. Phi complexes of both rhodium and
ruthenium show no detectable photoinduced emission, and therefore no photophysical

signature to exploit.>* Nonetheless phi complexes of rhodium have a rich
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Figure 1.10. [Rh(phen),phi]®* (upper left) and [Rh(phi).bpy]®" (upper right) and
illustration of steric interactions of [Rh(phen),phi]®** with propeller-twisted intercalation site
(lower left) and [Rh(phi),bpy]®* with normally stacked intercalation site (lower right). The
clash in the lower left panel between the phenanthroline hydrogen with the base stack is
shown in red.

photochemistry. The ability of phi complexes of rhodium(lll) to cleave DNA at the site of
intercalation when irradiated with high energy light (310-320 nm) (vide infra) has been

extensively used in researching how these complexes bind to DNA with specificity.

1.2.3.1. Recognition of 5'-Py-Pu-3’ Sites

One of the most extensively characterized and studied metal complexes that
intercalates into DNA is [Rh(phen),phi]** (Figure 1.10).°**>°% |n this mixed ligand
metallointercalator, phenanthrolines provide structural form to the complex, and the phi
ligand serves to intercalate into the base stack of DNA by overlapping extensively with
the n-stacked base pairs. In fact it is the shape of this complex, with phenanthroline
ligands that partly occlude the phi ligand, which dominates its interactions with DNA.

Early studies showed that [Rh(phen),phi]®* binds to DNA with moderate site-
selectivity whereas little specificity was evident with a close analog, [Rh(phi).bpy]*".>* It

was proposed that the site selectivity of [Rh(phen).phi]’* was based upon shape



selection. Because of the steric bulk of the ancillary phenanthroline ligands hanging
over the phi, the complex could be considered to bind tightly only at sites which were
more open in the major groove.’**® In addition, there appeared to be enantioselectivity
favoring the A-isomer.”® Even moderate site-selectivity for this complex was remarkable,
considering the lack of hydrogen bond donors or acceptors on the ancillary ligands.

Further study indicated that [Rh(phen),phi]** showed a preference for sites with
high propeller twisting toward the major groove.”>®’ The metal complex preferentially
cleaves at 5-YYR-3' (where Y is pyrimidine and R is purine) sites, occasionally cleaves
DNA at 5-RYR-3' sequences, but never cleaves at sequences of the form 5'-RRY-3".
Comparison of crystal structures of three B-form DNA oligonucleotides to the
photocleavage patterns for [Rh(phen).phi]** revealed the critical structural features for
recognition.”” Helical twist, rise, tilt, or roll, among other factors, were ruled out as
important parameters. It was proposed that the propeller twisting that occurs in 5’-YYR-
3’ is critical to the shape selection by opening up the B-form DNA purines. This subtle
architectural change permits facile intercalation of the phi ligand while simultaneously
removing the counterpart pyrimidines from positions that would sterically clash with the
phenanthroline rings of the metal complex (Figure 1.10). In contrast, a 5'-RRY-3' site not
only closes the major groove, but also places the pyrimidines in a highly unfavorable
position with respect to the phenanthroline rings. [Ir(phen).phi]** has been shown to
have similar sequence specificity.®

As mentioned above, [Rh(phi),bpy]*" shows almost no sequence or structure
selectivity.***° Inspection of the geometry of this metal complex shows that in this case,
the non-intercalating phi ligand is positioned away from possible steric clashes with the
helix, as is the bpy ligand. The simple comparison of the shapes of these two metal
complexes therefore highlights the idea that steric clashes, or their avoidance, can

dominate site-selectivity.
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1.2.3.2. [Rh(phen).phi’* as a Probe of RNA Structure

The observation that the site-selectivity for [Rh(phen)zphi]3+ depends upon
somewhat open major grooves has been used most advantageously in the application of
the complex in probing RNA structures. In general, metallointercalators that target major
groove sites bind poorly to double stranded RNA.?*%? One interpretation of this
exclusion suggests that the very deep and narrow major groove of RNA duplexes would
be largely inaccessible for stacking by the metal complex. Changes in tertiary structure
of the RNA that serve to open the major groove could thus become possible targets for
the rhodium complex. [Rh(phen).phi]** would then act as a novel shape-selective probe
for RNA tertiary structure. To test this possibility, the interactions of the rhodium
complex with an RNA of well-characterized structure, tRNA, was examined, and
thereafter understanding of its recognition characteristics was applied to probe other
folded RNAs.

With photoactivation, [Rh(phen).phi]** indeed promotes strand cleavage at sites
of tertiary interaction in tRNA.**®® The rhodium complex yields no cleavage in double
helical regions of the RNA nor in unstructured single-stranded regions. Instead
[Rh(phen)zphi]3+ appears to target regions which are structured so that the major groove
is open and accessible for stacking, as occurs where bases are triply bonded. Cleavage
studies were conducted on two structurally characterized tRNAs, tRNA™"® and tRNAP
from yeast, the unmodified yeast tRNA™"™ transcript, a chemically modified tRNA™"®, as
well as a series of tRNA”"™ mutants.®’ There was a striking similarity in cleavage
observed on these tRNAs, and the sites of cleavage mark regions of tertiary folding.
Moreover, cleavage results on mutants indicated that it is the structure of the triply
bonded array rather than the individual nucleotides that are being targeted.

Analogous experiments conducted on tDNA""™, the DNA analog of tRNA™"™,

showed that, although there were slight differences in photocleavage reactivity within the



putatively tertiary regions, within the double stranded regions of the stem regions of
tDNAP"™ strong photocleavage was indeed observed at 5'-YYR-3' sites, as is expected
for B-form DNA.%* Notably, these sites were not cleaved in the case of tRNA""™,
consistent with the A-form nature of the tRNA stem. Perhaps most importantly, the
similarity in pattern at sites of tertiary interaction in tRNA indicated that the tDNA
adopted a similarly folded structure, consistent with previous research.

The three-dimensional folding of Xenopus oocyte 5S rRNA was also examined
using [Rh(phen).phi]** as a structural probe.®® The sites targeted by the rhodium
complex were mapped on the wild type Xenopus oocyte RNA, on a truncated RNA
representing an arm of the molecule as well as on several single-nucleotide mutants of
the 58S rRNA. Given the similarity observed in cleavage between the full 5S RNA and
the truncated fragment, the results did not support folding models which involved long-
range tertiary interactions. Cleavage results with [Rh(phen).phi]** did, however, indicate
that the apposition of several noncanonical bases as well as stem-loop junctions and
bulges could result in intimately stacked structures with opened major grooves. These
distinctive structures might also be utilized for specific recognition by proteins.

The strong interactions [Rh(phen),phi]** showed with Hoogstein bonded triples
prompted a systematic investigation of the recognition that this complex shows towards
synthetic triple helices.®® Consistent with the recognition seen on tRNA, the metal
complex seems to interact with triple helices in a structure-specific manner. Different
cleavage patterns were seen with the Y+R-Y and R*R-Y motifs; cleavage was seen on
both of the Watson-Crick strands of the former motif and primarily on the purine Watson-
Crick strand of the latter motif with little cleavage on the Hoogsteen strand for either
motif. Importantly, the metal complex showed no detectable cleavage on the A-form
RNA duplex in the absence of the third Hoogsteen strand. Thus the cleavage patterns

were consistent with an intercalated model for the metal complex in the triple helix.



Lastly, the Tat-binding site of the bovine immunodeficiency virus TAR RNA
hairpin was examined using [Rh(phen),phi]** as a photochemical probe of RNA tertiary
structure.®” The primary site cleaved by the rhodium complex, upon photoactivation,
was found to be U24, a base which participates in the novel base triple (with bases A13
and U10) characteristic of this folded RNA. A-[Rh(phen).phi]** bound to this site with an
affinity of 2 x 10° M"". In mutants where the RNA oligomer was unable to form the base
triple, site-specific cleavage by the rhodium complex was abolished. Moreover,
[Rh(phen),phi]** was found to inhibit specific binding of BIV-Tat peptide to its target site.
Thus, the rhodium complex, in matching its shape to the opened major groove of the
properly folded RNA, could not only target a specific site on a folded RNA, but could

compete for binding with a functionally important Tat peptide.

1.2.3.3. Site-Specific Recognition of a Palindromic Octamer by [Rh(DPB)gph.r']"+

Perhaps the most striking example of site-specific recognition by shape selection
with bulky ancillary ligands was found in the enantiospecific targeting of an eight-base
pair site by A-[Rh(DPB).phi]** (DPB = 4,4’-diphenylbpy) (Figure 1.11).>*%® In doing so,
this metallointercalator was found to mimic different aspects of DNA-binding proteins.
Specific photocleavage was induced on irradiation by A-[Rh(DPB).phi]** at the
highlighted cytosine in the self-complementary sequence 5'-CTCTAGAG-3'; in contrast,
A-[Rh(DPB)zphi]** yielded no detectable photocleavage, even at concentrations 1000-
fold higher. Additionally, a distinct footprint was observed at the 5'-CTCTAGAG-3' site
for A-[Rh(DPB).phi]*, but not for A-[Rh(DPB),phi]**.

As a monomer the metal complex is geometrically capable of spanning only six
base pairs. Thus, similar to many DNA-binding proteins, specificity for the palindromic
site appeared to depend upon dimerization. The palindromic target site could be

considered as two overlapping 5'-CTCTAG-3' monomer sites on opposing strands;
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Figure 1.11. A-[Rh(DPB),phi]®* and the palindromic sequence recognized by cooperative
binding of a dimer of this noncovalent dimer. The arrows indicate the sites of photocleavage.

simultaneous intercalation into the central 5'-CT-3' step of each monomer by A-
[Rh(DPB);phi]** would allow pendant phenyl groups from separate complexes to overlap
over the central 5'-TA-3' base step. Evidence for this cooperative mechanism was
obtained by comparing the binding curves between an isolated monomer of 5'-CTCTAG-
3" with A-[Rh(DPB),phi]** and the palindromic 5-CTCTAGAG-3'. An enhancement of
binding affinity for the palindromic site was observed, supporting a cooperative
interaction of ~2 kcal between metal complexes within the 8-mer site.

Based on these observations, and its remarkable specificity, A-[Rh(DPB),phi]**
was then used to successfully inhibit Xbal restriction endonuclease activity at the
palindromic site. No comparable inhibition was observed with a sequence-neutral DNA-
binding metal complex, nor with [Rh(DPB),phi]** in competition with a restriction enzyme
that binds an alternate site. Thus, a synthetic metallointercalator was found to bind to
DNA with a level of specificity mimicking DNA-binding proteins and, in so doing, to inhibit

site-specifically the reaction of the DNA binding protein.
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Figure 1.12. Size comparison of chrysi (left) and phi (right) ligands, and illustration of a DNA
binding site containing A—a-{Rh[(R,R)-Megtrien]phi]a'. The phi ligand fits tightly between the bases,
leaving no room in B-form DNA for the extra chrysi ring (shown in red). Center structure
courtesy of B. Hudson.

1.2.3.4. [Rh(bpy).chrysil’* Complexes and Mismatch Recognition

Among the most recent of the metallointercalators explored as probes of DNA
structure is [Rh(bpy).chrysi]*" (chrysi = 5,6-chrysenequinone diimine) (Figure 1.12).°°"°
This metal complex utilizes a somewhat different approach to DNA recognition. Here,
recognition is still based upon steric exclusion, but now of the intercalating ligand. The
strategy for shape-selective recognition of mismatched sites, irrespective of sequence, is
based on the idea that expanding the size of the intercalating ligand by one aromatic
group might restrict access to normal B-DNA but retain access to destabilized
mismatches; the size of the chrysi aromatic ring makes it too sterically bulky to insert into
standard B-form DNA.

This strategy holds, to first order. Specific DNA cleavage by [Rh(bpy).chrysi]*" is
observed at over 80% of mismatch sites in all possible single base pair sequence
contexts around the mispaired bases. Significantly, a correlation exists between the
stability of the mismatch and the ability of the metal complex to photocleave the
mismatch site. Moreover, the affinity of the metal complex for a C-A mismatch exceeds

by almost three orders of magnitude that of the metal complex for matched B-form DNA.
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Figure 1.13. Plasmid-based assay to test sensitivity of [Rh(bpy),chrysi]®* to detect single

mismatchs in a 2.7 kB DNA strand. Two plasmids with a single base difference are linearized

by a restriction endonuclease, mixed in equimolar amounts, denatured and reannealed. These
strands are then irradiated in the presence of the metal complex, and the strand scission
monitored by gel electrophoresis. Courtesy of B. Jackson.

This extremely high selectivity of [Rh(bpy).chrysi]** for base mismatches has

been demonstrated by targeting a single mismatch within a 2725 bp plasmid (Figure

1.13).”° Following linearization of the two plasmids which differed in a sequence by only

a single base, equimolar mixing and reannealing, a 2.7 kilo-base pair DNA strand was

formed with a single mismatch at a known site. Low resolution mapping of this construct

after irradiation with the metal complex showed cleavage of the DNA into a 974 bp

fragment and a 1751 bp fragment, the appropriate sizes for scission at the mismatch

site. Higher resolution mapping confirmed that the metal complex was binding

exclusively to the mismatch site. Sterically demanding intercalators such as

[Rh(bpy).chrysi]** may have application both in mutation detection systems and as

mismatch-specific chemotherapeutic agents.
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Figure 1.14. Phi complexes of Rh(lll) with aliphatic ancillary ligands. From top right,
clockwise, Rh[12]aneN,phi®**, Rh[12]aneS,phi®*, A-Rh(en),phi**, Rh(NH,),phi®*, A-Rh(en),phi®*.

1.2.4. Direct Readout of Major Groove DNA Functionality

1.2.4.1. Rhodium Amine Complexes as Intercalators

The ability of an octahedral metallointercalator to contact functionalities within the
major groove by direct hydrogen bonding and/or specific van der Waals contacts
provides another strategy for site-recognition. By designing metal complexes with
functionality complementary to those of the base pairs arrayed three-dimensionally in the
major groove, specificity can be achieved. Moreover, unlike shape-selection, in
targeting B-DNA sites, site-specific metal complexes may be designed with a level of
predictability.

A family of rhodium amine complexes containing the phi ligand was synthesized,
and their selectivities for different sites were tested (Figure 1.14).”"7? It was found that
[Rh(NH3)sphi]**, [Rh(en)phi]**, and [Rh[12]aneN,phi]** cleave strongly at 5-GC-3' sites.
Given the rigid structures of these complexes, and the orientation of these complexes
when bound to DNA, models were made which indicated the possibility of hydrogen
bond formation between axial amines of the metal complexes and the O6 of guanine.

The C2 symmetry of the complexes should confer recognition of a 5'-GC-3’ base step. A
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metal complex, [Rh[12]ane84phi]3*, which lacks H-bond capability was synthesized and
tested as a control in parallel experiments, and was seen to bind non-specifically.
Additional experiments using these phi complexes of rhodium which contain axial
amines probed hydrogen bonding to guanine through the introduction of O6-methyl
guanine in place of guanine on the targeted oligonucleotide. As expected, this
modification disrupted binding to the site. ">’ In contrast, replacement of guanine with
deazaguanine did not disrupt recognition, suggesting that hydrogen bonding to the N7 of
guanine is not an important factor in binding of these metal complexes. A related finding
was that the A-[Rh(en).phi]*" enantiomer also bound to 5'-TX-3' sites, especially 5'-TA-
3', due to a Van der Waals contact between the methyene groups on the backbone of
the complex and the thymine methyl. The A—-isomer of the complex showed no such
preference in binding. Mutation of the thymine to deoxyuracil, which lacks the methyl

group, abrogated binding by A-[Rh(en),phi]** to the 5-TX-3' sites.

1.2.4.2. Predictive Design and Direct Readout by A—o—[Rh[(R, R)-Megl‘lf."c-:-n]phl]3+

Using the basic characterization of possible non-covalent contacts between phi
intercalators containing amine ligands and DNA, a new complex, A—o—[Rh[(R,R)-
Me;trien]phi]®**, was designed specifically to bind to a 5-TGCA-3' site (Figure 1.15).”
The targeting of this site was designed to generate hydrogen bonding contacts between
the axial amines and the O6 of guanine, as well as potential van der Waals contacts
between the pendant methyl groups on the metal complex and the methyl groups on the
flanking thymines.”' Photocleavage data indicates that the complex binds to the target
site with a binding constant of 9 x 10’ M™".”® A high resolution NMR structure,*"’® and
recently a crystal structure of the DNA-intercalated metal complex*? all confirm that this
complex targets the sequence 5-TGCA-3' from the major groove, and, remarkably, that

each of the predicted contacts are present.
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Figure 1.15. lllustration of the recognition of TGCA by A-a—[Rh[(R,R)-Me,trien]phi]®".

The crystal structure of the rhodium intercalator Aﬁm-[Rh[(R,R)—Me;ztrien]phi]3+
bound specifically to the central 5-TGCA-3’ site of an eight base pair DNA
oligonucleotide was solved at 2.0 A resolution and represents the first
crystallographically characterized high resolution view of a metallointercalator bound to a
DNA duplex (Figure 1.16).** Five intercalated DNA duplexes in the asymmetric unit
provide crystallographically independent views of the detailed interactions between the
intercalator and the major groove binding site. The structure shows that the base pairs
are well-stacked, the phi ligand is deeply intercalated, and the conformation of the
deoxyribose sugars at the intercalation site is B-form. Indeed, metallointercalation here
causes minimal structural perturbation to DNA. Essentially the intercalator resembles an
inserted base pair. This structure provides a rational basis for expanding the current
repertoire of sequence-specific intercalators and fundamental support for the strategy of

utilizing octahedral metallointercalators in predictable site-specific design.
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Figure 1.16. Crystal structure of the DNA-bound metallointercalator A-o—[Rh[(R,R)-
Me.trien]phi]®** (red in A, gold in B and C) bound specifically to the central 5-TGCA-3’ site of
an eight base pair DNA oligonucleotide. The five independent duplexes in the asymmetric unit
are shown in A, and two 90° rotational views of one monomer from the asymmetric unit are

depicted in B and C.
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Figure 1.17. A [Rh(phi),phen’]**-peptide chimera.

1.2.4.3. Rhodium Complex-peptide Chimeras

An entirely different strategy towards designing DNA binding agents utilizes a
metallointercalator to provide non-specific affinity for DNA within a larger assembly of
recognition elements. Proteins often use a significant percentage of their amino acids to
provide a scaffold that has high non-specific affinity for DNA, while an appreciably
smaller number of amino acids are actually used to contact the base pairs directly.
Coupling of a derivative of [Rh(phi);bpy]** to the peptide motif used as the contact region
in a DNA binding protein can provide the same non-specific affinity with less steric bulk
and complexity, while possibly maintaining the essential site recognition characteristics
of the original motif.”’

An example of this strategy uses the 13 amino acid DNA binding domain of
phage P22 repressor coupled to [Rh(phi),bpy]** (Figure 1.17).”® Systematic variations in
this motif revealed that the recognition characteristics of this molecule are criticially
dependent on a single glutamate. In cases where the glutamate was present, even with
variations within the surrounding sequence, the chimera specifically recognized 5'-CCA-
3'. However, changes as conservative as replacing glutamate with the isostere
glutamine, or shortening the side-chain group by one methylene with aspartate, entirely

destroyed the recognition characteristics of this metallointercalator. CD studies
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indicated that this glutamate is essential to maintain the o—helicity of the peptide; its
removal disrupts the structure significantly. Hence, glutamate can act as a switch for
recognition in this system, and its absence destroys both the secondary structure within
the chimera peptide backbone and the DNA recognition of the ensemble.

Important issues still need to be established in effecting this design strategy. The
metallopeptidases lack rigidity and often predictability in their structure. Moreover, the
relationship between the peptide conformation in the chimera versus that in the DNA
binding protein is also not necessarily strong. As such, while the construction of
metallointercalator-peptide chimeras offers a whole new array of molecules to explore
site-specific recognition, challenges remain in achieving predictable site-specificity with

these complexes.

1.2.5. Combining Direct Readout and Shape Selection

1.2.5.1. Site-Specific Recognition by [Rh(MGP) ophi]”*

[Rh(MGP),phi]**, a derivative of [Rh(phen).phi]** containing pendant guanidinium
groups on the phenanthroline ligand, was designed to target a subset of sites recognized
by [Rh(phen).phi]*".”*®" Because MGP (MGP = 4-(guanidylmethyl)-1,10-phenanthroline)
is an asymmetric ligand, condensation of the ligand into two positions of an octahedral
metallointercalator affords three possible positional isomers, each of which has two
enantiomers (Figure 1.18). Based on modeling, it was predicted that 1- [Rh(MGP).phi]®*
would target the subset of [Rh(phen),phi]** sites flanked by G+C base pairs, due to the
potential hydrogen bonding to guanine sites that the MGP ligand afforded when this
isomer is oriented along the major groove of DNA.

A-1-[Rh(MGP).phi]®* was indeed found to target 5'-CATCTG-3' specifically, and
NMR experiments showed that it binds to the target site in two modes canted from each

other in the central base step.®’ Remarkably, however, the A-isomer also showed site-
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Figure 1.18. Three configurational isomers of [Rh(MGP),phi]**.

specificity. A—1-[Rh(MGP)2phi]5+ recognized the sequence 5'-CATATG-3' with high site-
selectivity and affinity; systematic replacement of the bases of this motif showed that
variation within this binding site caused a dramatic reduction in binding.” Since initial
modeling studies had shown no possible specific interactions within a normal B-form site
due to the left-handed symmetry of this metal complex, it was difficult to understand how
this complex could bind B-DNA at all.

Additional modeling showed that if the complex bound to a significantly unwound
DNA site, so as essentially to flatten the helix into a ladder at the binding site, specific
binding to a six-base pair sequence by A-1-[Rh(MGP),phi]®* was possible.” Plasmid
unwinding assays were devised to test for this site-specific unwinding and indeed
established that the complex bound to this DNA site which is marked by 70° unwinding.
NMR studies provided additonal support for this binding model.?’ It is in this
conformation that the complex can span the entire six base pair binding site, and contact
the N7 position of the flanking guanines with the pendant guanidinium groups.
Replacement of these flanking guanines with deazaguanine showed that the absence of
the N7 nitrogen removed selectivity for the site as seen by both NMR studies and

photocleavage.?’ Therefore, it was proposed that the complex targeted its site by a



Figure 1.19. lllustration of the inhibition of transcription factor yAP-1 binding to DNA by A-
1-[Rh(MGP),phi]®*.

combination of direct readout and shape selection. While hydrogen bonding to guanine
positions was critical, also important was the propensity of the 5'-ATAT-3’ site for
flexibility or “twistability.” This explains the complete loss of recognition for the less
flexible sequence 5-CACGTG-3'. NMR studies supported a mechanism of recognition
based on trapping of the target site by the complex in an unwound conformation. It is
notable that this complex, in contrast to most other complexes described here, shows a
higher binding affinity by the A-isomer (~10° M) for its target site than does the A-
isomer (~10”" M) for its site. This combination of shape-selection and direct readout

can be powerful and highly specific.

1.2.5.2. A-1-Rh(MGP),phil°* as an Inhibitor of Transcription Factor Binding

Given its high affinity and specificity, A-1-[Rh(MGP),phi]®* has additionally been
used to inhibit site-specifically a transcription factor from binding to a modified activator
recognition region (Figure 1.19, and Chapter 2 of this Thesis).?> In competition

experiments with yeast Activator Protein 1 (yAP-1), the metal complex competed with
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the protein for a binding domain that included both a yAP-1 binding region and a A-1-

[Rh(MGP),phi]®* binding site. The concentration of metal complex required for this site-
specific inhibition was 120 nM. In the absence of the metal binding region, the inhibition
required 30 fold higher metal complex. Furthermore, the use of the parent complex
[Rh(phen).phi]** in identical competition experiments required over three orders of
magnitude more metal complex to afford the same competitive disruption of protein gel
shift. This reaction was additionally seen to be isomer-specific, as the symmetric isomer
2-[Rh(MGP),phi]®*, in which the guanidinium groups are projected away from the phi
ligand, showed no competitive binding with the protein. These results demonstrated the
utility of metallointercalators, not only as biochemical probes of nucleic acid structures

but also, potentially, as therapeutical agents in gene regulation.

1.3. REACTIONS OF METALLOINTERCALATORS WITH DNA

Since metal complexes are amenable to many spectroscopic techniques, their
utility as spectroscopic probes in biological systems has been the subject of
increasing research. However, transition metal complexes also offer an unusual
range of reactivity, particularly in the context of redox chemistry, and this chemistry
can also be harnessed advantageously by metallointercalators to yield a variety of
interesting reactions with DNA. It is, in fact, this reactivity that has helped in
establishing the site-specificity of many of the metallointercalators, as already
described. Indeed, the redox reactivity of even nonspecifically bound
metallointercalators can be used in footprinting assays to determine the sequence
preference of other DNA-binding molecules. The first such footprinting agent was
MPE-Fe(ll), a complex constructed by bringing together an organic intercalator,

ethidium, and a redox active metal complex, FeEEDTA.??
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Here | highlight some of the different reactions of coordinatively saturated
metallointercalators. Because there are an ever increasing number of reports of metal
complexes reacting with various nucleic acids, in this introduction each subject is
given a relatively broad overview. The reactions DNA and nucleic acids undergo with
metallointercalators are explored more fully in the background of each of the relevant

chapters.

1.3.1. Direct Oxidative Strand Cleavage, Reactions with the Sugar

Strand cleavage by abstraction of a hydrogen atom from a sugar adjacent to
the binding site is a mechanism by which many DNA binding agents degrade DNA.
Minor groove binding molecules such as bis-(1,10-phenanthroline)copper(l),
Fe(ll)sbleomycin, and metal-centered porphyrins all display direct DNA strand scission
consistent with hydrogen abstraction from the C1’, C4’ and C5'’ of the ribose ring, and
studies of the reactivity by these molecules has been the subject of a recent review.®*
In contrast, C3" and C2' hydrogen atoms are only accessible for attack to complexes
binding in the major groove, and because there are very few oxidative cleaving agents
which bind to DNA via the major groove, there has been little opportunity to study this
reaction. Phi complexes of Rh(lll) are major groove intercalators, and their
photoinduced strand-cleaving reactivity is quite distinctive from that of alternate DNA-
damaging agents.

It was proposed that ultraviolet irradiation of an intercalated phi complex of
Rh(lll) leads to the generation of a radical on the phi ligand via ligand-to-metal charge
transfer.”® The ligand in turn can abstract a C3’ hydrogen from the adjacent
deoxyribose, and as a result the sugar radical degrades, leading to DNA strand

cleavage and generating several degradation products (Figure 1.20).
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Figure 1.20. Mechanistic scheme proposed for direct strand scission by phi complexes of
rhodium photoirradiated at 313 nm. Adapted from reference 56.

Photolysis of [Rh(phen),phi]** or [Rh(phi):bpy]** bound to DNA yields DNA
strand cleavage and, in the absence of O,, results in the formation of 3’ phosphate
and 5’ phosphate termini, and free bases. The presence of oxygen leads to different
products: this is also direct strand cleavage, but now products include the 5'
phosphate terminus, base propenoic acid, and a 3’ phosphoglycaldehyde. By analogy
with reactions of bleomycin at the C4’ position, these products are consistent with
radical chemistry at the C3'-position.

Recent NMR and crystallographic studies suggest a close association
between the phi ligand and the C2’ position.*"**’® Therefore, the initial reaction may
be with the C2'-H followed by H-migration to form the C3'-radical with subsequent
degradation. More detailed analysis will be required to precisely determine this

mechanism. Certainly it is the orientation of the metallointercalator within its major



groove site that determines this chemistry. Intimate contact with DNA is required, and
no diffusible radical species is involved in the DNA strand cleavage.

It should be noted here that much of what is known about how phi complexes
of rhodium(lll) recognize specific sites was derived first from DNA photocleavage
experiments. Confirmation of recognition and greater structural definition would
emerge later from NMR studies. Thus despite the very low quantum yields for
photocleavage by these complexes, the fact that reactivity was localized, not involving
a diffusable species, and essentially independent of sequence (a characteristic of
reactions on the deoxyribose ring) led to a valuable nucleic acid probe. In a
straightforward fashion, this reactivity has been used generally to mark the sites of

binding by rhodium intercalators.

1.3.2. Hydrolytic Strand Cleavage
The search for complexes that mimic certain proteins, binding selectively to
specific DNA sites and cleaving by hydrolysis of the phosphate was the subject of a
recent review.** Here, too, metallointercalators have been employed, specifically, a
metallointercalator-peptide chimera. An assembly consisting of a peptide tethered
covalently to the 4,4’-dimethyl-

2,2’-bipyridine ligand of a

— [Rh(phi).dmb]** was designed to
Q explore hydrolytic DNA
(o] O_HN/\- N "N—'\
- I\ NH cleavage.®® In this strategy,

"ONH, once the metal complex is
A

P 1 A

bound to DNA by intercalation of

Figure 1.21. Schematic drawing of a
metallointercalator-peptide chimera with a
coordinated Zn?* that hydrolytically cleaves DNA.

the phi ligand, the peptide is

delivered to the backbone of
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DNA, where it cleaves the DNA by a hydrolytic mechanism (Figure 1.21). The 16-
residue peptide chain was designed de novo, based upon studies of the active sites of
several metallic hydrolases. In this design the peptide has a propensity to adopt an «-
helical conformation with two histidines on one face to coordinate a Zn**. It was
hoped that that delivery of the Zn?" would yield hydrolytic reactivity on the sugar-
phosphate backbone. Cleavage products of the complex were analyzed by gel
electrophoresis, where control sequencing lanes were run alongside product lanes.
Band migration of the cleavage products showed that the cleaved DNA termini
contained hydroxyl ends, rather than phosphates. The presence of only 3’ hydroxyl
termini, rather than a mixture of terminal products, suggests that the peptide cleaves
stereospecifically, which might be a result of the complex’s major groove binding
orientation.

The reactivity of this metallointercalator-peptide chimera represented a first
step in the development of a true synthetic nuclease. While sequence specificity was
not achieved by this assembly, the possibility remains that similar short peptides
which are tethered to more specific intercalators can serve as synthetic, sequence-

specific restriction enzymes.

1.3.3. Oxidative Reactions with the DNA Bases

Oxidative damage to DNA bases generally occurs at guanines, which have the
lowest oxidation potential of all the DNA bases. Damage to this base does not cause
direct strand scission, however, so reactions must be post-treated with miperidine or
aniline in order to analyze the reactivity of the oxidants. The oxidative damage to
DNA can occur by one of four mechanistic pathways: (i) by direct electron transfer
from the guanine to bound metal complex (already described above for TAP and HAT

complexes of Ru(l1));*" (ii) by oxo transfer (such reactions have been used in assays
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of base accessibility with intercalators well-stacked into the helix); (iii) as a result of
reaction with singlet oxygen, which is formed on sensitization of a DNA bound
metallointercalator (exploitation of this type of damage has been the basis of
phototherapeutic strategies);®” and (iv) over a long range by DNA-mediated electron

transport.®

1.3.3.1. Base Damage by Oxo Transfer

Many examples of DNA cleavage using Mn porphyrin activated with persulfate
or other oxygen donors have been reported, and these reactions yield oxidative
damage both to the sugars and DNA bases.***® Whether it is an intercalated
metalloporphyrin that is reactive in these cases is not likely, however, since it is an
axially bound oxo that is delivered to the DNA sugar or base.

Direct oxidation of DNA bases has also been accomplished by activation of
Ru(ll) complexes such as [Ru(bpy)s]** and trans-[Ru(O;)(4-Ome-Py)4]
electrochemically.®’* Reactivity can be enhanced by coordinating an intercalating
ligand, as with [Ru(tpy)dppz)0]**,** but here too reaction is likely not from the
intercalative mode of binding. Oxidative reaction is evident preferentially at guanines.

This chemistry has been exploited as a probe of DNA and RNA hybridization.*

1.3.3.2. Guanine Oxidation by Singlet Oxygen

Singlet oxygen as a source of oxidative damage to DNA bases is well
documented.” There are several examples of DNA-binding metal complexes that can
generate the singlet oxygen species via a triplet energy transfer from the excited state
of the metal complex to O,. Such reactions with DNA involving porphyrins, Ru(ll)
complexes of HAT, TAP, and bpz, and Vanadium(V) complexes are discussed in a

recent review.®
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The high efficiency of singlet oxygen sensitization by [Ru(bpy)s]*" derivatives
was originally exploited to probe A-form nucleic acids.®*“ In these cases, while the
metal complexes were not bound by intercalation, the 0, generated locally by the
surface bound metal complex could be used to probe the location of the bound metal.
Because the reactivity of singlet oxygen is largely directed to guanines, and because
'0, can diffuse along the helix, this reaction is not ideal for marking binding sites of
metal complexes. However, in the absence of alternative methods, this type of
reaction can be useful. This technique has been used extensively with ruthenium
complexes to investigate helix binding locations. Ruthenium (II) dppz complexes, for
example, with shorter excited-state lifetimes than Ru(bpy)32+ when bound to DNA, are
only moderate sensitizers of '0,.2" However, this reaction has proven to be critical in

marking sites of intercation of tethered dppz complexes along DNA nucleotides.®’

1.3.3.3. Guanine Oxidation by Long-Range Electron Transport

DNA-mediated electron transfer has been a much debated topic of research.®®
Of particular interest to this introduction is the sensitivity of DNA-mediated electron
transfer reactions to stacking. Metallointercalators which are able to intercalate into
the DNA base stack and oxidize DNA bases are able to do so from a distance.

Oxidative damage to DNA by one-electron transfer occurs at guanines, in
particular at the 5'-G’s of 5'-GG-3' doublets. Calculations have shown that in general
these guanines have a particularly low oxidation potential.”**® Following one-electron
oxidation, the guanine radical can react both with O, and H;O to form a series of
irreversible products, and some of these oxidation products can be revealed in
biochemical experiments as strand cleavage events upon treatment with piperidine.’®
The piperidine-sensitive reaction of a range of species at the 5'-G of 5'-GG-3' sites

has come to be regarded as a signature for electron transfer in DNA.
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Figure 1.22. Two oxidative reaction pathways for ruthenium coupled DNA. On the left is the
singlet oxygen based, intercalation site marking reaction; on the right is the long range charge
transport reaction. Both require piperidine treatment to reveal base lesions.
Figure 1.22 illustrates two oxidative reactions of a Ru(ll) intercalator tethered
to DNA.®" As mentioned above, photoexcited ruthenium(ll) complexes can sensitize
the formation of 'O,, which react preferentially at nearby guanine residues, causing
damage at the metal binding site. However, the photoexcited Ru(ll) can also be
quenched by electron transfer to a surface-bound quencher such as [Ru(NH3)s]*" or
methyl viologen. Once quenched, the Ru(lll) intercalator, generated in situ, becomes
a potent ground state oxidant. Ru(lll) intercalators generated through this flash-

quench technique can then be employed to damage DNA from a distance by electron

transport, yielding reaction at the 5'-G of 5'-GG-3' sites. This flash-quench
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Figure 1.23. [Rh(phi),bpy’]’* covalently tethered to a 15-mer oligonucleotide with proximal
and distal 5-GG-3’ sites. 5-guanines were oxidized by excitation of the intercalated metal
complex, followed by long range charge transport through the n-stack.

methodology has also been exploited using non-covalently bound [Ru(phen).dppz]*’
with poly-d(GC) to spectroscopically characterize the guanine radical formed in the
DNA duplex.'

Damage to DNA sites from a distance was first demonstrated in assemblies
containing a tethered phi complex of rhodium(lll) as the photooxidant, which is
spatially separated from the site of oxidation.'”” It had earlier been seen that low
energy photolysis of the complex produced a potent photooxidant (~2 eVv).'®
[Rh(phi),bpy']** was covalently tethered to a 15 base pair strand of DNA and annealed
to a complement which contained two 5'-GG-3' sites, one 17 A and one 34 A from the
intercalation site of the metal complex, beyond a feasible distance for direct electron
transfer (Figure 1.23). The Rh-DNA assembly was irradiated at 313 nm to induce
direct strand cleavage, marking the site of rhodium intercalation near the tethered
end. Separate Rh-DNA samples were also irradiated at 365 nm, treated with hot
piperidine, and examined by gel electrophoresis (a typical experiment is shown as an
example in Figure 1.24). Quantitation of the gel bands after photooxidation revealed

that both the proximal and distal 5'-GG-3’ doublets were equally damaged, and
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showed the sensitivity of the reaction to the intervening base pair stack; assemblies
containing bulges inserted in the DNA between the proximal and distal 5'-GG-3'
doublets showed a diminution in oxidation at the distal site.’® Long range oxidation
was also shown to be modulated by proteins that bind DNA and perturb stacking at an
intervening site.'” Recently, damage has been reported at sites that are up to 200 A

away from the site of intercalation of the metal oxidant.®®

1.3.3.4. Oxidative Repair of Thymine Dimers

The oxidative chemistry of rhodium intercalators has also been used to repair
thymine dimers in DNA.'9"'% The thymine dimer is the most common photochemical
lesion in DNA, and is a result of the 2+2 cycloaddition reaction between neighboring
thymines on the same DNA strand upon photolysis with ultraviolet light. In bacterial
cells, thymine dimers are repaired reductively by the enzyme photolyase, but model
studies had shown that thymine dimers can also be repaired oxidatively.

DNA duplexes were synthesized containing a site-specifically incorporated

thymine dimer and then photolyzed with visible light in the presence of non-covalently
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Figure 1.25. A 16-mer oligonucleotide covalently tethered to [Rh(phi),bpy’']*" and
containing a thymine dimer lesion.

bound [Rh(phi);bpy']**."”" High temperature HPLC showed the quantitative repair of the
DNA promoted by the metal complex without any damage to the complementary strand.
Moreover, only catalytic amounts of [Rh(phi)gbpy']3+ per DNA duplex were required,
consistent with an oxidative repair mechanism. Indeed, quantitative repair could be
seen with micromolar concentrations of [Rh(phi),bpy']>* and exposure of samples simply
to sunlight.

The repair of thymine dimers in DNA by photolysis of the metallointercalators
was next demonstrated at a distance with 16- to 19-base strands of DNA that contained
a single TT sequence with no adjacent pyrimidines. These target strands were
irradiated with ultraviolet light to induce the thymine dimer, the lesion containing strand
was purified by HPLC, and this damaged strand was then annealed to a complementary
strand which contained a covalently tethered [Rh(phi);bpy’]’* complex with an
intercalation site 19 A to 26 A from the damage site (Figure 1.25). The damaged Rh-
DNA assembly was then irradiated with light at 400 nm, and as [Rh(phi).bpy']** oxidized
the thymine dimer, the conversion from damaged to repaired DNA was monitored by

HPLC.
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The repair efficiency of [Rh(phi);bpy']** was about equal whether the complex
was to the 5’ or to the 3’ side of the lesion. Several different lengths of DNA were used,
and, interestingly, the repair efficiency increased from 67% to 100% as the distance
increased from 19 to 26 A. This may reflect the increased stability associated with
stacking of the longer DNA duplexes. Another experiment introduced kinks into the DNA
helix via extra, unpaired bases in order to determine if disruption of the DNA n-stack
would affect the repair of the thymine dimer. Indeed, the repair efficiency was reduced
by half. This experiment shows again that long range electron transfer requires good

stacking within the base pairs of nucleic acids.

1.4. SUMMARY

This chapter has served as an introduction to the chemistry and biochemistry
of metal complexes as they relate to nucleic acids. Metallointercalators have been
prepared with a diversity of functions, from luminescent probes for DNA, to structural
probes of RNA, or photochemical reagents for thymine dimer repair. Complexes have
been designed which target a diversity of sites on double-helical DNA, as well,
whether through shape-selection, direct read-out, or a combination. Indeed, even
mismatches in DNA can now be targeted by metallointercalator recognition with high
specificity. The possible utility of such metallointercalators as probes and diagnostic
agents is obvious.

However, much work needs to be done to develop the therapeutic potential of
these complexes. Metallointercalators rank among the few synthetic complexes
which target the DNA major groove with specificity and, indeed, we have already
observed that such site-specific targeting can lead to the selective inhibition of DNA-
binding proteins, as will be further discussed in a later chapter. Attempts to use

metallointercalators as therapeutics, whether as direct inhibitors of DNA binding
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molecules in a cell, or as reactants to induce charge transport in cells, face
considerbale challenges. Additional work described in this dissertation represents
significant progress towards the application of metal complexes in vivo, and towards
understanding precisely what requirements need to be met to permit long range

charge transport.
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CHAPTER 2

Site Specific Inhibition of Transcription Factor
Binding to DNA by a Metallointercalator®

*Adapted from D.T. Odom, C.S. Parker, J.K. Barton. Biochemistry 38 (1999) 5155-5163.



11-2

2.1 INTRODUCTION

Proteins that interact with DNA are the subjects of great interest in developing
potential targets for therapeutic treatment. Since transcription factors modulate the
expression of genes by binding to and interacting with specific DNA sequences, one
frequent target for drug design and biochemical modification has been the DNA binding
sites of transcription factors. One method for altering transcription regulation both in vivo
and in vitro is to modify the DNA bases of the protein binding site. Enzymatic base
methylation,’ the formation of cisplatin lesions,?* and chemical alkylation®® have been
used successfully to affect the binding of proteins to DNA. However, these covalent
modifications frequently show little sequence specificity beyond that of individual base
preferences. The lack of extended sequence selectivity effectively prevents targeting
specific genes and functions in vivo.

Alternatively, agents which bind DNA non-covalently may be used to interfere
competitively with DNA binding proteins. One method for targeting specific genetic loci
has been to use complementary protein nucleic acids (PNAs); however, these molecules
may lack the cell permeability that is needed to make them effective therapeutic agents.7
The oligosaccharide derivative calicheamicin as well as some derivatives have been
shown to bind sequence-selectively to the minor groove of DNA and to inhibit
transcription factor binding;*'° calicheamicin in vivo cleaves the sugar phosphate
backbone of DNA.

Currently, few strategies exist that utilize the major groove directly as a surface
for recognition by small molecules to inhibit the initiation of transcription. Because the
major groove is preferentially recognized by transcription factors,” small molecules that
recognize specified regions within the major groove might be especially effective in
blocking DNA binding. The steric accessibility of the wide and deep major groove, the

greater range of functionality within the major groove versus the minor groove, and the
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possibility of cooperative, multiple protein-DNA contacts in the major groove make it an
attractive target for therapeutic design.

Qur research has focused on the development of metallointercalators that bind to
DNA in the major groove.'""* 9,10-Phenanthrenequinone diimine (phi) complexes of
rhodium, such as Rh(phen),phi** and A—a—[Rh[(R,R)-Me;trien]phi]** (Me;trien=2,9-
diamino-4,7-diazadecane) are octahedral complexes which are coordinatively saturated
and inert to ligand substitution. The phi ligand, an extended aromatic, heterocyclic
surface, preferentially intercalates between the DNA base pairs, and, in so doing, the
intercalated phi orients the rigid complex with respect to the helix. All phi complexes of
rhodium examined thus far appear to intercalate into the major groove side of the DNA
duplex.”"™" The ancillary ligands of these phi complexes can be tuned to provide
sequence specificity through the geometrical positioning of functional groups on the
ligands relative to the DNA bases to create an ensemble of sequence-determining
interactions in the major groove. Upon irradiation with ultraviolet light of the phi
complexes of rhodium bound to DNA, direct DNA strand scission occurs in a reaction
consistent with radical abstraction of a sugar hydrogen; this photochemistry is useful in
marking sites of specific binding by the complex on DNA."®

Here our focus is on phi complexes of rhodium that have functionalized
phenanthrolines as ancillary ligands (Figure 2.1). These complexes exploit a
combination of direct readout and shape selectivity to recognize sites in DNA."""’
Rh(phen)gphi3*, the parent complex of this series, recognizes sites based upon shape-
selection, notably 5'-pyrimidine-purine-3’ steps.'®'® The sites recognized are those
which are somewhat more open in the major groove relative to B-form DNA. These
openings better accommodate the large ligand array displayed by Rh(phen)gphia*.
Nonetheless, this shape matching provides only a small amount of sequence-selectivity.

The pendant guanidiniums on the ancillary phenanthroline rings of

Rh(MGP),phi®* (MGP = 4-guanidylmethyl-1,10-phenanthroline) lead instead to a high



o Hay 15+ o
NH™ HaN
HuN
7 | 2 | *HaN: 4
= Sy NH g |
I/N l i l /N | E I T H
R R ANy,
A |"£§% St |‘NZS anel
| P N, | y N, H H7jl | N I H
Z 2 HoN™ NH 7 N/‘
NH_ H2N
“HzN
Rh(phen),phi** A=1-Rh(MGP),phi®"* A=-2-Rh(MGP),phi®"* A-3-Rh(MGP),phi®’

Figure 2.1. A isomers of metal complexes used in competition experiments. The parent
. compound Rh(phen),phi®* is an intercalator that binds with relative sequence neutrality and
. approaches the base stack from the major groove. The isomers of the metal complex based
. on methylguanidinium phenanthroline (MGP) are additionally shown. 1-Rh(MGP),phi®* positions
i guanidiniums above the intercalating ligand, and directed towards the DNA base stack. This
' positioning affords it strong, selective recognition of its 5-CATATG-3' target. 2-Rh(MGP),phi®
| positions the guanidiniums away from the base stack, thereby removing them from contact
. with functional groups on the DNA, and making this complex relatively non-specific in its
| recognition, similar to the parent compound Rh(phen),phi**. 3-Rh(MGP).,phi** shows limited
recognition of the same sites as 1-Rh(MGP),phi®*.

level of DNA site specificity (Figure 2.1). The guanidinium groups of arginine side chains
are exploited frequently by proteins in targeting guanine residues of DNA."® Because
the MGP ligand is asymmetrically functionalized, multiple regioisomers of the complex
exist. There are 3 geometric isomers, each of which has two stereoisomers, and each of
these different isomers exhibits quite different recognition of DNA, demonstrating that
the metal complex binding is dependent upon the alignment of functional groups.
Notably, the symmetric isomer 2, with guanidiniums pointing away from the phi ligand,
shows sequence selectivity resembling that of Rh(phen),phi®*.

Of particular interest, the symmetric isomer A-1-Rh(MGP),phi®*, with guanidinium
arms that extend axially from the intercalating phi plane forward over the phi ligand,
displays strong and site-selective binding to DNA. /\—1—Rh(MGP);2phi5+ binds
preferentially to the site 5-CATATG-3' with nanomolar affinity (Figure 2.2). Although
there is some tolerance for differences at the outermost positions in the 6 base pair
site,"" any variation of the central 5-ATAT-3’ disfavors metal complex intercalation.

Molecular modelling shows that, in the absence of DNA distortion, the stereochemistry of
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Figure 2.2. Schematic diagram of the recognition of 5-CATATG-3" by A-1-Rh(MGP),phi°®*.
| The guanidinium groups on the end of the MGP ligands can contact the terminal guanines by
| hydrogen bonding, while the otherwise clashing ligand serves to hold the core 5-ATAT-3" site
| in an open conformation.

the guanidinium groups on the complex does not permit the bases at the extremities to
be contacted by the guanidiniums, yet binding experiments in which guanines were
replaced with deazaguanine have shown that terminal guanine-guanidinium contacts
occur. DNA cyclization assays established that the intercalation of the metal complex is
associated with a 70° unwinding at the DNA site, and this unwinding explains how the
positioning of guanine-guanidinium contacts can occur. NMR evidence further suggests
that the metal complex traps the DNA site in an unwound form, hence the strict
requirement for a central TA-rich stretch.?®

The six base pair recognition of a DNA site by this small synthetic complex, as
well as the unwinding and exchange kinetics associated with binding, may resemble the
interactions of many proteins that bind to DNA site-specifically. Significant bend angles
are often found in DNA remodeling proteins, like for instance, TATA box binding protein
(TBP).?"* Not only is A-1-Rh(MGP),phi®* similar to TBP in that it uses guanidinium
functionalities to generate a network of hydrogen bonds within the major groove, but with

both TBP and the synthetic metal complex, significant unwinding (70° vs. 108° for TBP)
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and kinking of the bound site occurs. Indeed, the preferential recognition of sites by TBP
that contain TA-rich stretches may share mechanistic features with the targeting of A-1-
Rh(MGP),phi®* to its preferred binding site."”

One of the prominent classes of proteins that site specifically interact with DNA is
the bZIP transcription factors.”®> Several of these proteins bound to their target DNA
sites have been structurally characterized, among them the transcription factor GCN4,
and in these structures a common structural motif is apparent. Most prominent is the
dimerization domain which includes a coiled coil a-helical region stabilized by the
packing of leucine side chains; the dimerization domain is capped by a highly basic,
DNA binding region. Separate regions either upstream or downstream of the bZIP DNA
binding motif regulate transcriptional activation and signaling. Another member of this
class of transcription factors is the yeast analog of mammalian AP-1, yAP-1, which is 70
kD in size.** yAP-1 shows sequence homology to other bZIP transcription factors, and
the isolated DNA binding region from yAP-1 shows the induction of an a-helix upon
binding to its DNA recognition site, consistent with the leucine zipper motif.?
Functionally, yAP-1 regulates pleiotropic drug resistance, and has been shown to be
non-essential for cell viability under normal circumstances.?®

yAP-1 has a strong affinity for the site 5'-~AATTAGTCAGCA-3', known as the
activator recognition element (ARE). Aspects of how yAP-1 recognizes its target site
have been determined by chemical probing with dimethyl sulfate (DMS), DNAse |, and
methidiumpropylEDTA iron digestion (MPE) (Figure 2.3, top sequence).?’ Footprinting
with MPE suggests that the yAP-1 binding domain spans the consensus site, but DMS
digestion of DNA in the presence of yAP-1 reveals that there are a number of base pairs
within the core of the consensus region that do not appear to be in intimate contact with
the protein. This apparent lack of contact at particular locations within the site
suggested that the target site could be mutated to contain an overlapping site for A-1-

Rh(MGP),phi®* without affecting the ARE specific binding of the protein. Such a DNA
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Wild-Type Oligonucleotide
i 4 A
5" —GCGA[ATTAQTCAQCAFCG— 3"

3'-CGOTTAATCACTOGTCGC~-5"
A v v

Target Oligonucleotide

5'-GCG|CATATGTCAGCAGCG-3"'
3'-CGCGTATACAGTCGTCGC-5"

Figure 2.3. Modifications made to the ARE to incorporate a metal complex binding site
(adapted from Ref. 14). The top oligonucleotide sequence (labelled wild-type) is the wild-type
ARE, capped with GCGtriplets. The boxed regions show protection against MPE footprinting in
the presence of yAP-1. The solid triangles indicate increases or decreases in sensitivity in DMS
labile sites when footprinted in the presence of yAP-1. The target strand, below, has
incorporated a 5'-CATATG-3' site with no disruption of the footprinted nucleotides. The bases
modified are shown in blue italics.

site would allow competitive assays to be carried out between yAP-1 and A-1-
Rh(MGP).phi°".

The notion of establishing functional similarities between A-1-Rh(MGP).phi°* and
DNA binding proteins such as yAP-1 in targeting a specific site is interesting to consider
in light of the much smaller size and relative simplicity of the transition metal complex. If
this metal complex could be used to inhibit the binding of a protein to DNA by recognition
of a common site, this reactivity would strengthen the possible application of
metallointercalators as competitive agents to alter transcription. The findings reported
herein demonstrate that indeed A—1-Rh(MGP)2phi5* can be used to inhibit site-
specifically the binding of a transcription factor to a promoter site in vitro. We show that
this interaction is dependent both on the identity of the metal complex and on the

presence of a metal complex binding site.
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2.2 EXPERIMENTAL

General Materials and Methods. All chemicals and biochemicals were from
commercial sources. Beckman JA2-21 and JA-4 centrifuges were used for general
purposes. A Branson Sonifier 450 was used to lyse cell preparations. All enzymes were
purchased from commercial sources unless otherwise noted. All proteins were stored at
-20°C in protein buffer that consisted of 10% glycerol, 25 mM HEPES pH 7.4, 1 mM
EDTA, 50 mM KClI, 0.1% Nonidet-40.

Synthesis and Purification of DNA and Metal Complexes. All DNA was
synthesized with a terminal trityl group on an ABI 392 DNA/RNA synthesizer with
reagents from Glen Research. HPLC purification and subsequent de-tritylation used
standard techniques. All labeled oligonuclectides were 5-endlabelled using standard
protocols with polynucleotide kinase (New England Biolabs) and y->*P-ATP. The labeled
DNA was purified by denaturing gel electrophoresis on a 20% acrylamide gel, followed
by crush and soak elution in 10 mM Tris HCI, pH 7.4, 1mM EDTA. The purified labeled
material was then annealed to a ten-fold excess of complement, and native gel
electrophoresis performed on a 10% polyacrylamide gel containing 90 mM Tris borate,
pH 8.3, | mM EDTA. The synthesis and purification of the metal complexes followed
previously reported procedures.'”%®

Preparation of Recombinant yAP-1 Expression Vector. The plasmid pUC19
containing the complete open reading frame of the YAP7 gene in 2.5 kB of yeast cDNA
was digested with EcoRI, and the YAP17 gene was isolated by agarose gel
electrophoresis. pBluescript IISK(-) was digested with EcoRI and calf alkaline
phosphatase, and gel purified. The previously isolated YAP7 gene was ligated into this
pBS vector, and successful ligations were selected by ampicillin resistance in DH50. E.
Coli cells. Plasmids from this step were harvested and inserted into CJ236 (dut-, ung-)
cells. KO7 helper phage and kanamycin selection was used with this construction to

generate a ssDNA template for site-directed mutagenesis.”’ A 3’ Sall restriction site and
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a 5’ Nsil restriction site were introduced into the YAP7 gene. The gene was excised,
isolated, and ligated into a thioredoxin fusion expression vector pThioHisA (Invitrogen).
The 5" and 3’ termini of pThioHis(yAP-1) were sequenced, verifying proper framing and
mutagenesis.

Expression and Purification of Recombinant yAP-1 Protein. The vector
pThioHis(yAP-1) was transfected into DE3 cells (BL21) and four to five colonies were
selected from an LB-ampicillin plate incubated overnight at 37°C. These colonies were
used to directly infect 1 L of LB media with 40 ug/mL ampicillin with shaking at 200 rpm
at 37°C. At ODsgs5 = 0.6, 10 mL of 100 mM isopropylthiogalactoside was added to a final
concentration of 1 mM, and the cells were transferred to a 30°C shaker. After 3 hours of
induction, the cells were harvested by 15 minute centrifugation at 1000g, and frozen
overnight at -80°C. The cell pellet was rinsed with and then resuspended into 20 mL of
protein buffer with 1 mM a-toluenesulfonyl fluoride. To this, 40 mg lysozyme was added,
and the solution was incubated at 23°C for 20 minutes. This solution was then sonicated
at 50% duty cycle for 2 minutes on ice, followed by immediate 12000 g, 10 minute
centrifugation of cellular debris. The pellet was discarded, and the lysate was treated
with 10% polyethyleneimine to a final concentration of 0.5%. After 20 minutes of room
temperature incubation, the precipitated nucleic acids were spun down at 35000 g for 25
minutes at 0°C. Ammonium sulfate was then added to a concentration of 1.0 M and the
solution was placed on ice for 30 minutes. The protein pellet was obtained by
centrifugation at 35000 g for 20 minutes, and was redissolved into 10 mL of protein
buffer at 0°C. All remaining steps were performed at 4°C. After filtration through a 0.22
uM filter, this material was loaded onto a 5 mL Heparin column (Pharmacia), thoroughly
pre-rinsed with 100 mL of protein buffer. yAP-1 eluted at 700 mM NaCl on a continuous,
linear 200 mL 0.01 M to 2.00 M NaCl gradient with protein buffer as the FPLC carry
buffer. The resultant material was >90% pure as visualized by gel electrophoresis and

Coomasie Blue staining. This band was positive to Western antibody probes to both
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YAP-1 and thioredoxin, and highly active in DNA/protein gel retardation assays.

Photocleavage Reactions. Photocleavage reactions were performed using 5'-
endlabeled oligonucleotides purified as described earlier. Cold carrier duplex was made
using HPLC-purified oligonucleotides. The photocleavage reactions contained 50 mM
NaCl, 10 mM sodium cacodylate pH 7.0, with a 10:1 ratio of DNA to rhodium complex. A
five minute pre-incubation in the dark was followed by 8 minute irradiations at 313 nm.
Samples lacking metal complexes were irradiated 15 minutes. Immediately after
irradiation, each sample was frozen at -80°C, and lyophilized. They were resuspended
in formamide loading buffer, and directly run on a denaturing polyacrylamide sequencing
gel (8 M urea, 20% polyacrylamide).

Competition Experiments to Measure Protein Binding. Metal complexes were
freshly dissolved into doubly distilled, de-ionized water, and the concentrations of the
stock solutions were determined by measuring absorbance (g4, = 1.94 x 10* M'1cm'1).
Protein concentrations were established by dilution from a stock dialyzed against protein
buffer that had been quantitated by 280 nm absorbance to have 6.25 uM protein. Each
reaction had final concentrations as follows: 40 nM yAP-1, 2% Ficoll, 50 mM KCI, 25
nCuries of labeled oligonucleotide (~2 nM final concentration of duplex DNA), 1 uM
bovine serum albumin as non-specific carrier, and 15 mM Tris pH 7.4. The amount of
protein buffer included in the reaction varied among the experiments but never exceeded
2% of the final volume (v/v). The incubations were equilibrated for three to six hours,
and were then loaded directly onto a running 5.5% native acrylamide gel buffered with
45 mM tris-borate buffer with 1 mM EDTA at pH 8.3. Order of incubation was varied and
found to be unimportant. The electrophoresis was performed for 1 hour at 100 V, after
which the gels were vacuum dried onto Whatman paper and exposed overnight to a
Phosphorimager plate. Results were quantitated in ImageQuant, and data fitting was
performed on Kaleidograph software, using the equation

0 =1 (Ka)(Rhr)/[1+ (Ka)(RhT)], where K, is the association constant, Rhr is the



rhodium concentration, and @ is the fraction DNA

bound (derived from equations in reference 30).

2.3 RESULTS

2.3.1. Purification of Recombinant
Transcription Factor yAP-1. Previous
investigations using recombinant yAP-1 relied on
the activity of crude bacterial cell lysates of
bacterial cells carrying the gene on a
constituitively producing locus.?’ Introduction of
the YAP1 gene to the pThioHis vector generated
a thioredoxin/yAP-1 fusion protein. This fusion
protein was additionally placed under the lacZ

promoter, which allows controlled induction of
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Figure 2.4. Purification of yAP-1.
The purification consisted of cell

| lysis, precipitation of nucleic acids by

PEI treatment, a 25% ammonium
sulfate cut, and finally a heparin

affinity column.

protein production in engineered bacterial cells. The thioredoxin domain increased the

temperature stability of yAP-1 so that the fusion protein was stable in protein buffer at

60°C for up to three hours with no discernable effect on DNA binding. Purifications from

cell lysate by polyethylimine precipitation of cellular nucleic acids and a 25% ammonium

sulfate cut yielded crude yAP-1 separation from the bulk of the cellular proteins. The last

step of a Heparin agarose affinity column resulted in >90% purity (Figure 2.4). As

expected, gel shift assays showed that the addition of the thioredoxin fusion domain did

not interfere with yAP-1 binding to oligonucleotides. Because of this full biological

activity, combined with previous research demonstrating the relatively innocuous nature

of the thioredoxin domain,*' the fusion protein was directly used in assays. Additionally,

this fusion generated a second epitope for antibody detection, so that the purification

steps could be monitored with commercially available antibodies.
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Figure 2.5. Gel shift of yAP-1 with target and wild-type ARE. Each 20 pL, 10 minute
incubation reaction contained, in addition to the concentration of yAP-1 indicated above each
lane, 2% Ficoll, 15 mM Tris pH 7.4, 50 mM KCI, 25 nCuries 5’-**P labeled wild-type (A) or
target (B) oligonucleotide duplex (2-3 nM DNA duplex), and 1 uM BSA.
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2.3.2. Design of Target Oligonucleotide. The contacts yAP-1 makes to the native

AP-1 recognition element (ARE) have been well-characterized biochemically, and are

shown along with the target oligonucleotide in Figure 2.3.2” To permit binding of A-1-

Rh(MGP),phi®* in a site also recognized by yAP-1, a minimum number of nucleotides not

directly contacted by the protein were modified to introduce the recognition site preferred

by the metal complex, 5'-CATATG-3". The three base pair alterations needed to

introduce 5-CATATG-3’ into the wild type ARE removed only one AT base pair from the

AT rich tract that dominates half the ARE, and inverted two others. yAP-1 interacts with
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both the modified sequence of the target oligonucleotide and the native sequence with a
dissociation constant that is less than 5 nM (Figure 2.5).

2.3.3. Recognition of Target Oligonucleotide by A-1-Rh(MGP).phi®* as Visualized
by Photocleavage. Having established strong interaction between the transcription factor
and the target oligonucleotide sequence, DNA photocleavage studies were used to
pr