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Abstract

The interaction between short oligodeoxynucleotides of specific
sequence with cisplatin, cis-Pt(NH3)2Clip, has been examined under single
stranded and dupiexing conditions by lH nuclear magnetic resonance (NMR)
spectroscopy. The oligonucleotides were synthesized by a modified
phosphotriester technique adapting proceduresrinitially used in
oligoribonucleotide synthesis. The oligo sequences were designed to
favour the intrastrand cis-Pt(NH3)2[d(-GpXpPG-)-N7(1),N7(n+1)] crosslink,
where X was up to three thymine units. Variable pH NMR wagrused to
determine the site of platination on the oligomer. Variable temperature
NMR was used to determine changes in base stacking and dupiex formation
resulting from oligomer platination.

In the short oligomers, the intrastrand cisplatin crosslink formed
between terminal guanines resulted in the internal section of the
sequence being bulged out of a normal stacking orientation. The chemical
shifts of the guanine H-8 resonances indicated that platination caused
one of the guanine bases to flip from the normal anti geometry into a
more syn-1like orientation. This was observed for the three oligomers
examined (X=thymidine, n=1,2,3). Variable temperature NMR of
exchangeable imino protons in the oligomers with larger loops (n=2,3),
indicated that the loop region of the complex was a random coil and that

water access to the loop was restricted.
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Longer sequerces were examined which contained the cis-Pt(NH3)2[-
d(GpXnpG)-] complex as well as external nucleotide units, 3” and 5" to
the platinated region. Platination disrupted intrastrand base stacking
of nucleotides externally adjacent to the platinum complex.

Complementary and partially complementary sequences were examined
under duplexing conditions. Stabilities, reflected in the Ty of the
dupiex, of fully complementary hexamer, heptamer and octamer ol igomer
mixtures were obtained by variable temperature NMR. Changes in duplex
stability resulting from oligomer sequence and length along with the‘
nature of the dupiex to coil transition were discussed.

Imperfect duplexes, designed to mimic the loop structures formed in
platinated oligomers, indicated that the dupiex containing one extra core
thymine formed a helix resembling the fully complementary hexamer duplex
with the extra base stacked out of the helix. With the core of the
duplex containing two thymine units and one opposing complementary
adenine, both thymines stacked into the helix with the adenine
oscillating between the two thymines. When the oligomer mixture
contained two extra thymine units with no opposing complements, duplex
formation was not observed. A comparison between the duplex to coil
transition in normal and imperfect duplexes was discussed.

Similar duplex experiments were carried out using the platinated
oligomer sequences. In each case examined, aggregation of the platinated
strand, coupled with the oligomer sequences employed contributed to the

failure of duplex formation.
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Chapter One

Introduction

The use of in vitro modelling systems to examine and elucidate the
mechanisms of biologically significant pathways has been a common course
for much chemical and biochemical research. Physical studies on the
molecular interaction between a drug and its biological target are useful
not only for understanding drug action but results also aid in the

improvement of existing treatments as well as the design of new drugs.

1.1 Cisplatin: Discovery and Physiological Application

The serendipitous discovery of the biological activity of
cis-Pt(NH3)2Cl12, (cis-DDP, cisplatin), Figure I, by Rosenberg and
co-workers in 1965 (Rosenberg et al. 1965), and its subsequent importance
in cancer therapy (Rosenberg et al. 1969) has led to hundreds of
publications involving the platinum complex. The beginning for the
platinum compound was the study by Rosenberg and co-workers on the effect
of electric current on cell growth. The passage of a low alternating
current through ceil growth medium via platinum electrodes was shown to
inhibit cell division while cell growth was unaffected. Rosenberg found
that it was not the direct effect of the eiectronic current which altered
the normal cell growth behaviour but rather a product of platinum metal
leaching from the electrodes into the culture media. Since the

identification of ¢is-DDP as the actual platinum compound which possessed



Figure |
Structures of the square planar, cis- and

trans-dichlorodiamminoplatinum (I1).



the biological activity, it has been shown to have activity against a
wide range of mammalian tumors, the most sensitive being testicular, head

and neck, and ovarian carcinomas (Wallace et al. 1974; Krakoff et al.

1974; Wiltshaw et al. 1974). Clinically, cis-DDP therapy may involve the
administration of the platinum drug alone or in combination with other
drugs such as adriamycin, vinblastine, or b{eomycin (Bruckner et al.
1977; Einhorn et _al. 1976). Bacterial studies invoiving cis-DDP have
demonstrated that the platinum compound is a radiation sensitizer and

some work has been carried out on mammalian tumors where the drug is

combined with radiation therapy (Richmond 8 Powers, 1976).

1.2 In vivo Chemistry

Administration of cis-DDP is done in a physiological saline solution
which has a chloride ion concentration of approximately 150 mM. Under
these solution conditions, the platinum-containing molecule retains its
neutral charge and there is no loss of either of the two chloride 1igands
(Greene et al. 1979; Rosenburg, 1978; Cleare, 1977), fFigure 2. Once
injected into the body, while the drug remains in the blood or
extracelluiar fluid, where the chloride ion concentration remains at
approximately 110 mM, there is no hydrolysis or ligand exchange with cis-
DDP. The result of this is that the drug maintains its neutral charge,
allowing for easier passage across cell walls. Once inside the cell the
fluid environment changes, with the chloride ion concentration dropping
to approximately 4 mM, and as a result hydrolysis of the platinum
compound occurs (Rosenberg, 1977; Lim & Martin, 1976). The chloride

ligands on the piatinum are replaced by water molecules which in
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subsequent reactions may loose protons to form mono- or di-hydroxy
compounds. A distribution of species in solution involving the
unhydrolysed parent compound. the partially hydrolysed adduct and the
Fully'hydrolysed species will exist, depending on the pH, and the
chloride ion concentration of the fluid, (Aggarwal et al. 1980; Macquet
et al., 1983). It is mono- and di-aquo substituted compounds which are
the biologically active species, Figure 2 (Aggarwaj. 1979; Johnson et al.
1980) .

One of the first questions put forth by Rosenberg in his original
1965 Nature publication has not yet been completely answered in
1986: What is the mechanism by which the metal ions inhibit cel; division
in E. coli, while not interfering with cell growth? Examination of the
interaction of cis-DDP with the DNA-containing bacteriophage T7 and with
the RNA-containing bacteriophage R17 showed several sites of platinum
reaction (Shooter et al. 1972). Minor reaction products included the
inter-molecular cross-~linking of compiementary strands of nucleic acids
as well as cross-linking of nucleic acid to protein, Figure 3. It is now

generally agreed upon that the most important product from the in vivo

platinum reaction is the intrastrand cross-linking of nucleic acids, in
particular DNA. Studies on the cellular synthesis of RNA, DNA, and
protein showed that cis-DDP treated cells exhibited a selective
inhibition of DNA synthesis, while protein and RNA synthesis were not
~affected (Harder et al. 1976; Pascoe & Roberts, 1974a, 1974b; Howle &
Gale, 1970). MWith these, and the results from many other biological
studies, it was proposed that the primary, biologically important site of

the platinum reaction was DNA (Roberts & Thompson, 1979; Rosenberg 1977).
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This conclusion is in line with the observed filamentous bacterial growth
in Rosenberg’s original work. Similar growth patterns have been observed
with other agents, i.e. cytotoxic alkylating agents, and UV and X-ray

irradiation, all of which react with and damage DNA.

1.3 DNA Structure and Dynamics

Prior to the examination of intermolecular interactions between a
drug and its biomolecular target, the two systems must be studied
individually to characterize their unperturbed, natural states. This is
particularily true in cases involving ltarge macromolecules such as
nucleic acids.

The discovery of the double helix conformation of nucleic acids by
Watson and Crick in 1953, (Watson and Crick, 1953), has been followed by
a multitude of publications whose purpose has been to disentangle the
finer structural details of this biochemically important macromolecule.
Research concerning the relationship between base segquence, duplex
stability and three dimensional structure of nucleic acids to biological
activity is a continuing effort. Nucleic acids possess the ability to
attain several different conformations, all of which may exhibit a
dependence on the experimental conditions employed. Variations in the
concentration of the nucleic acid, as well as changes in pH, ionic
strength, and temperature are major contributors to the observed
behaviour of the nucleic acid in both solution and the solid state

(Saenger, 1984).



1.3.1 Basic DNA Structure

In single stranded nucleic acids the individual nucleotide moieties,
which are the repeat units in the oligomer, are joined to one another
through the 5‘-hydroxyl group of one nucleotide to the 3’-hydroxyl aroup
of the neighbourirg unit via a phosphodiester linkage, Figure 4. By
convention, the base sequence of the nucleic acid strand is written
starting from the 5’ end of the strand in the direction of the 3’
terminus. There are two types of heterocyclic, aromatic bases present in
nucleic acids, the purines, adenine and guanine, and the pyrimidines,
thymine and cytosine. The nucleotide unit consists of a 2”-deoxyribose
ring which contains, a phosphate group located at either the 3’ or 5’
hydroxyl function, and an aromatic heterocyclic base located at the
anomeric Cl’ carbon of the furanose ring. The plane of the aromatic

hetérobase is approximately perpendicular to the plane of the furanose

ring.

1.3.2 Furanose Ring Conformation

The 2’-deoxyribose ring systems are never flat but exist in puckered
envelope or twist forms, with the predominant conformations being either
C2’-endo or C3’-endo, Figure 5, (Sundaralingam, 1973; Altona and
Sundaralingam, 1972). The primary purpose of the pucker in the furanose
ring is to minimize the non-bonding interactions between the different
substituents on the ring. Solution studies of nucleic acids indicate a
rapid equilibrium between the two conformations, with DNA showing a
preference for the C2’-endo structure. In the C2’-endo form, the major

furanose conformation in B-DNA, the 3’-hydroxyl group is in a pseudo-
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axial position which increases the distance between the 3’ and 5°'

phosphodiester groups and stretches out the helix backbone.

1.3.3 Heterocyclic Base Conformation

The heterocyclic base has some freedom to rotate about the glycosyl
link which joins the furanose ring and the heterobase together. The
position of the heterobase reiative to the deoxyribose ring is, however,
‘sterically hindered to rotation, restricting the populations of the syn
and anti conformers, Figure 6, (Sarma, 1980; Sundaralingam, 1973). In
the favoured, lower energy anti conformation, the bulky region of the
heterobase is located out, away from the deoxyribose ring resulting in
the least amount of intramolecular steric interaction. In the less
favoured, higher energy syn conformation, the bulky region of the base
sits over the furanose ring and, in situations where the syn conformation
occurs the 2'-deoxyribose moiety maintains a C2’-endo configuration which
decreases steric interactions. The functional groups present on the
pyrimidine heterobases result in a greater hindrance to rotation than

that found for the purines.

1.3.4 Watson-Crick Base Pairing and Duplex Structure

Watson-Crick base pairing occurs through hydrogen bonding
interactions between specific purine-pyrimidine pairs, either guanine and
cytosine, or adenine and thymine, Figure 7, (Donohue and Trueblood, 1960;
Watson and Crick, 1953). Hydrogen bonding interactions between two
complementary nucleic acid strands running in anti-parallel directions,

as well as interstrand strand stacking between adjacent bases, and

10
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solvation effects all contribute to duplex formation. In general, the
duplex contains a hydrophobic core region made up of the neutral aromatic
bases and, a charged, hydrophylic sugar-phosphate backbone on the outside
of the helix. DNA, unlike RNA, has the ability to attain several
different helical types. In the right handed forms, DNA is divided into
two families, A and B, (Saenger, 1984a). When DNA is in the B form, the
helix axis runs up the center of the helix and through the middle of the
base pairs. The core of the B-DNA duplex is filled with the hydrophobic
bases and the sugar moities are in the C2’-endo conformation. In the A
helix, the helix axis runs up the major groove of the duplex with-the
core of the structure being open and the deoxy sugars in the C3’-endo
conformation. Although each component of the repeating nucleotide unit
contributes to the three dimensional structure of the duplex, it is the
sugar-phosphate backbone which affords the flexibility to the system.

The difference between the two sugar puckers in the A and B-DNA forms
results in the A structure having a shorter distance between the backbone
phosphate groups, overall the A-helix being shorter and fatter than the B

structure.

1.3.5 Helix to Coil Transitions

In the simplest model, the two compliementary strands of nucleic
acids exist in one of two states, the stacked double helix, or the
unstacked, single stranded random coil (Cantor and Schimmel, 1980a; Kan
et al. 1982, Patel et al. 1982a). The formation of a perfect duplex
occurs via a cooperative interaction between the two complementary random

coils. Initiation of duplex formation is dependent on the nucleation of
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a single base pair between the two strands, at which point there is no
stability to the structure and it may as quickly dissociate back to the
random coil as go on to produce a full duplex. It would appear that at
least a three base pair core is necessary before the remainder of the
duplex forms in a spontaneous, cooperative manner. The stability of a
duplex is reflected in the melting temperature or Tm of the double helix.
Because the standard model used for nucleic structure is a two state
model where the strands are either duplexed or random coils, the Tm of a
particular duplex reflects the temperature at which half the strands are
duplexed and the remaining half are random coils (Ornstein and Fresco,
1983a). The Tm of a duplex is dependent on several factors, the length
of oligomer strands, the GC/AT ratio in the duplex, and the actual base
sequence of the strands (Breslauer et al. 1986). In addition to these
factors, the surrounding environment i.e. the ionic strength of the
medium and the type of counter ions present will also have an effect on
duplex stability (Cantor and Schimmel, 1980b).

In the fully duplexed form, all of the base pairs may not remain
hydrogen bonded to their complement but rather may exist in a rapid
equilibrium between the hydrogen bonded base pair and an open state.

This open and closed equilibrium is found particularify with the terminal
base pairs in a duplex and is known as fraying (Patel and Hilbers, 1975a;
Hilbers and Patel, 1975). A similar opening and closing of base pairs

may also occur in the core of a duplex in regions containing long repeats

of the weaker A-T base pair (5aenger, 1984b).
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1.3.6  Imperfect Duplexes

Other types of structures occur in imperfect duplexes when the two
oligomers are not fully complementary. Dupliexes may contain, buiged
loops where regions of non-complementary bases loop out of the stacked
structure, interior loops. where a single base on one strand does not have
a complement on the opposite strand, and hairpin loops which occur when a
single strand turns back on itself to form a duplex leaving several bases
at the turn structurally unable to participate in base pair formation,
Figure 8 (Saenger, 1984c; Gralla and Crothers, 1973; Fink and Crothers,
1972). All of these aberrations in normal duplex structure will affect

the overall stabilty of the duplex and will be refiected in the Tm of the

double helix.

1.4 Nucleic Acid - Metal lon Interaction

In their natural environment, nucleic acids are found to be
complexed to many dffferent metal ions. These, primarily ionic
interactions, may océur with metal ions at several different sites on the
DNA (Martin, 1985; Saenger, 1984d). Binding sites on the bases may be at
either the oxygen or the nitrogen atoms, both of which are hard 1ligands,
although not all of the hetero atoms available for binding are found to
interact with equal propensity. The availabilty of a hetero atom to the
metal ion may be affected by the electron density of the atom on the
base, e.g. the lone pair of electrons on the N(6) amino group on adenine
is delocalised intc the ring system and makes this site a less favourable
ligand site. Metal ion interaction may also be hindered structurally,

e.g. the lone pair of electrons on N{3) of cytosine is not delocalised
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into the ring system but is sterically shielded by adjacent functional
groups and again is less available for interaction with metal ions. The
purine N(7) site is found to be a good ligand site for metal ions as this
nitrogen atom is fully exposed even when the base is involved in a
duplexed structure. Metal ion interaction is also found to occur at the
negatively charged phosphate groups on the helix backbone with the metal
ions surrounding the negatively charged phosphate oxygens helping to

shield the electrcnic interactions between the adjacent charged groups.

1.5 Platinum-DNA Studies: Primary Mode of Reaction

1.5.1 Interstrand Cross-Linking

With the recognition of cellular DNA as the primary lesion site
resuﬁting Frdm platinum treatment, many reseachers dedicated their work
towards the understanding of the mechanism of interaction between cis-DDP
and the nucleic acid. Comparisons have been drawn between the mechanism
of activity of cis-DDP and classical alkylating agents because of the
similarity in requirement for bi-functional reactivity and, biochemical
effects (Roberts & Pera, 1983; Roberts et al. 1971). Many types of
alkylating agents, i.e. the nitrogen mustards, are known to attack
nucleic acids directly and form intermolecular cross-)inks between
complementary strands. Once the strands are covalently linked to each
other, further participation by either strand in a DNA replication would
be impossible. This type of cross-linking in DNA by platinum does not
appear to be biologically significant as this product represents only a
small fraction, approximately one percent, of the isolated DNA-platinum

adducts after treatment with the platinum compound (Eastman, 1982; Butour
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& Maguet, 1981: Roberts & Friedlos, 1981; Shooter et al. 1972; Ball &
Roberts, 1970). Studies involving both the cis and the trans-DDP isomers
indicated that bo:th isomers exhibited at least an equal propensity for
binding to cellular components, i.e. DNA, RNA, and protein (Pascoe &
Roberts 1974a, 1974b), with cis-DDP showing a greater ability for
crosslinking cellular DNA (Roberts and Pera, 1983). The inability of the
trans isomer to inactivate bacterial cell division suggests that the
interstrand interaction is not biologically significant (Braddock et al.
1975; Shooter et al. 1972). The reaction of alkylating agents at the
0(6) position of guanine is a known means of DNA mutation which leads to
mispairing during replication (Loveless, 1969). There was suggestion
that cis-DDP may interact with DNA in a similar fashion (Rosenberg, 1978;
Millard et al. 1975; Gerchman & Ludlum, 1973). Although platinum
reaction with the guanine 0(6) site was never shown to occur in the same -
fashion as alkylation, the participation of the guanine 0(6) position has

always been a current topic and will be further discussed.

1.5.2 Intrastrand Cross=-Linking

Another mode of platinum binding to DNA is intrastrand
cross-linking, (see Figure 3). Many of the early studies on cis-DDP:DNA
interactions suggested that it was the intrastrand binding which was the
product of major biological importance (Filipski et al. 1980; Roos, 1977;
Shooter et al. 1972). Investigations into the exact nature of the
intrastrand binding led to several types of platinum chelates being'
proposed. Spectroscopic analysis, involving information obtained from

uv, CD, and ORD studies, indicated that absorbances assigned to the sugar
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and phosphate agroups of the nucleic acid showed little change as a result
of platinum binding (Tamburro et al. 1977; Munchausen & Rahn, 1975; Stone
et al. 1974; Horacek & Drobnick, 1971). The major spectral changes,
resulting from the formation of the cis-DDP:DNA complex, were observed in
regions assigned to the nucleic acid bases. As a result, the primary
site of platinum attack on the deoxyribonucleic acids was concluded to be

on the nitrogenous bases (Mansy et al. 1973). This resuit is consistent

with the chemical reactivity of the platinum(lIl) jon which is known to
interact only weakly with oxygen, while forming stronger complexes with
nitrogen containing ligands.

With the knowledge that the nucleic acid bases were the primary site
of platinum attack, it was necessary to determine which, if any, of the
bases were more active towards platinum attack, and what was the exact
reactive site. Reactions were carried out between cis-DDP and several
different natural DNAs, each characterized by their widely differing base
composition. Spectroscopic examination of the platinum-DNA adducts
revealed that the strongest spectral variations were observed in the DNA
which contained abnormally high G-C content (Ganguli & Theophanides,
1979; Roos, 1977; Tamburro et al. 1977; Millard et _al. 1975; Stone et al.
1974). It has also been shown that although there were products
resulting from the platination of adenine and cytosine, the major/
reaction product involved a guanine-platinum adduct. Several groups have
investigated the exact site of nucleobase platination using NMR and
single crystal X-ray diffraction studies. These studies, on the
formation of platinum-nuclieobase, platinum-nucieoside, or

platinum-nucleotide compiexes, reveaied that the major site of reaction
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was on the bases which was in agreement with the conclusions reached from
optical spectroscopic data. Under neutral pH conditions, the N(9)
alkylated purine bases guanine and adenine react with cis-DDP at the N(7)
site for both bases, (Lock et at. 1976b; Goodgame et al. 1975) as well as
the N(1) position on adenine, Figure 9. Under the same neutral pH
conditions the N(]) alkylated pyrimidines bases, thymine and cytosine,
showed platination only at the N(3) site of cytosine (Lock et al.
1976a). Pilatinum binding to other nucleobase sites has been observed
when reaction conditions were altered i.e. changing the pH of the medium
causing protonation or deprotonation of different sites on the bases
(Faggiani et _al. 198l1a, 1981b; Lippert & Schubert, 1981; Kistenmacher et
al. 1979; Lock et al. 1978). These results led to further speculation as
to the exact nature of the platinum intrastrand cross-link. The two
proposals which gained primary attention were bidentate platinum binding
to two different guanine bases on the same strand, and bidentate platinum

binding to two sites on the same guanine base.

1.5.3 Intrastrand Cross-linking: The N(7),0(6)-Guanine Postulate

The proposed interaction between the platinum(Il) ion and a single
guanine base involves the initial attack on platinum by the N(7) site of
the base followed by a second attack on platinum by the neighbouring 0(6)
site (Chu et _al. 1978; Tamburro et al. 1977; Dehand & Jordanov; 1976).
This type of interaction can only occur when the active sites on the
platinum atom are ¢cis to one another (Rosenberg, 1978; Macquet & Butour,

1978; Maguet & Theophanides, 1976; Goodgame et al. 1975). There were

several arguments which supported this type of platinum binding. One is
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centred on the interaction of cis-DDP with the fully duplexed form of
DNA. It has been suggested that any inter-base platinum binding, while
the strands are involved in the duplexed structure, would meet with
considerable steric hinderance. The conformational structure of
Watson-Crick base pairs, i.e. twist angles, base pair rolls and twists,
and individual base propeller twists, as well as the constrained square
planar geometry about the platinum (Il) ion would all contribute to the
type of binding which would occur between the cis-DDP and DNA. All of
these conformational restrictions led to the postulate that if the
platinum reaction occurred with duplexed DNA, there was little chance of
the reaction occurring between two separate bases and was most likely to
occur solely on one guanine base. This thought in turn, ied to the
suggestion of a cis-DDP-[N(7),0(6)-guanine] complex and was supported,
although not conclusively, by X-ray photoelectron and infra red
spectroscopy results (Hadjiliadis & Theophanides, 1976; Millard et al.
19755 Macquet et al. 1975). The biological activity for this type of
complex was thought to occur as a result of disruption of the
Watson-Crick hydrogen bonding ability of the guanine base after reaction
with platinum.

Upon the initial binding of platinum to the N(7) site there is an
increase inlthe acidity of the N(1)-H proton of the guanine base,
normally pK 9.8-10 (Martin, 1985; Saenger, 1984e), reflected in the
observed decrease in the pKa of the N(1)-H proton by 1.5-2.0 pK units to
a pK value of 8.5 (Dijt et al., 1984). This affect may allow for a shift
in the keto-enol tautomerization equilibrium at the N(1)-0(6) amide site

with a possiblie increase in concentration of the enolate structure which
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may in turn attack the N(7) bound platinum forming the proposed
N(7),0(6)-guanine bidentate chelate, Figure 10 (Rosenberg, 1978). Once
formed, the chelated species decreases the ability of reforming the
normal keto tautomer.

The overall effect of [N(7),0(6)-guaninel-platinum binding is the
destruction of two hydrogeh bonding sites on the guanine resulting in the
loss of a G-C base pair: Involvement of the platinated base in strand
replication, with the change in tautomeric form, causes the complexed
site to more resemble the hydrogen bonding pattern of an adenine base
rather than the correct gdanine species, Figure 11 (Faggiani et al.
1980). This alteration would result in a sequence mutation. I[f several
platinated guanine bases were present on the nucleic acid strand being
replicated, there would be multiple coding mistakes (Rosenberg, 1978).
The end result of the platinum-N(7),0(6)-guanine chelate being the
destruction of the genetic information contained in the original
sequeﬁce. Although there are many early publications in support of this
type of platinum-guanine interaction, this mechanism as an explanation
for the biological activity of cis-DDP is not favoured.

Recently, Wing and coworkers have reported some results which
support the [N(7),0(6)-guanine]l-cis-DDP chelate although not of the form

discussed above (Wing et al. 1984). In their work, a crystal of the

double helical "Dickerson dodecamer" was soaked in a solution of cis-DDP
to allow interaction between the duplexed DNA and the platinum compound.
Under the experimental conditions used to obtain the platinum bound

duplex, X-ray data indicated binding of the platinum molecule to the N(7)

site of guanine with a possible stablizing interaction between the
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platinum atom with the guanine 0(6) position via a bridging water
ligand. Wing notes, however, that the distance between the platinum and
the 0(6) atom is too long to be a direct bond and too short to include a
molecule of water. The long distance between the platinum and 0(6)
negates the possibility of the mechanism previously discussed which
included a direct platinum-oxygen bond. The distance between the
platinum atom and guanine 0(6) position is too short to directly
accomodate a bridging water molecule, suggesting that the square planar
platinum complex would need to be rotated out of the plane of the five
membered ring to include the bridging ligand, Figure 12. This mode, and
orientation of cis-DDP binding to guanine as an initial interaction
between the antitumor compound and DNA has been previously suggested by
Goodgame (Goodgame et _al. 1975). Wing also suggests that the resultant
movement of the complexed guanine base may in some way weaken, and lead
to the eventual rupture of the glycogyl bond. The final result of
platination may be the depurination of the complexed base which may,
during DNA repair processes, lead to mutagenesis. This mechanism
involving the cleavage of the glycosyl bond is similar to that put forth
for the action of some alk?lating agents (Foster et al. 1983), which
cause depurination followed by sequence mutation upon strand replication
(Brouwer et al. 1981). In contrast to this proposal, it has been shown
that the platination of the N(7) site of guanosine does not weaken the

base-sugar glycosidic linkage (Johnson et al. 1985, 1982).
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Figure 12 (@)
Proposed cisplatin-[N(7),0(6)~G] chelate via a
solvent bridge.

(a) adapted from Wing et al. (1984).
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1.5.4 Intrastrand Cross-Linking Between Two Guanines

The generally accepted pathway for cis-DDP activity is the formation
of an intrastrand cis-Pt(NH3),[d(-GpG) N(7),N(7)] chelate which was first
proposed by P.J.Stone and coworkers in 1974 (Stone et al. 1974; Kelman et
al. 1977). This mode of binding to DNA has gained support from enzymatic
digestion of platinated DNA by use of either exonucleases or restriction
endonuclieases, as well as chemical digestion and examination of the
adducts by various chromatographic technigues (Eastman, 1986, 1985, 1983;
Fichtinger-Schepman et al. 1985; Johnson et al. 1985; Inagaki et al.
1984). Changes in enzymatic cleavage patterns between the normal and the
platinated DNA indicated platinum binding to adjacent guanine bases,

i.e. cis-Ptidp(GpG)] structures as well as structures of the form
cis~Pt[dp(GpNpG)] where N can be any of the four bases
{(Fichtinger-5Schepman et al. 1982).

The intrastrand cross linked structures have received great
attention from many research groups and as a result have produced many
publications (den Hartog et al. 1985a, 1984a 1983; Sherman et al. 1985;
Neumann et al. 1984). Studies on this type of drug-nucleic acid
interaction lend themselves to the use of model systems involving short
synthetic DNA oligomers.

In a study by den Hartog and co-workers, they have synthesized and
isolated the cis-Pt(NH3),[d(GpG) N(7),N(7)] compiex (den Hartog et al.
1982). NMR analysis of this compound at 500 MHz produced the fully
elucidated solution structure with several interesting features. The two
guanine bases in the chelate maintain the normal anti geometry about

their respective giycosyl bonds. The two 2’-deoxyribose rings exhibit
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different conformations with respect to furanose pucker. The furanose
associated with the 5’ base unit had taken up an unusual deoxyribose
conformation, 1007 N(C3’—end6). The 3’ terminal furanose was found to
exist in the expected, normal S(C2’-endo) conformer. The authors stated
that the resulting structure contained a noticeable kink in the backbone
of the molecule which, if present in DNA, would be expected to lead to a
local denaturation of the duplex.

In a continuation of this line of study involving longer synthetic
oligomers containing the remaining three bases, thymidine. adenine, and
cytosine as well as the adjacent guanine bases, results indicated that
with all options available, the platinum compound reacted primarily with
the adjacent guanine bases (Eastman, 1986; Fichtinger-Schepman et al.
1985; Inagaki & Kidani, 1985; Johnson et al, 1985; Cohen et al. 1980).
Using oligomer strands which were self-complementary and containing
adjacent guanine bases complexed to the platinum compound, several groups
have shown that the presence of the chelate in the strand completely
disrupts the possibility of duplex formation (Girault et al. 1984b;
Caradonna et al. 1982). An apparent drawback in'several of the
experiments which examined the effects of platination on duplex stability
was the self-complementary nature of the strands. Platination of the
oligomer, and the subsequent attempt at duplex formation, would lead to a
double helix containing two chelated regions both, because of the short
sequence length, in close proximity to each other. 1In all cases examined
where this type of arrangement was present, a total disruption of the
dimerization process was observed. From these results came the

suggestion that platination of the deoxy oligomers caused the loss of
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normal hydrogen bonding ablity for the complexed bases, and consequently
the denaturation of the platinated region of a double helix (Girault et
al., 1984b; Caradonna et _al. 1982).

Earlier work has indicated that the reaction of DNA with cis-DDP
results in changes of duplex structure and stability. Platination of DNA
has shown to result in an overall decrease in the length of the oligomer
strand, this result suggesting a disruption of hydrogen bond formation
and a localized unwinding of the duplex (Scovell & Collart, 1985; Cohen
et al. 1980, 1979). The decrease in strand length was accompanied by
displacement of bound water in the region of metal binding (Tamburro et
al. 1977; Sinex & Stone, 1974). The stability of the double helical
structure, reflected in the Tm of the duplex, exhibited a decrease in the
transition temperature. Accompanying the drop in melting temperature was
an unusual premelting behaviour observed while proceeding through the
transition from the duplex to the coiled, single stranded structure

(Tullius et al. 1983; Ganguli & Theophanides, 1981).

Recently, the examination of platinated synthetic oligomers has:
vshown that duplex Formation does indeed occur when the oligomers involved
are not seif-complementary but a mixture of complementary strands (den
Hartog et al. 1984a, 1984b; Van Hemelryck et al. 1984). It was also
clearly demonstrated in these studies that the platinated region of the

duplex fully participates in base pair formation.

1.5.5 Single Crystal X-Ray Structure of cis-Pt(NH3)2[dpGpG]

In addition to the previously discussed results, the first single

crystal X-ray diffraction study has been done involving cis-platinum and
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a nucleic acid oligomer. The dimer dpGpG, has been studied as well,
molecular mechanical calculations determining the effect of platination
on duplex structure (Sherman et al. 1985; Kozelka et al. 1986, 1985).
The X-ray structure, Figure 13, shows that the platinum atom remains in a
square planar geometry after complexing to the deoxy dimer with the
dihedral angle between the two guanine bases being approximately 80°.
The extent to which the platinum chelate pulls the guanine bases together
completely disrupts any normal intrastrand base stacking arrangement
although both bases were still found to be in the normal anti
conformation in a head-to-head orientation, that is with both 0(6) oxygen
atoms on the same side of the platinum coordination plane. The retained
anti conformation about the glycosyl torsion angle allows for the
hydrogen bonding regions of the two metalated guanine bases to be
structurélly available for base pair formation as previously observed by
den Hartog (den Hartog et al. 1984b). The observed distance between the
guanine 0(6) oxygen atoms and the amine 1igands exceeded 3.1 ﬂ. The unit
cell contained four crystallographically independent molecules, each with
slighty different sugar conformations. In general, the 5’ terminal sugar
was found to exist in the N(3'-endo) conformation. The 3’ terminal
sugar, although exhibiting a greater pseudorotational range between the
different structures, tended more towards the S(2’-endo) conformation.

Of major interest, and with possible i

vivo mechanistic implications,

was the identification of a hydrogen bond between the 5’-terminal
phosphate group and one of the amine ligands on the platinum atom. The

presence of the hydrogen bond may be connected to the observation that
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Figure 13 (a)
Crystal structure of cis-[Pt(NH3)2{d(pGpG)}].

(a) reproduced with permission, Sherman et al. (1985).
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guanos ine monophosphate reacts faster with cis-DDP than does guanosine

and that the 5'-GMP is preferred to the 3'-GMP (Eapen et al. 1985).

Second generation platinum drugs exhibit a marked variation in
activity with amine substitution, with compounds containing secondary or
tertiary amine ligands showing little or no biological activity (Braddock
et al. 1975). Until the publication of this X-ray structure from
Lippards group several possibilities for the observed changes in drug
activity had been suggested, i.e. kinetic changes as a result of amine
structure, affects on reactivity resulting from steric changes, and the
possibility of solubility effects as a result of amine structure. There
have been proposals as to the importance of hydrogen-bonding between the
amine ligand on the platinum drug and the DNA receptor, as a means of
stabilizing the cdmplex. but there had been no firm experimental evidence
for the existence of such a hydrogen-bonding interaction (Connors et al.
1972). The presence of the hydrogen-bond in the so}id state structure
may explain why platinum compounds containing unsubstituted amine 1igands
are more biologically active than those containing substituted amine
groups. However, this hydrogen-bond has yet to be observed for similar
structures in solution. The X-ray results are supportive of the solution
structure obtained in the previously discussed NMR experiments on the
cis-Pt(NH3)>(dGpG] by den Hartog and co-workers (den Hartog et al. 1982).

Of significance to the ¢is-DDP-[N(7),0(6)-guanine] discussions, the
cis~DDP~[dpGpG] crystal structure shows that the distance between the
amine ligands and the guanine 0(6) oxygen is too long to accomodate any
significant amount of hydrogen bonding and that there is no evidence for

postulated guanine 0(6)-platinum interaction via a bridging water
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molecule (Wing et al. 1984). This result does not rule out such a

structure existing along the reaction pathway between reaction of the
platinum with the first guanine N(7) site and the subsequent reaction
with the second guanine N(7) site.

The X-ray results and the molecular mechanics data support the NMR
results in that both reveal that the formation of the cis-DDP-intrastrand
crosslink between adjacent guanines does not greatly alter the natural
structure of the DNA duplex. This may be significant in the
understanding of biological activity and the fact that the cisplatin
lesion is not completely removed by cellular repair mechanisms. The
reason this may be so, as suggested by these results, may be that the
three dimensional structure is not sufficiently altered for a repair

enzyme to recognize the mutation.

1.5.6 Molecular Modelling Studies

Theoretical modelling on the mode of binding of cis-DDP to DNA by
Miller and co-workers has shown some interesting results (Miller et al.
1985). In their work they have mathematically simulated the drug
interacton with fully duplexéd DNA. Under these structural constraints
they have shown that the cis-DDP interaction with the N(7) sites of
adjacent guanines is most favourable in the major groove of the duplex, a
result observed in the crystal structure by Wing (Wing et al. 1984).
Attempting a similar interaction in the minor groove indicated that the
two guanine sites could not approach the necessary chelating distance
(2.81 ) dictated by the square planar geometry of the platinum atom.

Optimally, the binding of the platinum atom to the guanine base should be



along the axis of the nitrogen lone pair, but this is not possible if the
double helical structure is to be maintained. Their results indicate
that the adjacent bases need not be kinked to 90° to provide ideal ligand
orientation for the square planar platinum (II) atom and that the complex
could be formed without much loss of energy using strained bonds.
Regarding complexes with sequences containing one intermediate base,

i.e. dGpNpG, their results indicated that this type of chelate could not
be formed while the sequence remained in the fully dupiexed structure.
The difference in bond energy between platinum bound to water and
platinum bound to the N(7)-guanine site indicates that the platinum
reaction with nucleic acids is exothermic. The excess energy provided by
this reaction may be sufficient to cause local melting of the DNA and, as
a result, binding of cisplatin would not be sequence limited to adjacent

guanine pairs (Miller et al. 1985).

1.5.7 Kinetics and Reaction Intermediates of DNA:cisplatin Interactions

The results from kinetic studies examining the reaction of cisplatin
compounds with DNA suggest that there are several reaction pathways which
occur. The fastest reactions which have been observed are those which
occur between the cisplatin diaquo species and adjacent guanine bases to
form the side by side bis-guanine chelate (Fichtinger-Schepman et al.
1985; Johnson et al. 1985; Pinto & Lippard, 1985; Eastman 1983). When
the platinum compound reacts with a guanine base which does not have an
adjacent guanine either 3" or 5’ to it, this monofunctionally bound
platinum may exist for a -long period of time with a half life of

approximately fifteen hours (Kleinwachter et al. 1988). Examination of
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aliquots of the reaction mixture at various times during the reaction

reveals that the monofunctional adduct may comprise as much as ten to

twenty percent of the nucleic acid bound platinum (Johnson et al. 1985;
Eastman, 1983). The work also indicated that the amount of
monofunctional platinum adduct was temperature dependent, with the
concentration of monofunctionally bound platinum increasing with
increased temperatures. The fourth ligand site on the piatinum is
occupied by a molecule of water. This monofunctionally bound platinum
has several options as to where it may react. If there is an adjacent 5’
adenine base, then a cis-Pt[d(ApG) N(7),N(7)] chelate may form (van der
Veer et al. 1986a; Eastman, 1985; Fichtinger-Schepman et al. 1985). Also
there is a possibilty of reaction with another guanine base which is not
adjacent but which may have one or more intermediate bases separating it
from the platinum bound guanine. The result from this reaction is the
formation of the cis-Pt[dGpN,pG] where N is any other base (Fitchtinger-
Schepman et _al. 1982). It would appear from the examination of molecular
models that this type of adduct cannot be formed while the DNA maintains
the duplexed form. It is, therefore, necessary for the dupiex to undergo
localized melting to ailow this stucture to form. Another option
available to the monfunctionally bound platinum is the formation of an
interstrand cross-link to another guanine. In this situation it is
necessary for the sequence in the reactive region to be either GC or CG
so that the distance between the two guanine N(7) sites is not so far
apart as to make the reaction impossible (Eastman, 1985). The results

obtained from their product analysis showed that the concentrations of

all of these different species increased with time while the
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concentration of the most preferred complex, the intrastrand cross-link

containing the adjacent guanine bases, remained constant.

1.5.8 dGpNpG Structures

Some work has been carried out which examines the structure of the
cis-Pt(NH3)>[d(GpNpG)] complexes where N has been any of the four bases
(Marcelis et al. 1983a; den Hartog et al. 1983). In the situation where
the central base is another guanine there would be competition between
the formation of the chelate involving adjacent guanine bases and chelate
formation where binding is to the terminal guanine sites and the central
base is not used. Under this competitive situation, results favour the

chelate involving the adjacent guanine bases (Cohen et al. 1980). Under

conditions of non-competitive platinum binding to the oligomers, i.e.
where there are only two guanine bases present in the sequence, it has
been possible to form the chelate with an intervening central base using
cytosine, thymine, and adenine (van der Veer et al. 1986a, 1986b;
Marcelis et _al. 1982, Brouwer et al. 1981).

In work by den Hartog and co-workers, the complex cis-Pt[dGpCpG] has
been isolated and examined by NMR (den Hartog et al. 1983). There are
several significant structural differences between the dimer complex
containing the adjacent guanine bases (den Hartog et al. 1982) and this
structure which contains the extra central cytosine base. The
platinum-dimer structure was shown to have both of the complexed guanine
bases in the normal anti configuration. In this platinum-trimer complex,
NOE results suggest that the metalated 3’-guanine tends towards a 50/50

syn-anti equilibrium while the chelated 5'-guahine exhibits a preference
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for the abnormal (for B-DNA) syn conformation. Chemical shift as a
function of variable temperature reveal other aspects of structural
changes resulting from the platination of the trimer. The normal,
uncomplexed trimer dGpCpG showed an increase in intrastrand stacking when
the temperature of the system was decreased. This result is reflected in
the behaviour of the aromatic base protons which will normally exhibit an
upfield movement in chemical shift as adjacent aromatic bases stack on
top of one another. In the complexed platinum-trimer structure there was
no temperature effect on proton chemical shifts assigned to the aromatic
bases. In the case of the central cytosine base, there was an overall
decrease in diamagnetic shielding of the base protons when compared to
the normal parent oligomer (Marcelis et al. 1983a). In this situation,
the decrease in shielding at all temperatures indicated that the cytosine
base was not spending much time stacked with either of its neighbouring
guanine bases. Knowing this, as well as understanding the structural
constraints placed on the terminal guanine bases as a result of
platination, e.g. the platinum bridge pulling the two guanine bases close
to each other, the structure of the chelated trimer was reported to be an
oligomer strand containing a central "bulged base".

The effect of the bulged base as well as the conformational change
in the guanine glycosidic torsion angle after reaction with cis-DDP
presents several problems in duplex formation (den Hartog et al. 1983).
The change in back-bone conformation necessary to accomodate the bulged
base in the strand would presumably remove the central base out away from
the normal hydrogen bonding region of the strand. The abnormal syn

conformation of the one complexed guanine base would also effectively



remove this base from the hydrogen bonding region of a possible duplex
structure. As a result of the formation of the cis-Pt{dGpNpG] structure,
there is the possibility of the loss of at least two base pairs if this
complex were to be involved in a duplexed structure, this is what was
observed by den Hartog and co-workers. Two compiementary strands were
examined by NMR, one of the oligomers contained the cis-PtidGpTpG]
complex while the second strand was normal (den Hartog et al. 1985c).

NOE experiments were carried out on the longer platinated strand and the
results indicated that the platinated region of the oligomer maintained

the conformational structure previously described for the smaller

complexed trimer.

1.6 Objectives

In order to gain a further understanding into the interaction of the
anti-cancer compound cisplatin with DNA, its cellular target, model
studies between cis-DDP and specific oligomer sequences have been carried
out.

The first section of the work deals with the general synthetic
procedures followed to produce the desired deoxy oligomers. A
phosphotriester methodology was used, adapting some of the procedures
developed in this laboratory for oligoribonucleotide synthesis.

The initial experiments concerned with cis-DDP : DNA interactions
examines the formation of intrastrand crosslinks resulting in small
internal loops in the oligomers. Internal loops of one, two, and three
nucleotide units, a result of cis-DDP crosslinking between terminal

guanines, have been examined.
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The second section of cisplatin : DNA experiments was a continuation
of internal loop formation discussed above. It was of interest to extend
the oligomer chains to examine the effect of the cis-DDP internal loops
on nucleotides external to the platinum-guanine crosslink.

The effect of the cisplatin : DNA interaction on the duplexing
ability of DNA has been examined in an attempt to further understand the
mechanism of action of the anti-cancer agent. Before the model systems
containing the éig—DDP intrastrand crosslinks were studied, the same
oligomer sequences were examined prior to platination. The non-
complementary sequences were combined with fully, and partially
complementary oligomers, and the formation and stabilities of the perfect
and imperfect duplexes examined.

The final section of the study examines platinated oligomers
containing internal nucleotide loops combined with fully and partially
comp lementary sequences. Knowing the stability of the unplatinated
oligomer duplexes would allow for a direct comparison with the same
structures containing the cis-DDP crosslink. These experiments would
give further indication to the effect of the cisplatin lesion and

internal loop formation on duplex stability.
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Chapter Two

Materials and Methods

2.1 Triester Synthesis of 2"-Deoxyribose Oligonucleotides:

General Outline of Synthetic Procedures

The synthesis of the oligodeoxyribonucleotides was carried out using
a modified phosphotriester approach. The synthetic procedures for the
deoxy oligomers are a combination of methods developed in this laboratory
for oligoribonucleotide synthesis (Neilson & Werstiuk, 1971a, 1971b;
Neilson, 1969) and methods used for deoxyribonucleotide work (Catlin &
Cramer, 1973; Jones, 1984; Reese, 1978; Khorana, 1978; Visentin, 1984).
The blocking of the different hydroxyl and amino functional groups on the
individual monomers has been well documented (Khorana, 1978; Stawinski et
al. 1977; Otter & Fox, 1973; Schaller et al. 1963). The general
procedures have been outlined here, greater experimental detail may be
obtained from the references.

Phosphorylation of thg protected nucleosides was carried out
utilizing the 2,2,2-trichloroethylphosphate monoester (Engiand & Neilson,
1976) activated with 1-mesitylenesulphonly-1,2,4-triazole (MST) (Kataguri
et al. 1974). Coupling of the 3’-phosphate diester nucleotide to the
free 5’-hydroxyl group of the incoming nucleoside or nucleotide was
achieved using l-mesitylenesulphonyl-3- nitro-1,2,4-triazole (MSNT)

(Jones et al. 1980; Reese et al. 1978).
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Deblocking of the fully protected oligomer was carried out using a
three step procedure. Initially, the acid labile 5 -monomethoxytrityl
blocking group was removed by the dropwise addition of a 2-3%
p-toluenesulphonic acid solution in methanol (Stawinski et al. 1977). A
zinc-copper couple (Le Goff, 1964) in dimethylformamide (DMF) was used to
reductively remove the 2,2,2-trichloroethy! protecting group from the
phosphate triester. Finally, concentrated ammonia in methanol (1:1) was
used to remove all base labile blocking groups (England & Neilson, 1976).

Throughout the various blocking and coupling procedures the
reactions were monitored by silica gel thin layer chromatography (tlic).
The glass backed silica plates were developed in a 10% methanol in
methylene chloride solution (Solution A) unless otherwise stated. The
results were visualised by spraying the plates with a 1% ceric sulphate
in 10% sulphuric acid (Solution B) followed by charring on a hot plate at

150-2000°C,

2.2 Amino Group Protection

The protection of the amino function on the cytosine and adenine
bases was carried out using benzoyl chloride, and isobutyryl chloride was

used for guanine (Narang et al. 1965; Schatler et al. 1963). The

reaction procedure for the different bases was essentially the same. The
unprotected nucleoside was dried by dissolving the starting material in
anhydrous pyridine followed by the removal of the solvent under reduced
pressure to azeotrope off any water. The dried material was then
dissolved in anhydrous pyridine under nitrogen and the solution cooled to

00C. The acid chloride of the desired protecting group was then added
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dropwise to the stirred nucleoside solution. In the reaction, 3.5-4
equivalents of the acid chloride were used per equivalent of nucleoside
resulting in the protection of not only the amino group but the free 3’
and 5’ hydroxy! groups as well, Figure l4.

The progress of the reaction was followed by silica gel thin layer
chromatography (tlic). Development of the silica plates was carried out
in Solution A and visualization of the tic was done by spraying the
plates with Solution B followed by charring at 100-150CC on a hot plate.
Under these conditions the unprotected starting material remains at the
baseline while the reacted nucleoside containing either one, two, or
three protecting groups has an increasingly higher Rf value as the amino
group and both of the hydroxyl groups become acylated.

When tlc indicated only one major product }n the reaction mixture,
the reaction was quenched with ice and the solution transferred into a
separatory funnel contaiﬁing methylene chloride. The organic layer was
washed with saturated sodium bicarbonate followed by washing with
distilled water. The organic layer was recovered and the solvent removed
under reduced pressure. The resulting oil was dissolved in toluene which
was used as an azeotrope to remove the last traces of pyridine. The
impure product was dissolved in methylene chloride and purified on a
silica gel column. Chromatography was carried out using a methanol in
methylene chloride gradient (vol/vol) beginning with ! % methanol and
increasing the % methano! in 1-2 % increments. The final product, the
triacylated nucleoside, was recovered in good yield, typically 80-90 %.
The Rf value for the product in the 10 % methanol in methylene chloride

solution was about 0.5.
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2.3 Protection of the Furanose Hydroxyl Groups

2.3.1 Deacylation of the 3’ and 5’-Hydroxyl Groups

Before the per-acylated nucleoside could be used in further
synthetic reactions it was necessary to selectively remove the blocking
aroups from the 3’ and 5’ hydroxyl groups on the deoxy sugar moiety,
Figure 14. Deblocking of the ester groups was carried out in a methanol
solution of the fully acylated compound. To this mixture was added,
dropwise, a 1:1 solution of IN sodium hydroxide in methanol with the
deblocking reaction being closely monitored by tlc. As the reaction
progressed, the different de-acylation products were visible by tlic with
the Rf value of the major spot decreasing as the two esters are
hydrolysed. A compromise as to when the reaction is to be quenched was
necessary as hydrolysis of the desired N-protected product occurs before
complete deprotection of the two sugar hydroxyl groups has been achieved.

The reaction was quenched with the addition of chelex 50-X8
{(pyridinium form) to the stirred reaction mixture until a neutrai pH
solution was aquired. The solution was filtered to remove the resin and
the solute recovered. The solvent was removed undef reduced pressure,
with the final traces of pyridine being removed by azeotroping with
toluene. The mixture of recovered products was dissolved in -2 %
methanol in methylene chloride and appiied to a silica gel column. Some
methanol was necessary in the initial solvent mixture to promote the
solution of the monoacylated product. The methanol gradient used to
separate the reaction mixture could be increased rapidly as the desired
product has a low Rf, typically 0.1-0.2. The earlier fractions,

containing both the fully acylated nucleoside as well as the diacylated
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product, were pooled and deblocked with later preparations. Yields of

the N-protected nucleoside were normally on the order of 70-75 4.

2.3.2 Protection of the 5’-Hydroxy] Grohp

The free 5’-hydroxyl group of the N-derivatized nucleoside was pro-
tected with p-anisylchlorodiphenyimethane, (monomethoxytritylichloride),
(mmTrCl) (Smith et al. 1962). The reaction was carried out under
nitrogen in an anhydrous pyridine solution of the dried, amino protected
nucieoside at 0°C, Figure 15. Drying of the starting material was
carried out by dissolving the nucleoside in dry pyridine followed by the
removal of the solvent under reduced pressure using a8 rotary evaporator
attached to an oil pump, and finally sealing the vessel under dry
nitrogen or argon. After the rapid addition of 1.1 egquivalents of mmTrCl
to the stirred reaction mixture, the vessel was sealed and allowed to
slowly warm to room temperature. The reaction was left overnight to
allow for complete reaction; normal reaction times were on the order of
three to five hours.

Progress of the reactiqn was monitored using silica gel thin layer
chromatography. The new spot on the tlc plate arising from the formation
of the desired product was a yellow-orange colour after spraying with
Solution B and development on a hot plate. The Rf value of the new
product was approximately 0.8. The yellow colour is characteristic of a
trityl containing compound and results from the Formation of the trityi
cation on the silica gel.

A minor side product arises from the reaction of both the 5’ and the

3’ hydroxyl groups with the mmTrCl. This product, also yellow in colour,
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is identified by tlc with an Rf value approaching 1.0. The starting
material, which does not contain the trityl group, chars a black colour
and has an Rf value of 0.1-0.2.

When no further reaction was observed by tic, the mixture was
auenched with ice and the resulting solution transferred to a separatory
funnel. The mixture was dissolved in methylene chloride and the solution
washed with saturated sodium bicarbonate and with water. The organic
layer was recovered and the solvent removed under reduced pressure. The
resulting oil was azeotroped several times with toluene to remove the
final traces of pyridine. The impure product, often recovered as a foam,
was dissolved in methylene chloride and applied to a silica gel column.
With the large Rf difference between the desired reaction product and the
unreacted starting material as well as any undesired side products,
purification by silica gel column chromatography gave good yieids.
Chromatography was carried out using a methanol in methylene chloride
agradient system, beginning with 0.5 % methanol anq increasing the
gradient slowly. Yields for the protection of the 5 -hyroxyl group with

the monomethoxytrityl group were typically greater than 90 4%.

2.3.3 Protection of the 3’-Hydroxyl Group

The type of derivatization carried out on the 3’ hydroxy! group of
the otherwise fully protected nucleoside depended on the future usage of
the nucleoside in oligomer synthesis. If the nucleoside was to occupy a
3’-terminal position on the oligomer, no ;erminal phosphate group was
necessary and the 3’-hydroxyl was protected using acetic anhydride in

pyridine, Figure 16. If the nucleoside was to be used as the 5'-terminal
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unit or in an intermediary position on the oligomer, i.e. the site of
further chain extension, the 3’-hydroxyl group was phosphorylated (Catlin

and Cramer, 1973).

2.3.4 Phosphorylation of the 3’-Hydroxyl Group

The phosphorylation of a protected nucleoside always took place at
an open 3’-hydroxyl group as chain extension in the synthesis was from
the 5'-terminus to the 3’-terminus. The phosphate group Qas introduced
as the 2,2,2~-trichlioroethylphosphate monoester, Figure 17 (England and
Neilson, 1977). Phosphorylation was initiated by treatment of the
phosphate monoester with three equivalents of the activating agent
I-mesitylenesulfonyl-1,2,4-triazole (MST) in dry pyridine at 60°C for one
hour. Initially this reaction mixture was found to be nonhomogeneous
but, solution was attained after the one hour time period. This reaction
results in the formation of a mixed anhydride species which was not
isolated but mixed directiy with the protected nucieoside containing the
free 3’-hydroxyl group. The reaction mixture was sealed under nitrogen
and stored in the dark. Progress of the reaction was followed by tlc
with the formation of a cusp-shaped spot originating at the baseline of
the plate in conjunction with the loss of the spot for the higher Rf
starting material. When the reaction was complete, ice was added to the
mixture and the resulting solution poured into methylene chloride. The
solution was transferred to a separatory funnel and washed with saturated
sodium bicarbonate and with water. The organic phase was isolated and
the solvent removed under reduced pressure. The resulting oil was dried

by azeotroping with anhydrous pyridine in preparation for the next
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reaction. The phosphate diester product, which was used without further
purification. was not isolated or stored but used directly.

The phosphorylated species can be used in one of two ways. If the
nucleotide is to be the 5'-terminal unit in the oligomer, the
phosphorylated compound can be reactivated and used directly for coupling
to the next nucleotide moiety. If the nucleotide is to be used as an
incoming unit, the phosphate diester function is then further protected
with 2-cyanoethanol before deprotection of the 5'hydroxyl group on the

deoxy sugar (Catlin & Cramer, 1973).

2.4 Full Protection of the 3’-Phosphate Diester

Formation of the fully protected nucleotide triester was carried out
by reactivating the phosphate diester functionality with 1.1 equivalents
of MST for approximately one hour at room temperature followed by the
addition of five equivalents of 2-cyanoethanol, Figure 18 (Catlin and
Cramer, 1973). The reaction is followed by tlc, with the loss of the
cusped shaped spot of the diester compound from the baseline and the
formation of the neutral phosphate triester showing an Rf value of
approximately 0.8. The product maintains the yellow colour on tlc
characteristic of the presence of the mmTr group.

When no further reaction was evident by tlc, the mixture was
quenched with ice and the resuiting solution mixed in methylene chloride
and poured into a separatory funnel. The solution was washed with
saturated sodium bicarbonate and with water. The organic layer was
isolated and the solvent removed under reduced pressure. The resulting

o0il was azeotroped with toluene several times to remove the final traces
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of pyridine. The impure mixture was dissolved in methliyene chioride and

purified by silica gel chromatography.

2.5 Removal of the 5’'-Monomethoxytrityl Group

For the now fully protected nucleotide monomer to be useful in
oligomer synthesis the 5’-monomethoxytrityl group must be removed, Figure
18. The deprotection of the 5’-hydroxyl group was carried out using 2-3%
p-toluenesulphonic acid in methanol. The monomer was dissolved in
methylene chloride and the tosic acid solution added dropwise with
stirring and constant monitoring of the reaction by tic. The loss of the
monomethoxytrityl group was shown by tlic with the formation of a yellow
spot at the solvent front, resulting from the methylmonomethoxytrityl
ether. The black spot at Rf=0.3 was the desired product, the
3’ -phoshate triester nucleotide unit with a free 5 -hydroxy! group. This
nucleotide could now be used as an incoming unit in a coupling reaction

where further strand elongation in the 3" direction was desired.

2.6 Oligomer Elongation

Chain elongation was accomplished using a coupling reaction between
the activated 3’-phosphodiester function of the 5’-terminal ehd of the
oligomer with the free 5’-hydroxyl group of the incoming 3’-terminal
unit, Figure 19. This reaction was carried out by combining the two
components in a8 dry pyridine solution and adding 1.5 equivalents of
l—mesitylenesulphonyl—S—nitro~l.2.4—triazole (MSNT) to the
mixture. Formation of the coupled product could be seen on tic with the

loss of both the cusp shaped spot of the activated phosphodiester at the



56

0
E l N NH .
mmTr-dG

P

MSNT

pyrdine \ -
///’ a~ T =
mmTr-éG -p -G -p -ce (Nﬁ'*
: . NH

RT

CH -CH -CN
2 2
o
N-i
<
HD\WXfEfN ’Z;L/

HO-dG -p -ce
O== j

O-CH -CCI
2 3

+O=P 0O

CH -CH -CN
2 2

Figure 19
Formation of a fully protected d(GeG) dimer via coupling of

free 5’-hydroxyl group with the MSNT activated phosphcdiester.



57
baseline as well as the higher Rf black spot of the incoming unit. The
appearance of a new, vellow coloured spot was evident as the coupling
progressed and the desired product was formed.

When the coupling reaction was compliete by tlc the reaction mixture
was quenched with ice and the mixture dissolved in methylene chloride.
The solution was washed with saturated sodium bicarbonate and with
water. The organic layer was isolated and the solvent removed under
reduced pressure followed by azeotroping of the resulting oii with
toluene to remove the last traces of pyridine.

Further chain extension of this dimeric unit was possible by the
selective deprotection of the terminal 3’-phosphotriester group (Sood &
Narang, 1977; Adamiak et al. 1976). This was achieved by treatment of
the deoxy oligomer with freshly distilled triethylamine (TEA) in
pyridine. This reaction is selective to the cyancethyl group and does
not affect other base labile functions in the molecule. When the
deprotection was complete, seen on tlc as the Formation of a cusp-shaped
spot at the baseline from the phosphodiester, the solution containing the
oligomer was taken to an oil under reduced pressure and azeotroped with
dry pyridine to remove the TEA. The oil was then redissolved in
pyridine, combined with the incoming nucleotide and treated with the
activating agent MSNT. The procedure for chain elongation was continued’
until the desired sequence was obtained.

After each coupling reaction, the reaction was quenched with ice and
the mixture poured into methlyene chloride;and transferred into a
separatory funnel. The solution was washed with saturated sodium

bicarbonate and with water. The organic layer was isolated and the
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solvent removed under reduced pressure. The resuiting oil was azeotroped
with toluene to remove the final traces of pyridine. The impure product
mixture was applied to a flash chromatography silica gel column and the
desired product isolated. A small amount of product (5-10 mg) was
deblocked, purified and checked by NMR after each coupling to ensure the
integrity of the synthesis. For oligomers longer than three base units,
dimers were used as building blocks rather than continuous monomer

additions.

2.7 Deblocking of the Final Oligomer Sequence

The desired base sequence must be fully deprotected before the
ol igomer can be used for physical studies; this procedure is outiined on
Figure 20. The 5'-términal monomethoxytrityl group was removed first
using tosic acid in methanol and methylene chloride. The reaction was
quenched with ice and the mixture poured into methylene chioride and
transferred to a separatory funnel. The organic phase was washed with
saturated sodium bicarbonate and with water. The organic laver was
isolated and the solvent removed under reduced pressure. The resulting
oil was azeotroped with toluene to remove the final traces of pyridine
and then dissolved in methylene chioride and applied to a flash silica
gel column.

The remaining steps in the deblock procedure were carried out on
oligomer samples of 10-15 mg. The sample was placed in a small screw
topped vial along with approximately one ml of dry DMF and a small amount
of zinc-copper couple. The reaction mixure was sealed and the solution

heated to 500C for two to three hours (England and Neilson, 1976). The
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result of this reaction is the reductive removal of the
2,2,2-trichloroethyl group from the phosphate triester 1linkage. After
the desianated time period the sample was removed from the heat and two
ml of both methanol and concentrated ammonia were added to the mixture.
The sample vial was resealed and allowed to react for two days at room
temperature. This final deprotection step results in the removal of the
base labile amino and hydroxyl protecting groups.

The mixture containing the fully deblocked sampie was filtered
through a sintered glass funnel to remove the zinc-copper couple and the
filtrate then stirred for approximately one hour with chelex (NH4+ form)
to remove any dissolved metal ions. The solution was again filtered to
remove the chelex and the solvent removed under reduced pressure. The
resulting product mixture was dissolved in a8 minimum amount of water and
purified by descending paper chromatography on Whatman #1 paper using 1.0
M ammonium acetate and ethanol (abs) (1:1) as the mobilie phase. The
desire product, usually the lowest Rf band as seen under UV light (254
nm), was eluted wth HPLC grade water and the solution lyophylized. The
solid material obtained was dissoived in 0.01 M ammonium acetate and
loaded onto a Sep Pak which was subsequently washed with three x three ml
aliquots of HPLC grade water. The deoxyoligomer was then eluted from the
column using a solution of 30% acetonitrile in HPLC water. The resulting
solution was lyophilized to dryness and then redissolved in water at
which time reaction yields were determined by UV absorbance. Finally,
the recovered product was taken up in D70 and lyophilized to dryness

before the sample was examined by !H NMR spectroscopy.
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2.8 NMR Methodology

The NMR data in this work has been obtained from either a Bruker WM-
250 or an AM-500 spectrometer. Both spectrometers were operating in
Fourier transform (FT) mode and equipped with gquadrature detection. In
variable temperature experiments, probe temperatures were maintained with
a Bruker variable temperature unit and calibrated with an external
thermocoupie unit. Temperatures are reliable to +/- 10C. |

NMR samples were prepared by lyophilization from D70, followed by
dissolving the sample in 100% D20 containing the appropriate buffer and
salt. Samples contained t-butanol-0OD as internal reference, 1.231 ppm,
with chemical shift values récorded relative to sodium 2,2-dimethyl-2-
silapentane-5-sulphonate (DSS).

In the variable pH studies, the pH titrations of the oligomers were
carried out using solutions of either DC1 or NaOD dissolved in D20.
Additions of the acid or base were made directly into the NMR tube
containing the sample and the pH was monitored using a pH electrode which
could be inserted into the 5 mm NMR tube. The pH values quoted have not
been corrected for deuterium effects.

The residual HDO peak observed for sampies dissolved in D0 was
suppressed in the NMR spectrum using a standard Bruker program for
solvent suppression. The observation of exchangeable imino protons in
duplex structures required the sample be dissolved in a 90:10 Hp0:D20
mixture. The water signal was eliminated using the 1:1 hard pulse

technique, (Gronenborn and Clore, 1985; Clore et al. 1983).



Chapter Three

Results and Discussion

3.1 Introduction

The reaction of cis-Pt(NH3),Cl, with DNA has been widely studied.
Examination of the platinum compound’s interaction with both short deoxy
oligomers and intact DNA has led to a better understanding of the
mechanism of action of the antitumor drug (Scovell et al. 1985, Marcelis

et al. 1983b, Lippard 1983, Johnson et al. 1980). It is generally
believed that the primary site of attack on DNA by cis-Pt(NH3)2Cio is in
G-C rich regions and a preference has been shown for adjacent guanosine

bases (Fichtinger-Schepman et al. 1985, Inagaki et al. 1985, Stone et al.

1974). Enzymatic digestion of calf thymus DNA, which had been previoustiy
treated with cis-Pt(NH3),Clo, revealed the presence of several different
platinum containing adducts (Fichtinger-Schepman et al. 1982). The major
product was identified as the cis-Pt(NH3)2[d(GpG)-N7(1),N7(2)]

complex. Minor products from the digestion suggested complexes of the
cis-Pt(NH3),(dGpXnpPG) s where X is one or more intermediate bases ie. A,
T, or C (Eastman 1986, 1985, 1983, Fichtinger-Schepman et al. 1982). It
was these types of structures, which form internal bulges or loops, which
have been the focus in this section of our research.

The sequences studied were; d(GpTpG), d(GpTpTpG), d(GpTpTpTpG), and

their platinated analogs cis-Pt(NH3),[d(GpTpG)-N7(1),N7(3)],
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cis-Pt(NH3)2[d(GpTpTPG)-N7(1),N7(4)], and cis-Pt(NH3)o[d(GpTPTPTPG)-
N7(1),N7(5)]. The reaction of cis-Pt(NH3)2(Cl1) with adjacent guanine
bases has been thoroughly examined by many techniques and the structure
of the adduct has been theoretically modelled (Kozelka et al. 1986, 1985,
Miller et al. 1985) as well as having been experimentally determined by
NMR (den Hartog et al. 1982) and the x-ray structure of
cis-Pt(NH3),[d(pGpG)] has been solved (Sherman et al. 1985). Further,
the effects of the ¢is-Pt[d(GpG)] chelate on adjacent bases within a
single stranded oligomers have been examined (den Hartog et al. 1985b,

Neumann et al. 1984, Marcelis et al. 1983a). It was of interest in our
research to study, not the effects of the cis-Pt(NH3)2Cly on nucleic acid
bases external to the complex, but rather to examine the possible
formation of bulged loop adducts. At the time this work was started,
research had not been published on these types of structures, although
their existence had been suggested (Alix et al. 1981, Brouwer et al.
1981). Since that time, several reports have been published concerning
loop formation, these have confined themselves, however, to the
gig—Pf(NH3)2[d(GanpG)] complex where n=1 {(den Hartog et al. 1983,
Marcelis et al. 1982). In thié work we have examined sequences of the

~ form d(GpXnG) , where X=Tp and n=1,2, and 3, Figure 21. Thymine was
chosen as the internal base in an effort to avoid possiblie side reactions

with either adenine or cytidine, both of which have the possibility of

reaction with cis-Pt(NH3)oCl,.
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3.2 Formation of cis-Pt(NH3),-01igomer Complexes

The sequences involved were synthesized using a modified
phosphotriester techﬁique as outlined in Chapter 2.

The formation of the platinum-oligomer adducts was carried out at
concentrations of 10-3-10"5 M in Qligomer in distilled deionized
water. This low concentration was used to lessen the possible formation
of polymeric species i.e. intermolecular end to end reactions. The
cis-Pt(NH3),Cly was synthesized as outlined in Dhara (1970) and a freshly
prepared agueous platinum solutiop was used for reaction with the
oligomers. Initially, one equivalent of cis-Pt(NH3),Cl, per strand of
oligomer was added to the reaction mixture, the solution was then sealed
and stored in the dark at room temperature for two days. After this
time, the pH of the reaction mixture was found to have dropped to between
Fou} and two. . The pH.oF the solution was adjusted to seven using a
dilute ammonjum hydroxide solution and the reaction mixture was again
sealed and stored in the dark at room temperaturef

The progress of the platination reaction could be followed by UV
spectroscopy and by reverse phase HPLC. Examination of the UV spectrum
over the course of the reaction showed a shift in both the Apax and Apin
to longer wavelengths. This was a8 general result seen for all oligomers
examined here and has also been documented elsewhere (Girault et al.
1982a). The UV data for the three oligomers d(GpTpG), d(GpTpTpG),
d{GpTpTpTpG) as well as their platinated adducts is given in Table |.

HPLC was most useful in following the progress of the reaction. The
reverse phase column used was a Waters Cyg Nova Pak. The mobile phases

were A) 0.1 M ammonium acetate, pH 7 and B) methanol, run over a gradient
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from 0-409 methanol at a flow rate of 0.8 mi/min. As observed by HPLC,
the oligomer-platinum reaction was rapid for the first 24-48 hours after
which time the reaction rate decreased markedly. After seven days all
reaction had stopped and if results indicated the reaction not to be
complete, another 0.5 equivalents of cis-Pt(NH3),Ci, was added to the
mixture. The solution was again sealed and stored in the dark. At this
point, only one or two more days were necessary to aliow the reaction to
go to completion. HPLC was not onily helpful in following the progress of
the reaction but also illustrated that for each platination carried out,
only one major product was formed. In each case, under the conditions
used, the platinated oligomer had a slightly shorter retention time than
the starting material.

The reaction mixture was purified by loading the agueous solution
onto a Waters C|g Sep Pak, washing the mini-column several times with
pure water to remove unreacted platinum salts, and then eluting the
desired product from the C;g column using a solution of 30% acetonitrile
in yater. The product, gi§-Pt(NH3)2[d(GXnG)] was lybphylized to dryness
and isolated as the ammonium salt.

The purified platinum-oligomer complexes were examined by HPLC, 1y
NMR, and platinum analysis by ICP (ly. The 1ICP analysis confirmed a
platinum:oligomer ratio of one to one. The HPLC results showed that only
one major product was formed in each case, with the platinated material
having only a slightly shorter retention time than the normal oligomer.
Analysis by UV spectroscopy revealed that in each reaction, greater than

95% of the initial UV absorbing material was recovered as the platinated

1, Thanks to Johnson Mathey for the platinum analysis.



Table |

Wavelength (nm) of absorbance maxima and minima of short DNA
oligomers before and after reaction with ¢cis-Pt(NH3)>Clp.

;\nax )\min
d(GTG) 254 228
cis-Pt(NH3)p[d(GTG)-N7(1),N7(3) 260.5 234.5
d(GTTG) 255.5 228.5
cis-Pt(NH3)o[d(GTTG)-N7(1).N7(4) 261.5 234.5
d(GTTTG) 257 229.5

cis-Pt(NH3)»[d(GTTTG)-N7(1),N7(5) 262 234
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product. These results, along with the NMR data which are to follow, led
to the conclusion that the products formed in each reaction were
intrastrand cis-Pt(NH3)2[{N(7)G]p crosslinks with internal buiges of one,
two, and three thymine bases respectively.

Both the product and starting material were checked by !H NMR at
approximately 700C. The assignments of observed proton resonances to
specific nucleotides in the oligomer sequence have been based on
calculated chemical shift values according to the work of Bell et al.
1985, Table 2. As has been observed in previous studies (Girault et al.
1982a, Chottard et al. 1980), platination of the guanine bases in the
oligomers resulted in the downfield shift of the G-H8 resonances. This
effect has been illustrated in Figure 22 for the three strands used in
this study, and the following sequences have been included for
comparison, cis-Pt[d(GpCpG)] (den Hartog et al. 1983) and cis-Pt[d(GpG)]

(den Hartog et al. 1982).

3.3.1 pH Titration Studies

The primary method which has been used to determine the site of
cis-Pt(NH3)2Cl, reaction with DNA oligomers is a pH titration of the
complexes as monitored by !H NMR (Neumann et al. 1984, Marcelis et al.
1983a, Caradonna et al. 1982, Chottard et al. 1980). The major reaction
sites which have been observed for the various bases are N(7), N(l) and
possibly O(6) of guanine (Hitchcock et al. 1983, Maquet et al. 1983,
Chottard et ai. 1980), N(1) and N(7) of adenine, N(3) and N(4) of
cytosine, and 0(2), 0(4) and N(3) of deprotonated thymine, with the

strongest preference being shown for N(7) of guanine. By carrying out a

68



Table 2

Assignment of proton chemical shifts (ppm) for short
oligomers based on calculated values at 700C.

3’

' dGpTpG ! dGpTpTpG H dGpTpTpTpG
! 1-2-3 ' 1-2-3-4 ! 1-2-3-4-5
! calc obs ! calc. obs. | calc. obs.
zZ===Zz====== : 4+t ittt : g : Tt
5’ i ) i
G H8 ' 7.981 7.879 | 7.943 7.888 | 7.943 7.901
Hi’ ' 6.232 6.160 | 6.261 6.195 | 6.259
§ { t
] [} ]
T Hé ! 7.540 7.473 | 7.580 7.567 | 7.607 7.588
H1’ ! 6.240 6.168 | 275 6.210 | 6.294
CH3 ! 1.807 ' 1.804 H 1.837
] ] ]
1 ] [}
T He b e e ' 7.534 7.508 | 7.573 1.577
H1” T e DD L ! 6.249 6.141 ! 6.284
CH3 S b Dt ! 1.836 ! 1.833
I L] 1
T Hé6 | mmm—— mmeee o m———_— e ! 7.555 7.520
H1’ e b mmm——— s ' 6.264
CH3 et T D b mmm——— m—e—— ! 1.867
1 [} t
t ] 1
G H8 ! 7.965 7.956 | 7.992 7.958 | 7.989 7.96¢2
H1’ ! 6.254 6.207 | 6.278 6.223 | 6.274
] 1 ]
i ] ]
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pH titration on the DNA oligomer, both before and after reaction with
cis-Pt(NH3)2Cl,, the sites of platinum binding can be determined. This
is possible because the sites in the molecule open to attack by platinum
are also the sites which can be protonated i.e. N(7) of guanine, or
deprotonated i.e. N(3) of thymine. Whether the reaction is by
protonation or deprotonation of the nitrogens on the heterocyclic bases
or reaction by gingt(NH3)22+ at similar sites, each reaction results in
a change in the electron density in the heterobase ring system. The
overall effect, pertinent to reaction site determination, is an observed
change in the chemical shifts of the non-exchangeable protons on the
bases involved. |

The three deoxyoligonucleotides d(GpTpG), d(GpTpTpG), d(GpTpTpTpG),
and their cis-Pt(NH3), analogs have been examined by !H NMR over a wide
pH range, Figures 23-25 and Figures 26-28 respectively. The chemical
shift vs. pH data for the non-exchangeable base protons and the Hl1’ sugar

protons, where discernable, are given in Tables 3-8.

3.3.2 Titration Studies of Parent Oligomers

Examination of the G-H8 signals for the normal strands, Figure 23,
24, and 25, indicates little change in the chemical shift for these
resonance signals over the pH range four to nine. For pH values which
are less than four, the G-H8 resonance begins to move downfield, which
indicates the protonation of the N(7) site on guanine. The pKa for this

site has been reported to be 2.4 (Martin 1985, lzatt et a

al.

1971). When

the pH was taken above nine there was a small shift in the G-H8 signal to
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higher field, which has been attributed to the deprotonation of the N(1)
of guanine, pKa = 9.5.

The T-H6 resonance for the different unplatinated oligomers exhibit
little movement over most of the pH range examined. It was not until the
pH was taken above ten that a small shift of the H6 signal to higher
field was observed, the result of deprotonation at N(3), pKa = 9.9
(Martin, 1985). The chemical shift of the T-CH3 group appears

insensitive to N(3) deprotonation and therefore has not been given.

3.3.3 Titration Studies of Oligomers Compiexed with Cisplatin

Examining the results obtained for the platinated species, as shown
in Figure 26, 27, and 28, several changes are readily apparent when
compared to results for their respective,non-platinated parent
oligomers. Focussing on the G-H8 resonances, over the pH range 1.5-7,
there is no effect on chemical shift with the change in pH. It is
important to note that the protonation of guanine N(7), observed in the
normal strands at pH values below four, has not occurred. This resuit
indicates that the N(7) site on guanine base is no longer open to
protonation and is an indication that the purine N(7) site is occupied by
a platinum atom. The presence of the platinum at the guanine N(7) site
is further suggested by the overall shift of the G-H8 curve to lower
field. The formation of the Pt-N coordinate covalent bond, which uses
the lone pair of electrons on the ring nitrogen, decreases the electron
density in the heterobase ring system resuliting in the 6bserved downfield
shift of the G-HB8 resonance. Examining the basic pH range, the G-H8

curves show a shift to higher field with the deprotonation of N(1). In
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TABLE 3

Chemical shift as a function of pH;
d(GpTpG), 3.95 mM, 22.40(C.

1-2-3
Chemical Shift vs pH -

Proton 'pH 3.4 4.0 4.5 4.9 5.5

G(l1)-H8 ! 8.126 8.025 8.002 7.995 7.990

G(3)-H8 ! 7.987 7.904 7.886 7.880 7.876

T{2)-H6 | 7.434 7.417 7.414 7.413 7.411

G(3)-HI" ! 6.206 6.188 6.183 6.182 6.181

T(2)-H1" | 6.147 6.134 6.131 6.130 6.128

G(1)-H1" ! 6.122 6.112 6.110 6.109 6.108

Proton | pH 6.1 6.7 8.1 8.7 9.4

_________ | e e r o e e e o A T T T S e e S - S S S g - o W S
_________ |z=z=zz=s=z=c====szssss=sossssssssssssss=soss=sass
G(1)-H8 ! 7.990 7.989 7.988 7.986 7.9717

G(3)-H8 | 7.875 7.750 7.872 7.865 7.836

T(2)-H6 | 7.409 7.411 7.409 7.408 7.397

G(3)-H1" ! 6.181 6.181 6.182 6.181 6.183

T(2)-Hl" ! 6.128 6.129 6.130 6.181 6.142

G(1)-HI" ! 6.107 6.109 6.109 6.112 6.126

Proton pH 10.3 11.1 11.7

G(1)-H8 7.949 7.935 7.933

T(2)-H6 7.389 7.421 7.436
G(3)-Ht’ 6.198 6.223 6.232
T(2)-HI' 6.173 6.218 6.227

i

1

|

t

' . .
G(3)-H8 | 71.776 7.767 7.768

1

G(1)-H1"



TABLE 4

Chemical shift as a function of pH;
d(GpTpTeG), 3.95 mM, 22.40C,

1-2-3-4
Chemical Shift vs pH

Proton 'pH 3.3 3.9 4.5 5.0 5.7
G(4)-H8 ! 8.222 8.062 8.007 7.997 7.991
G(1)-H8 | 8.056 7.949 7.915 7.909 7.905
T(2)-H6 | 7.577 7.568 7.565 7.564 7.564
T(3)-H6 | 7.476 7.463 7.458 7.458 7.457
G(4)-H1" | 6.236 6.210 6.200 6.199 6.198
T(2)-H1" | 6.185 6.196 6.200 6.199 6.198
G(1)y-HI" | 6.202 6.170 6.166 6.166 6.165
T(3)-H1" | 6.097 6.090 6.087 6.087 6.086
Proton {pH 6.7 7.0 7.9 8.7 9.4
_________ |z=z=zzzz=z===z=z==z===zzz===szzs==sszs=sz=ssszsszoooss
G(4)-HB ! 7.989 7.990 7.988 7.988 7.982
G(1)-HB | 7.903 7.904 7.901 7.895 7.872
T(2)-H6 | 7.560 7.564 7.561 7.561 7.550
T(3)-HE6 | 7.453 7.456 7.455 7.455 7.448
G(4)-H1" ! 6.197 6.198 6.198 6.199 6.202
T(2)-H1" ! 6.197 6.198 6.198 6.199 6.202
G(1)-Hl" | 6.163 6.165 6.165 6.168 6.174
T(3)-H1’ | 6.084 6.086 6.086 6.090 6.100
Proton 'pH 10.1 10.7 11.1 11.6
_________ N
_________ lzzz=z=zz==z=====z===z======s=========z=z====

G(4)-HB8 ! 7.963 7.949 7.946 7.946

G(1)-H8 ! 7.813 7.782 7.7717 7.777

T(2)-H6 |} 7.524 7.506 7.501 7.502

T(3)-H6 | 7.437 7.443 7.457 7.470

G(4)-H1" | 6.230 6.268 6.328 6.364

T(2)-H1" ! 6.215 6.232 6.248 6.258

G(1)-H1" | 6.194 6.219 6.236 6.248

T(3)-HL" | 6.151 6.232 6.286 6.329



TABLE 5

Chemical shift as a function of pH;
d(GpTpTpTpG). 3.95 mM, 26.50C,

1-2-3-4-5
Chemical Shift vs pH
Proton 'pH 2.3 3.0 4.5 6.6 8.0
G(5)-H8 ! 8.854 8.481 8.099 7.985 7.984
G(1)-H8 | 8.687 8.253 7.973 7.908 7.903
T(2)-H6 |} 7.612 7.609 7.601 7.598 7.595
T(3)-H6 ! 7.643 7.609 7.589 7.581 7.577
T(4)-Ho ! 7.560 7.529 7.497 7.488 7.484
Proton 'pH 8.4 9.0 9.7 10.5 11.7
_________ b o o o e e e o . v M A o o S > " T T o — - —— —— " " — — e T T o o e e
_________ !z===z==ss==z===ccss=ssssss==sssosssssss=ssss=szss==s
G(5)-H8 | 7.984 7.983 7.975 7.953 7.900
G(1)-H8 ! 7.903 7.896 7.862 7.795 7.784
T(2)-H6 | 7.597 7.595 7.583 7.544 7.528
T(3)-H6 | 7.579 7.577 7.564 7.526 7.494
T(4)-H6 | 7.487 7.486 7.479 7.469 7.500
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the platinated species, the proton at N(1l) of guanine is slightly more
acidic, a generally observed result (Chottard et al. 1980b).

A comparison of the thymine H-6 signals between the platinated
species and their non-platinated parent molecules shows little change in
chemical shift as a result of reaction with cis-Pt(NH3),Cl1,. Most
noteworthy is the shift to higher field, both before and after reaction
with cis-Pt(NH3)pClo, by the T-H6 signals for pH values greater than
eight. This result indicates that the N(3)-H site is unaffected and that
platination has not occurred on any thymine bases in the molecules

studied.

3.3.4 Conclusion to Cisplatin-Oligomer Product Analysis

Combining the results from the pH titrations along with those from
HPLC and ICP data, it was concluded that the reaction of d(GpTpG),
d(GpTpTpG), and d(GpTpTpTpG) with cis-Pt(NH3),(Cl)> formed one to one
platinum-oligomer complexes. The nature of the binding was an
intrastrand crosslink between the platinum and the two N(7) positions of
the terminal guanine bases. The intervening bases, consisting of one,
two, and three thymine bases respectively, have been forced out of the
stack by the platinum clipped guanine bases forming a bulged loop

structure.

3.4.1 Variable Temperature Studies

The use of variable temperature (VT) experiments have been a vital
tool in the examination of nucleic acids (Alkema et al. 1982, 1981,

Romaniuk et al. 1979). Whether it is used in conjuction with UV, CD, NMR
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TABLE 6

Chemical shift as a function of pH;
cis-Pt(NH3)>[d(GpTPG)~-N7(1),N7(3)], 3.90 mM, 23.4°C.

1-2-3
Chemical Shift vs pH

Proton 'pH 1.5 1.9 2.6 3.4 4.5
G-H8 ! 8.366 8.369 8.367 8.367 8.370
G~H8 ' 8.352 8.353 8.352 8.353 8.353
T-H6 ' 7.679 7.677 7.683 7.683 7.684
H1’ g 6.303 6.305 6.306 6.307 6.307
H1’ ' 6.244 6.244 6.243 6.243 6.243
HL’ ! 6.244 6.244 6.243 6.243 6.243
Proton 'pH 5.5 6.8 7.7 8.0 8.5
G-H8 H 8.370 6.361 8.304 8.277 8.208
(G-H8 ! 8.353 8.347 8.304 8.284 8.229
T-H6 ' 7.684 7.683 7.677 7.677 7.672
HI1’ ' 6.308 6.307 6.305 6.307 6.308
HL’ ' 6.243 6.241 6.237 6.236 6.231
H1’ ! 6.243 6.241 6.232 6.228 6.217
Proton pH 9.2 9.8 10.2

G-H8 8.072 7.953 7.876
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TABLE 7

Chemical shift as a function of pH;
Ccis-Pt(NH3)>[d(GpTRTPG)-N7(1),N7(4)]. 3.95 mM, 23.40C.

1-2-3-4
Chemical Shift vs pH

Proton 'pH 1.5 2.0 3.2 4.1 5.9
o= -s=D==== : T TS DT S S S oSS S o oSS EESoES o IToDIIZ=Z========
G-H8 ! 8.487 8.491 8.493 8.491 8.493
G-H8 ! 8.357 8.356 8.356 8.356 8.355
T-H6 ! 7.611 7.616 7.619 7.618 7.618
T-H6 ! 7.543 7.546 7.548 7.546 7.547
H1’ ! 6.267 6.267 6.268 6.267 6.268
HL' ! 6.232 6.231 6.231 6.231 6.231
H1’ ' 6.180 6.181 6.187 6.181 6.182
H1’ ! 5.944 5.942 5.942 5.938 6.940
Proton 'pH 6.7 7.6 7.9 8.6 9.1
G-H8 ! 8.493 8.483 8.472 8.443 8.413
G-H8 ' 8.351 8.316 8.293 8.195 8.118
T-H6 ! 7.618 7.616 7.612 7.605 7.593
T-H6 ! 7.547 7.547 7.542 7.542 7.542
HL’ ! 6.268 6.269 6.268 6.275 6.281
Hi” ! 6.231 6.224 6.222 6.207 6.193
HI” ' 6.181 6.185 6.188 6.193 6.199
Hi’ ' 5.942 5.958 5.965 ©.014 6.048
Proton pH 9.7 10.1

G-H8 8.382 8.372

G-H8 8.039 7.989

H1’ 6.289 6.294
H1* 6.180 6.178
HL’ 6.209 6.226
HL’ 6.085 6.122



TABLE 8

Chemical shift as a function of pH;

cis-Pt(NH3) 2 [d(GpTRTPTPG)-N7(1),N7(5)], 3.95 mM, 21.50C.
1-2-3-4-5

Chemical Shift vs pH

Proton '\ pH 2.0 2.5 3.5 4.8 7.6
_________ b o e e o e e o e i o e e+ At b o A o e = o = T = T e o o = v -
G-H8 ' 8.516 8.517 8.514 8.511 8.510
G-H8 ' 8.394 8.393 8.394 8.395 8.378
T-H6 ] 7.634 7.637 7.637 7.629 7.636
T-H6 ! 7.615 7.617 7.617 7.614 7.617
T-H6 ' 7.615 7.617 7.617 7.614 7.617
T-CH3 ! 1.864 1.864 1.863 1.862 1.863
T-CH3 ! 1.834 1.836 1.837 1.836 1.836
T-CH3 i 1.763 1.762 1.754 1.752 1.765
Chemical Shift vs pH
Proton ipH 8.4 8.9 9.0 10.0 11.4
_________ b e e e e e e e e e e e e e e e e e e S o o o e et e o = o = et o = e e m 46 T o
G-H8 ' 8.466 8.426 8.417 8.321 8.319
G-H8 ' 8.306 8.247 8.239 8.110 7.917
T-H6 ' 7.626 7.627 7.623 7.587. 7.500
T-H6 ' 7.626 7.627 7.623 7.634 7.562
T-H6 ' 7.599 7.575 7.564 7.474 7.426
T-CH3 ' 1.866 1.867 1.867 1.867 1.845
T-CH3 | 1.836 1.838 1.837 1.846 1.845
T-CH3 ! 1.764 1.761 1.757 1.748 1.767
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or other technigues, VT work allows the study of intra and intermolecular
interactions as a function of temperature. For oligomers which are
non-complementary, i.e. are unable to form a base-paired, double
helix-1ike structure; VT resuits can reveal intrastrand base stacking as
well as the accompanying changes in the sugar-phosphate backbone
structure. When base~pairing occurs between complementary or partially
complementary oligomers and a double helix type structure is attained,
the formation can be monitored using variable temperature conditions.

uv, CD, and other spectroscopic methods of this type are useful in
that they allow the observation of helical structure formation in an
overall sense. Results from these techniques, however, are unable to
detect the movement of the individual bases and various backbone
components. To this extent, the use of NMR has been most valuable and
widely employed. All of the different types of nuclei found in nucleic
acids are observable by NMR - lH, 13c, 3lp, 15N, and !70 - and have been
utilized by many researchers. The mainstay of the work has utilized lH
NMR.

In this research, variable temperature lH NMR has been used to study
the effects of platination on the structure of short, non-complementary
deoxyoligomers. The sequences studied were d(GpTpG), d(GpTpTpG),
d(GpTpTpTpG) and their cis-Pt(NH3)2(Cl)p analogs. The results from the
VT work for the normal oligomers have been listed in Tables 9-11, and the ‘
chemical shift versus temperature data plotted in Figures 29-31.

The non-complementary base sequence of the deoxy oligomers, and the
presence of the poor stacking thymine bases results in few changes in the

" chemical shift with temperature variation. Examination of the plots of
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TABLE 9

Chemical shift as a function of temperature;
d(GpTpG), 3.5 mM, no salt, no buffer.

1-2-3

Chemical Shift vs Temperature (C)
Proton 1 T(C) 70.7 60.3 50.6 40.8
—=—======= : g el et et e el et e il
G(1)-H8 | 7.956 7.962 7.969 7.975
G(3)-H8 ! 7.879 7.879 7.878 7.876
T(2)-H6 | 7.473 7.464 7.446 7.433
G(3)-H1" | 6.207 6.203 6.199 6.193
T(2)-H1’ | 6.168 6.167 6.159 6.148
G(1)-HI" | 6.160 6.152 6.144 6.134
Proton I T(C) 30.7 20.3 10.6
_________ Ve e e e e e o i i o o e o ———
_________ |2z=========z===z===zz===z===z=======
G(1)-H8 | 7.982 7.990 7.997
G(3)-H8 | 7.872 7.867 7.859
T(2)-H6 ! 7.420 7.406 7.394
G(3)-H1" ! 6.187 6.180 6.171
T(2)-H1’ | 6.139 6.129 6.116

G(l)-H1"’

20



TABLE 10

Chemical shift as a function of temperature;
d(GpTpTpG), 3.5 mM, no salt, no buffer.

[1-2-3-4

Chemical Shift vs Temperature (C)
Proton 1 T(C) 70.7 60.3 50.6 40.8
_________ } o e o o o e e e o e e e o o - o —
_________ lzz=z=z=zzz=zzz=s=cczzzszzzsssss=sz=zacs=zoa=
G(4)-H8 | 7.958 7.964 7.970 7.976
G(1)-H8 7.888 7.890 7.891 7.892
T(2)-H6 ! 7.567 7.565 7.563 7.562
T(3)-H6 ! 7.508 7.497 7.487 7.476
G(4)-H1" ! 6.223 6.219 6.214 6.210
T(2)-H1" | 6.210 6.210 6.208 6.206
G(1)-HI" | 6.195 6.192 6.187 6.182
T(3)-Hi’ | 6.141 6.133 6.123 6.113
Proton 1T(C) 30.7 20.3 10.6
_________ | o o et e e o e e e et e v -
_________ l========zz====z===z=========s=====
G(4)-H8 | 7.982 7.989 7.995
G(1)-H8 ! 7.892 7.892 7.889
T(2)-H6 | 7.560 7.560 7.561
T(3)-H6 | 7.464 7.452 7.439
G(4)-HI1" | 6.205 6.196 6.190
T(2)=-H1’ | 6.201 6.196 6.190
G(1)-Hi" | 6.176 6.168 6.160
T(3)-H1" | 6.101 6.089 6.077



TABLE 11

Chemical shift as a function of temperature;
d(GpTpTpTpG), 3.0 mM, no salt, no buffer.

1-2-3-4-5
Chemical Shift vs Temperature (C) -

Proton 'T(C) 70.0 60.2 50.5 40.3
sz===zz=z==== : e e S eSS
G(5)-H8 ! 7.962 7.968 7.973 7.978
G(1)-H8 ! 7.901 7.903 7.905 7.905
T(2)-H6 | 7.588 7.590 7.590 7.591
T(3)-H6 | 7.577 7.577 7.576 71.577
T(4)-H6 | 7.520 7.511 7.503 7.495
T-CH3 ! 1.853 1.849 1.846 1.840
T~-CH3 ! 1.853 1.849 1.846 1.840
T-CH3 ! 1.790 1.776 1.764 1.749
Proton 1T(C) 30.1 20.2 10.0
_________ b o e e e e e e e i e e s o e e — —
_________ l=z=z=z==z====z=z=s====z==s=s=========

G(5)-H8 | 7.982 7.988 7.992

G(1)-H8 ! 7.905 7.905 7.904

T(2)-H6 | 7.595 7.599 7.605

T(3)-H6 ! 7.578 7.581 7.585

T(4)-H6 | 7.487 7.482 7.476

T-CH3 ' 1.837 1.834 1.828

T-CH3 | 1.837 1.834 1.828

T-CH3 ! 1.735 1.722 1.707



93
chemical shift vs. temperature for the normal, néncomplexed strands shqws
little significant change in chemical shift over the entire temperature
range studied. These results indicate that there has been no increase in
intrastrand base stacking with decrease in temperature in these
oligomers.

The results for the cis-Pt(NH3), analogues of the above sequences
are listed in Tables 12-14, and the chemical shift vs. temperature plots
are given in Figures 32-34. These data reveal similar results to those
observed for the non- platinated species. Comparing d(GpTpG) with
cis-Pt(NH3)»[d(GpTPG)-N7(1),N7(3)], Figures 29 and 32 respectively, the
curves for the G-HB8 resonances in the platinated adduct have been shifted
downfield over the entire temperature fange studied, a result which has
been previously discussed in the pH titration section. The T-H6 signal
in the platinated material has also been shifted downfieid, approximately
0.2 ppm, although no platination has occurred on the thymine base. This
change in chemical shift is the result of gua-gua intrastrand crossliink
formation which pushes the internal thymine base out o% any intrastrand
base stacking arrangement which may have existed in the normal parent
oligomer. Although it has been shown that the base stacking effects in
the normal strand were minimal, the presence of the 3’ and 5’ purine
bases adjacent to the internal pyrimidine would be expected to have some
shielding effect on the protons of the thymine base. The formation of
the internal bulge upon platination removes the influence of the flanking

bases ie. their diamagnetic shielding effect is removed and as a

" conseguence the T-H6 resonance is shifted downfield.
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Comparing the tetramer and the pentamer with their platinated

analogues, the results again show little change in chemical shift as a
result of temperature variation. In both cases, none of the internal
thymine bases are dually flanked by purine bases, as in the case of the
trimer. As a result, it would be expected that the thymine with the 3’
guanine neighbour would be slightly more shielded than that with the
purine as the 5’ neighbour (Ornstein et al. 1983b). The least shielded
thymine in the pentamer would be the central base which has pyrimidfne
bases as 3’ and 5’ nearest neighbours (Giessner-Prettre and Pullman,
1975a,b; Patel and Tonelli, 1975b). Because the shielding effects of the
purine bases are expected to be less apparent when compared with the
trimer, it would also be expected that platination of the tetramer and
the pentamer would have a lesser effect on the shielding of the internal
thymine bases. This was, in fact, what was observed. In both cases, the
VT curves for the T-H6 protons were only slightly deshielded upon
platination of the guanine. This resuit is again a consequence of bulged
loop formation which forces the internal bases out of any intrastrand
base stacking arrangement present within the parent strand. In the
platinated material, the chemical shifts for the H6 protons of the
different thymine bases have become nearly equivalent reflecting the fact
that these bases now exist in nearly similar environments. This

observation is discussed further in the next section of this work.

3.4.2 Conclusion to Variable Temperature Studies

The following conclusions can be taken from the variable temperature

_studies: In the normal strands there has been little effect on molecular
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TABLE 12

Chemical shift as a function of temperature;

Ccis-Pt(NH3) 2 [d(GpTPG)-NT7(1),N7(3)], 3.5 mM,
1-2-3

no salt, no buffer.

Chemical Shift vs Temperature (C)

Proton T T(O) 70.7 60.3 50.6 40.8
_________ lzzsz==s==z=z=-sszssszzoszzss=sssss==zoo==
G-H8 l 8.116 8.117 8.119 8.120
G-H8 | 8.068 8.082 8.097 8.114
T~H6 : 7.641 7.646 7.651 7.655
H1’ { 6.297 6.302 6.306 6.309
HL’ l 6.226 6.226 6.226 6.225
HL’ : 6.191 6.193 6.196 6.198
Proton 1T(C) 30.7 20.3 10.6
_________ e —

G-H8 | 8.123 8.123 8.125

G-H8 ! 8.135 8.159 8.184

T-H6 ' 7.658 7.661 7.660

H1’ : 6.311 6.311 6.308

H1” ; 6.226 6.223 6.221

H1’ | 6.201 6.204 6.207



TABLE 13

Chemical shift as a function of temperature;

cis-Pt(NH3) > [d(GpTpTPG)-N7(1),N7(4)], 3.5 mM,
1-2-3-4

no salt, no buffer.

Chemical Shift vs Temperature (C)

Proton yTC) 70.7 60.3 50.6 40.8
G-H8 | 8.350 8.366 8.383 8.401
G-H8 | 8.12 8.136 8.141 8.152
T-H6 ; 7.600 7.601 7.602 7.602
T-H6 ! 7.554 7.550 7.547 7.544
H1’ ' 6.256 6.260 6.265 6.269
H1* ! 6.219 6.214 6.209 6.202
H1’ ! 6.196 6.197 6.198 6.202
H1’ ! 6.122 6.104 6.084 6.063
Proton VT(C) 30.7 20.3 10.6
_________ e o e e e e o o A - n o~ > —

G-H8 ' 8.421 8.443 8.464

G-H8 ' 8.166 8.183 8.201

T-H6 ! 7.603 7.604 7.606

T-Ho6 ! 7.542 7.542 7.544

H1* ' 6.273 6.2717 6.282

H1’ ! 6.201 6.190 6.183

H1’ ! 6.201 6.201 6.210

H1’ ! 6.041 6.018 5.999
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TABLE 14

Chemical shift as a function of temperature;

cis-Pt(NH3) > [d(GpTpTPTPG)-N7(1),N7(5)], 3.0mM,
1-2~-3-4-5

no salt. no buffer.

Chemical Shift vs Temperature (C)

Proton 1 T(C) 70.3 58.2 50.8 40.2
G-H8 | 8.500 8.504 8.506 8.512
G-H8 | 8.366 8.372 8.376 8.383
T-H6 t 7.623 7.620 7.620 7.623
T-H6 i 7.614 7.620 7.620 7.623
T-H6 : 7.592 7.595 7.598 7.594
T-CH3 | 1.868 1.866 1.865 1.864
T-CH3 ) 1.835 1.833 1.832 1.832
T-CH3 I 1.821 1.811 1.802 1.788
Proton 1 T(C) 29.8 20.8 10.2

G-H8 | 8.516 8.520 8.524

G-HB ) 8.390 8.396 8.404

T-H6 | 7.600 7.618 7.615

T-H6 : 7.640 7.639 7.649

T-H6 : 7.602 7.618 7.628

T-CH3 : 1.864 1.863 1.865 -
T-CH3 : 1.834 1.836 1.840

T-CH3 | 1.774 1.760 1.742
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conformation as a result of temperature change. There was no significant
increase in the intrastrand base stacking with decrease in temperature.
Formation of the platinum chelate with the terminal guanine bases, which
in turn forced the internal thymine base(s) out of any existing stacking
interaction, resulted in a slight deshielding of the thymine protons.
This result is similar to the observations made for gig-Pt(NH3)2[d(GCG)_
N7(1), N7(3)], (den Hartog et al., 1983). Within the bulged loop region
of the tetramer and the pentamer, where there is the possiblity of
interaction between the bases in the bulge, no evidence of base-stacking
in the loop was observed. In general the structure of the pilatinated
oligomers would appear to be static, with little conformational change as
a function of temperature. This result is not unexpected because of the

conformationally restrictive nature of the platinum chelate.

3.5 Exchangeable Imino Proton Study

Examination of the exchangeable imino protons on the heterocyclic
bases in the study of nucleic acids is most useful in the observation of
double helix formation (Weiss et al. 1984, Patel et al. 1982a, Hilbers et
al. 1975). When Watson-Crick, or other types of base pairs are formed,
it is possible to detect the imino protons involived in the inter base
hydrogen bonds by !H NMR as their exchange rates are greatly decreased
upon base-pair formation. Imino protons have also been observed where
access to these protons by water molecules has been conformationally
restricted, again resulting in a decrease in their rate of exchange with

solvent molecules. The formation of hairpin loop structures in nucleic

acids results in the restricted movement of water to the sites of
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exchangeablie protons on the bases involved in the loop structure
(Haasnoot et al. 1983).

The formation of the intrastrand cis-Pt(NH3)2[N(7)G, N(7)G] complex
is similar to the point of nucleation for the beginning of a hairpin
loop. For a normal hairpin it has been suggested that the minimum number
of bases needed in the loop is three to seven (Haasnoot et al. 1980,
Tinoco et al. 1971). However, when the base of the hairpin is covalently
held together, a smaller number of bases in the loop may be sufficient.
In the formation of the bulged loops with the three sequences examined in
this section by the reaction with cis-Pt(NH3),Cl2, loops of one, two, and
three bases in length are found. As has been observed in larger hairpin
loops, there is restricted access to the exchangeable imino protons on
the thymine bases by water molecules allowing for the observation of
their N(3)-H proton signals in NMR.

The three platinated oligomers were initially examined in a 90:10
H20:D20 solution buffered at pH 7.0. The fact that any signal at all was
observed for the exchangeable protons implies that the rate of exchange
for these protons with the solvent molecules has been decreased. For
both cis-Pt(NH3)2[d(GpTpTpG)-N7(1),N7(4)] and cis-Pt(NH3)2[d(GpTpTPTPG)-
N7(1)},N7(5)], a resonance peak at approximately 11.2 ppm is visible at
00C. This signal has been assigned to the N(3)-H of the thymine bases in
the internal bulge. The signal broadened as the temperature was
increased, with the peak broadening out beyond recognition at 25°C.

These results have been interpreted in a similar manner to signals
assigned to bases found in the loop region of a hairpin structure

(Haasnoot et al. 1980). In the case of the cis-Pt(NH3),[d(GpTpG)-
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N7(1),N7(3)] complex there was no indication of the peak at 11.2 ppm,
even at 09C. For the Pt-trimer molecule, where only one base is looped
out, the absence of the signal at 11.2 ppm suggests that there is
unhindered access to the N(3) site on the lone thymine base for solvent
molecules. When the ioop is made larger, as was the case with the
tetramer and the pentamer, the internal loops must orient themselves in
such a way as to hinder the exchange of the N(3)-H of thymine with the
surrounding water moliecules. As the temperature is increased, an
increase in motion within the loop occurs and the rate of exchange
increases to the point where the signal broadens out completely.

The same experiments were repeated with the system buffered at pH
5.5. Similar results were obtained with minor exceptions. For the
€is-Pt(NH3)o[d(GpTPG)-N7(1),N7(3)], a very broad signal centred about
11.2 ppm was visible at 0°C. This signal was broadened out by 5°C, again
indicating with the trimer complex that the lone thymine base in the
bulge has little steric hinderance to exchange of its imino proton with
water. For the larger loop systems, the decrease in pH helped to sharpen
the resonance signal at iow temperature. Again the signal broadened as
the temperature was increased, completely disappearing by 35°C. An
example of the NMR spectral results for cis-Pt(NH3)2[d(GTTTG)-
N7(1),N7(5)] is given in Figure 35.

A signal of this type has been observed in several different nucleic
acid structures. As stated earlier, a resonance peak has been observed
for the bases found in the loop of a hairpin structure (Haasnoot et al.
1983). Also, in the examination of poly-dT, a signal was observed which

‘has been assigned to the N(3)-H of the thymine bases, resonating at 11.0
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Observation of thymine N(3)-H exchangeable imino proton as a
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function of temperature for cis-Pt(NH3),[d(GTTTG)-N7(1),N7(5)].,

pD 5.5, H20:D70 9:1.
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ppm (Haasnoot et al. 1983, 1979). This result has the closest chemical
shift to that observed in the platinated species and, in the case of
poly-dT, has been interpretéd as the formation of a random coil
conformation rather than a helical structure. A similar interpretation
would likely apply in the cisp]atin—oligomer complexes, where some form
of structurally crowded grouping is present in the loop region of the

complex, not likely containing any helical nature.

3.6 Conclusions

In the study of the oligomers d{(GpTpG), d{(GpTpTpG) and d(GpTpTpTpG),
all were found to react with cis-Pt(NH3)2(Cl1), to form one major reaction
product. The site of the platinum binding has been determined by pH
titration as followed by l|H NMR, with reaction occurring only at the N(7)
site of the guanine bases. fhe nature of cis-Pt(NH3),Cl1, binding to the
three different oligomers was the formation of an intrastrand
platinum-[N(7)G]> chelate between the terminal guanine bases in the
oligomers. The internal thymine bases in all three sequences have been
forced out of a single strand stacking conformation to form bulged loops,
with the intramolecular movement within the whole complex being somewhat
restricted. Although there was no indication for the interaction between
bases within the loop, there was evidence for the restricted interaction
of water molecules with this loop section of the molecule. This decrease
in interaction between the solvent and the loop region of the complex
allowed the observation of the exchangeable thymine imino protons at low

temperature. The loop region, as a result, is believed to take up a
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random coil-like conformation which sterically hinders the access of

water molecules to this section of the platinum-oligomer complex.



Chapter Four

4.1 Introduction

4.1.1 cis-Pt(NH3),Cl,> interaction with longer deoxyribonucleic

acid oligomers.

The interaction of the anti-tumor compound gig—Pt(NH3)2(c])2 with
DNA has been widely studied but the mode of action of the drug has not
yet been completely elucidated. There have been several mechanisms
proposed for the platinum compound’s anti—neop]astic activity, many of
which have fallen out of favour as research on the drug has progressed.
As recently as 1983, it was thought that the formation of the
cis-Pt(NH3)2[d(GpG)] complex within a strand of DNA resulted in the
complete disruption of hydrogen bonding ability in the complexed region
of the molecule (Caradonna et al. 1982, Girault et al. 1984b, Marcelis et
al. 1983b). Closer scrutiny of the short oligomer strands used in the
earlier work which led to this conclusion, however, reveals shortcomings
in the choice of sequence. In several instances self-complementary
strands were studied, ie. d(AGGCCT) (Caradonna et al. 1982), which result
in two platinum chelates per double helix with only terminal A-T base
pairs to secure the duplex. Results have shown that structural
modifications of the duplex to this extent did not allow the formation of
the double helix. More recent work using two complementary sequences

ie. (1) d(CATCGGCATC) + (2) d(GATGCCGATG), where only strand (1)

contained the cis-Pt(NH3)2[d(GpG)] compliex, has resulted in the formation

107
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of a double helix (Kozelka et al. 1986). Not only was the formation of
the dupiex observed, but the core G-C base pairs were shown to be stable
to 359C under the conditions used. Several other publications using
compliementary sequences have arrived at similar results (den Hartog et
al. 1985a, 1984a, 1984b, van Hemelryck et al. 1984). With the
understanding that it was possible to have dupiex formation which
included deoxyoligomers modified with cis-Pt(NH3)2(Cl)2, our work using
internal loops was extended to longer oligomer strands.

Focussing on the metal atom in the platinum-DNA adduct, the square
planar geometry about the platinum(l]) restricts the distances and angies
within the region of the chelate. The bond angie between the two dG-N(7)
sites centred on the platinum atom would be approximately 900 and the
distance between the two N(7) atoms would also be fixed (Figure 36).
Applying these parameters to the structure of any of the platinated
oligomers, regardless of the type of chelate ie. d(GpG) or d(GpXppG), the
geometry about the guanine bases, i.e. distances and angles, would be
fixed by the platinum atom. Results from den Hartog et al. (1983, 1982)
have shown an important structural difference between the a(GpG) and the
d(GpCpG) oligomers after they have been reacted with
cis-Pt(NH3)2(Cl)2. Their work has shown that in the cisplatin-dimer
complex, both of the guanine bases remain in the anti conformation with
respect to their sugar moieties (den Hartog et al. 1982). In the case of
the cisplatin-trimer adduct it was shown that one guanine retains the
original anti conformation while the second guanine, perhaps as a means

for relief of strain in the chelate, has rotated about its glycosyl bond

into a more syn-1ike conformation (den Hartog et al. 1983). The
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Figure 36
Proposed structural conformation about the platinum atom
in @ cisplatin-DNA adduct. Illustration shows the guanine-
guanine distance (d), the Pt—gganine bond length (b), and

the G(N7)-Pt-G(N7) bond angle (a) in the complex.
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importance of this alteration in orientation is the loss of the guanine
base in the syn conformation from participation in hydrogen bond
formation. This result is an important factor in the loop structures
formed in the present sthy and consequently, their ability to form base

pairs.

4.1.2 Qutline

To continue the work described in Chapter 3.1, it was desirable to
incorporate the internal bulged loops formed by reaction of
cis~Pt(NH3)2(Cly, with deoxy oligomers into longer oligomer strands to
determine their ability to form dupiex structures. This section of the
reseach has been divided into four sections A) The characterization of
the non-complementary deoxyoligomers; (i) d(CTGGTC), (ii) d(CTGTGTC), and
(iii) d(CTGTTGTC) as well as their cisplatin adducts, B) The
investigation of normal duplex formation by (i), (ii), and (iii) with
their complements, (iv) dGACCAG, (v) dGACACAG, and (vi) d{GACAACAG)
respectively, C) The study of duplex formation between the
non-complementary sequences (ii) + (iv), and (iii) + (v), both of which
contain an extra internal thymine base on one strand, and (iii) + (iv)
where (iii) contains two extra internal thymine bases and D) The
investigation into duplex stability for the mixtures (i-Pt) + (iv),
(ii-Pt) + (v), (iii-Pt) + (vi), which are all fully complementary
mixtures, (ii-Pt) + (iv) and (iii-Pt) + (v), both of which are missing
the complement to the looped out thymine, and (iii-Pt) + (iv) where the
complements to both thymine bases involved in the internal bulge are

missing. This has been outlined on Table 15.



Tablte 15

Proposed experiments with normal and
platinated deoxy oligomers.

A) Incorporation of loops into longer strands.

1. (1) dCTGGTC

2. (i-Pt)  cis-Pt(NH3)>[d(CTGGTC)-N7(3),N7(4)]
3. (i) dCTGTGTC

4. (ii-Pt) cis-Pt(NH3)2[d(CTGTGTC)-N7(3),N7(5)]
5. (iii) dCTGTTGTC

6. (iii-Pt) cis-Pt(NH3)o[d(CTGTTGTC)-N7(3),N7(6)]
B) Investigation into normal duplex stability.

7. (1) dCTGGTC + (iv) dGACCAG

8. (ii) dCTGTGTC + (v) dGACACAG

9. (iiji) dCTGTTGTC + {(vi) dGACAACAG

C) Formation of imperfect duplexes.

10. (ii) dCTQTGTC + (iv) dGACCAG
Presence of one extra thymine base.

11. (iii) dCTGTTGTC + (v) dGACACAG
Presence of one extra thymine base.

12. (iii) dCTGTTGTC + (iv) dGACCAG
Presence of two extra thymine bases.

D) Duplex formation with platinated seqguences.

13. (i-Pt) €is-Pt(NH3)o[d(CTGGTC)-N7(3),N7(4)]
+ (iv) dGACCAG.

14, (ii-Pt) cis-Pt(NH3)p[d(CTGTGTC)-N7(3),N7(5)]
+ (v) dGACACAG.

I5. (ii-Pt) cis-Pt(NH3)2[d(CTGTGTC)-N7(3),N7(5)]
+ (iv) dGACCAG.

16. (iii-Pt) cis-Pt(NH3),[d(CTGTTGTC)-N7(3),N7(6)]
+ (vi) dGACAACAG.

17. (iii-Pt) cis-Pt(NH3)>[d(CTGTTGTC)-N7(3),N7(6)]
+ (v) dGACACAG.

18. (iii-Pt) cis-Pt(NH3)[d(CTGTTGTC)-N7(3),N7(6)]
+ (iv) dGACCAG.



112

4.2.1 Internal lcops in longer strands

The sequences investigated were (i) d(CTGGTC), (ii) d(CTGTGTC) and
(iii) d(CTGTTGTC) as well as their cis-Pt(NH3)2(C1), adducts, (i-Pt),
(ii-Pt), and (iii-Pt) respectively. The normal deoxy oligomers were
prepared by a phosphotriester method, as previousliy outliined in Chapter
2. The formation of the cis-Pt(NH3)(Cl1), adducts was performed as given
in the previous section and the reactions were again monitored by UV and
reverse phase HPLC. As with the platinum reactions in the previous
study, platination of the deoxy oligomers was accompanied by a shift in
the UV to longer wavelengths for both the Apax and the Apin. (Table 16).
HPLC and !H NMR results indicated only one major product was recovered
from the three platinum-oligomer reactions and in each case UV analysis
showed this product to contain greater than 95% of the original UV
absorbing material. Assignment of the proton resonances of the parent
oligomers to a specific nucleotide has been carried out using calculated
chemical shift values obtained by the method of Bell et al. 1981, Table

17.

4.2.2 pH Titration Studies

The reactive sites on the deoxyribonucleic acid oligomers towards
cis-Pt(NH3)2(Cl)» were determined by the comparison of pH titration
results for the normal and platinated oligomer strands as obtained by
proton NMR. The experimental data have been listed in Tables 18-23 and
plots showing the change in chemical shift as a function of pH from this

work are given in Figures 37-42.
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Tabie 16

Wavelength (nm) of absorbance maxima and minima of DNA
oligomers before and after reaction with gi§~Pt(NH3)2C]2,

;\max Amin
d(CTGGTC) 257 : 230
~cis-Pt(NH3)2[d(CTGGTC)-N7(3),N7(4) 265 236
d(CTGTGTC) 258 231
cis-Pt(NH3),[d(CTGTGTC)-NT7(3),N7(5) 265 236
d(CTGTTGTC) , » 262 233

gingt(NH3)2[d(CTGTTGTC)-N7(1).N7(5) 265 235



Table 17

Assignment of aromatic proton chemical shifts (ppm)
for longer oligomers based on calculated values at 700C.

! dCpTpGpGpTRC | dCpTpGpTpGpTPC | dCpTpGpTpTpGpTPC

' 1-2-3-4-5-6 : |-2-3-4-5-6-7 | 1-2-3-4-5-6-7-8

] t |

] ] ]

' calc obs ! calc. obs. ' calc. obs.
______ b o e o o o o e e e o e i v | e e e e e o o o e e e e e b o o e o e e e
------ | 5t i e i B il
5 : !

C Heé | 7.744 7.728 |} 7.753 7.733 | 7.753 7.767
HS | 5.999 5.985 ! 5.999 5.987 | 5.999 6.037

| ] 1

1 1 1
T Hé6 | 7.561 7.468 | 7.575 7.398 ! 7.584 7.479

CH3! 1.826 1.853 | 1.858 1.856 ! 1.859 1.847

] [} [}

] 1 ]

G H8 | 7.920 7.813 | 7.946 7.913 ! 7.971 7.927

] ] ]

1 1 1
T H6 | ===  ————- ! 7.580 7.490 ) 7.599 7.494

CH3!  —=ove e ! 1.821 1.736 | 1.812 1.747
] [} i
] ' ]
T H6 ! =o' —meen b mmeem o ! 7.583 7.467
CH3!  —--=- === e ! 1.855 1.817

| ] ]
G H8 | 7.961 7.907 | 7.961 7.919 ! 7.991 7.932

] ] §

T Hé6 | 7.582 7.500 ! 7.587 7.512 | 7.613 7.502
CH3} 1.805 1.757 | 1.825 1.759 | 1.844 1.754

] ] ]

] ] 1
C Heée | 7.802 7.819 | 7.808 7.828 | 7.808 7.837

HS | 6.040 6.031 ! 6.068 6.040 ! 6.068 6.069

t [} H

] ] '
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TABLE 18

Chemical shift as a function of pH;
d(CpTpGpGpTpC), 1.5 mM, 250C, no salt, no buffer.

1-2-3-4-5-6
Chemical Shift vs pH
Proton 'pH 3.0 3.7 5.2 6.0 7.5
G(4)-H8 | 8.131 8.002 7.935 7.930 7.927
G(3)-H8 | 8.077 7.910 7.814 7.807 7.805
C(6)-HE | 8.067 8.049 7.902 7.836 7.814
C{1)-HE6 | 8.054 8.032 7.862 7.778 7.746
T(2)-H6 | 7.593 7.505 7.468 7.442 7.435
T{5)-H6 ! 7.593 7.505 7.468 7.442 7.435
C(6)-H5 | 6.475 6.162 6.079 6.023 6.006
C(1)-H5 | 6.213 6.112 6.034 5.972 5.952
T(2)-CH3 | 1.854 1.847 1.839 1.830 1.832
T(5)-CH3 ! 1.745 1.735 1.712 1.694 1.694
Proton ‘pH 8.5 9.3 10.5 11.5
G(4)-H8 | 7.928 7.929 7.924 7.919
G(3)-HB | 7.803 7.802 7.791 7.789
C(6)-Ho | 7.818 7.816 7.807 7.805
C(l)-H6 | 7.745 7.742 . 7.694 '7.646
T(2)-H6 | 7.440 7.435 7.455 7.483
T(5)-H6 | 7.433 7.435 7.403 7.405
C(6)-HS |} 6.007 6.005 5.995 5.993
C(1)-H5 | 5.950 5.950 5.935 5.920
T(2)-CH3 ! 1.830 1.831 1.824 1.822
T(5)-CH3 | 1.692 1.696 1.719 1.755
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TABLE 19

Chemical shift as a function of pH:
d(CpTpGpTrGpTpC), 1.5 mM, 250C, no salt, no buffer.

[-2-3-4-5-6~7
Chemical Shift vs pH
Proton 1pH 3.0 3.5 4.5 5.0 6.0
G(5)-H8 | 8.184 8.044 7.960 7.954 7.939
G(3)-H8 | B.168 8.038 7.956 7.945 7.922
C(7)-H6 | 8.082 8.067 8.014 7.977 7.839
C(l)-H6 | 8.053 8.036 7.976 7.931 7.763
T{(4)-H6 | 7.553 7.539 7.523 7.521 7.485
T(6)-H6 ! 7.553 7.539 7.523 7.514 7.468
T(2)-H6 | 7.424 7.398 7.381 7.382 7.353
C(7)-H5 | 6.227 6.215 6.174 6.144 6.032
C(l1)-HS | 6.172 6.159 6.122 6.082 5.964
T(2)-CH3 | 1.856 1.854 1.850 1.848 1.838
T(6)-CH3 | 1.751 1.742 1.731 1.727 1.702
T(4)-CH3 ! 1.731 1.717 1.705 1.703 1.685
Proton ' pH 7.0 8.0 8.5 9.0 9.5
G(5)-H8 ! 7.938 7.937 7.938 7.937 7.934
G(3)-H8 | 7.920 7.920 7.920 7.915 7.917
C(7)-He | 7.822 7.820 7.821 7.821 7.821
C(1)-H6 | 7.743 7.740 7.739 7.738 7.732
T(4)-H6 | 7.480 7.479 7.477 7.478 7.473
T(6)-H6 | 7.461 7.461 7.462 7.463 7.464
T(2)-H6 | 7.350 7.349 7.348 7.348 7.346
C(7)-HS | 6.018 6.017 6.017 6.017 6.016
C(1)-H5 | 5.950 5.948 5.948 5.947 5.946
T(2)-CH3 | 1.837 1.837 1.836 1.836 1.835
T(6)-CH3 | 1.699 1.699  1.699 1.700 1.702
T(4)-CH3 | 1.684 1.683 1.683 1.683 1.683
Proton 'pH 9.9 10.5 11.5 12.0
G{(5)-H8 ! 7.934 7.921 7.905 7.905
G(3)-HB8 7.918 7.907 7.888 7.887
C(7)-H6 | 7.820 7.819 7.819 7.820
C(l1)-H6 | 7.729 7.708 7.657 7.644
T(4)-H6 | 7.470 7.452 7.420 7.415
T(6)~-H6 | 7.470 7.467 7.473 7.480
T(2)-H6 | 7.349 7.335 7.315 7.324
C(7)-H5 6.015 6.012 6.013 6.015
C(1)-HS | 5.944 5.938 5.926 5.924
T(2)-CH3 | 1.835 1.831 1.824 1.824
T{6)-CH3 | 1.706 1.714 1.740 1.754
T(4)-CH3 | 1.685 [.681 1.688 1.702
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TABLE 20

Chemical shift as a function of pH;

d{(CpTpGpTpTpGRpTRC) ,
1-2-3-4-5-6-7-8

Proton

G(6)-H8
G(3)-H8
C(8)-H6
C(1)-H6
T(7)-H6
T(4)-He
T(2)-H6
T(5)-H6
C(8)-H5
C(1)-H5
T(2)-CH3
T(5)-CH3
T(7)-CH3
T(4)-CH3

G(6)-H8
G(3)-H8
C(8)-H6
C(1)-Ho
T(7)-H6
T(4)-H6
T(2)-H6
T(5)-H6
C(8)-H5
C(1)-H5
T(2)-CH3
T(5)-CH3
T(7)-CH3
T(4)-CH3

Chemical Shift vs pH

1.5 mM, 250C, no salt, no buffer

ot e == (T OY S S N
. [ . - ¢ e » e & e
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Approximate pKa values for the various nitrogen atoms in the
heterocyclic bases may be obtained from the chemical shift versus pH data
for the non-platinated strands. With increasing acidity, the normal
oligomers (i), (ii) and (iii), Figures 37, 38 and 39 respectively, the
H-6 and H-5 signals of the terminal cytidine bases exhibit a downfield
shift beginning at pH 6.5, with the inflection point of the sigmoidal
curves centered about pH 5.0. This shift in the aromatic signals
resulted from the protonation of N(3) of cytosine, pKa=4.4 (Martin,
1985). Inspection of the H-6 signal for the thymine bases in the
different strands reveals deprotonation of the N(3)-H proton occurring at
basic pH values above 9.0. The aromatic signals on the thymine bases
appear somewhat insensitive to this deprotonation reaction. Of primary
importance to this study is the movement of the guanine G-H8 signals to
lower field upon protonation of the G-N(7) site, pKa= 2.4 (Martin,1985).
This result has been observed for all of the non-platinated oligomers.
The chemical shifts of the protons are influenced not oniy by the pH of
the medium but also by the diamagnetic anisotropy of the adjacent bases.
For example, in the basic pH region, the deprptonation of the guanine
N(1) also occurs at pKa= 9.5. This alters the shielding effects of the
base which in turn affects the chemical shifts of the protons on the
neighbouring bases.

A comparison of the plots for the platinated and non-platinated
species (see Figures 40, 41, and 42) reveals many similarities and
several significant changes. Some of the chemical shift changes can be
attributed to alterations in conformation and the effects these changes

have on local environments. An example of this is seen when comparing
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Chemical shift of aromatic and methyl protons as a
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TABLE 21

Chemical shift as a function of pH;
Cis-Pt(NH3)2[d(CTGGTC)-N7(3),N7(4)], 1.7 mM,

250C, no salt, no buffer.

Chemical Shift vs pH

Proton ' pH 2.7 3.7
G-H8 ' 8.945 8.964
G-H8 ' 8.188 8.172
C-H6 VT 8.129 8.080
C-Hé6 ] 8.108 8.051
T-H6 ' 7.614 7.615
T-H6 ! 7.614 7.606
C~H5 e
C~-H5 b mmmee mmme
T-CH3 ' 1.863 1.855
T-CH3 : 1.776 1.775
Proton | pH 5.6 6.5
_________ [}

G-H8 ! 9.006 9.014
G-H8 ! 8.135 8.130
C-H6 ' 7.878 7.852
C-H6 ' 7.852 7.829
T-Hé6 ' 7.606 7.605
T-H6 ' 7.600 7.602
C-H5 ! 6.053 6.030
C~H5 ' 6.010 5.992
T-CH3 : 1.845 1.845
T-CH3 ' 1.769 1.768
Proton 'pH 9.3 9.8
G-HB8 ' 8.914 8.895
G-H8 ! 7.981 7.917
C-H6 ! 7.833 7.824
C~H6 ! 7.801 7.783
T-Hé H 7.561 7.531
T-He ' - 7.583 7.567
C-H5 ! 6.005 5.986
C-H5 l 5.984 5.986
T-CH3 ! 1.848 1.852
T-CH3 : 1.741 1.719
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Chemical shift of aromatic and methyl protons as a

function of pD for cis-Pt(NH3)2[d(CTGTGTC)-N7(3),N7(5)].



TABLE 22

Chemical shift as a function of pH;
Ccis-Pt(NH3) 2[d(CTGTGTC)I-N7(3),N7(5)], 1.6 mM,

250C, no salt, no buffer.
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TABLE 23

Chemical shift as a function of pH;
cis-Pt(NH3) p[d(CTGTTGTC)-N7(3),N7(6)], 1.3 mM, 25°C.

Chemical Shift vs pH

Proton i{pH 2.7 4.0 4.6 5.0 5.9 6.5 7.7
_______ b o e e e e e e e e e e e e e e e e e e e e A e e A e e A e e e e o o e e T = o v - " v v = = = o A e e e o o oo
G-H8 ' 8.405 8.404 8.403 8.404 8.404 8.402 8.398
G-H8 ) 8.348 8.341 8.337 8.322 8.313 8.314 8.309
C-H6 ! 8.123 8.080 8.052 7.941 7.870 7.863 7.853
C-H6 ' 8.108 8.063 8.029 7.917 7.847 7.840 7.830
T-H6 ! 7.653 7.649 7.650 7.645 7.643 7.642 7.641
T-H6 ! 7.645 7.640 7.638 7.631 7.625 7.625 7.623
T-H6 ! 7.577 7.576 7.578 7.580 7.572 7.571 7.571
T-H6 ! 7.559 7.560 7.561 7.570 7.579 7.580 7.580
C-H5 Vo mmmes e 6.208 6.116 7.054 6.048 6.040
C-H5 N et 6.146 6.052 5.994 5.987 5.980
T-CH3 ! 1.897 1.893 1.890 1.881 1.876 1.875 1.875
T-CH3 | 1.867 1.867 1.867 1.867 1.867 1.869 1.868
T-CH3 | 1.867 1.867 1.867 1.867 1.867 1.869 1.868
T-CH3 ! 1.741 1.736 1.734 1.717 1.706 1.707 1.703
Chemical Shift vs pH

Proton |pH 8.5 9.0 9.6 10.2 10.9 11.5

G-H8 ! 8.380 8.358 8.290 8.232 8.167 8.124

G-H8 ' 8.305 8.303 8.280 8.247 8.197 8.168

C~H6 ' 7.853 7.853 7.853 7.855 7.857 7.860

C-Hé6 ! 7.826 7.820 7.804 7.787 7.761 7.727

T-H6 ' 7.638 7.635 7.618 7.598 7.561 7.524

T-H6 ' 7.620 7.616 7.599 7.578 7.540 7.487

T-H6 ' 7.562 7.549 7.513 7.479 7.428 7.383

T-H6 ! 7.579 7.574 7.558 7.538 7.499 7.461

C~H5 ' 6.040 6.041 6.042 6.044 6.047 6.051

C-H5 ' 5.980 5.980 5.979 5.979 5.974 5.966

T-CH3 | 1.873 1.875 1.872 1.862 1.855 1.848 -

T-CH3 | 1.868 1.868 1.865 1.862 1.855 1.848

T-CH3 ¢ 1.868 1.862 1.857 1.851 1.839 1.819

T-CH3 ! 1.670 1.699 1.689 1.681 1.675 1.680
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the curves for the T-H6 signals in the normal and the platinated
material, i.e. Figures 37 and 40 respectively. The 0.2 ppm downfield
shift of the whole T-H6 curve in the platinated species can be attributed
to a conformational change in the oligomer resulting from platination of
the guanine bases. Interestingly, all of the thymine bases, both
internal to, as well as, 3’ and 5’ to the platinum chelate, exhibit
deshielding when compared with their normal parent oligomers. The
deshielding of the thymine bases which flank the platfnated region as
well as those located internal to the platinum chelate indicate that the
intrastrand base stacking has been disrupted. Another chemical shift
change which is important to the pH titration is the upfield shift in the
basic pH region of the thymidine H-6 and, to a lesser extent, the
5-methyl group shift, indicating deprotonation of the N(3) position on
the thymine base. This result confirms that the thymine N(3)-H position
is intact after the reaction of cis-Pt(NH3)2Cip with the oligomer. The
observation was consistent over the three different 2’-deoxyoligomers
studied.

The effects of guanine platination on the 3’ and 5° terminal
cytosine bases was minimal. The change in chemical shift (<0.! ppm) of
the C-H5 and C-H6 protons between the normal and platinated strands
indicated little change in shielding from the adjacent thymidine
residues; a result anticipated because of the poor shielding nature of
the thymine base. Effects from the platinated region of the strand
appear to fall off rapidly with distance as there is no apparent affect
on the terminal cytosines, which are next nearest neighbours to the

chelate. Protonation of the N(1) position on the cytosine bases causes
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the downfield shift of both the H5 and Hé protons at pH values less than
five. This result, observable for all strands studied, indicates that no
reaction of cis-Pt(NH3),Ci, has occurred on the cytosine base.

The signals assigned to the guanine HB protons exhibit the most
radical changes in chemical shift upon reaction of the oligomers with
cis-Pt(NH3)2Cl2. In the cis-Pt(NH3)2[d(CTGGTC)-N7(3),N7(4)] complex,
Figure 40, the two H-8 signals show a large difference in chemical shift,
9.00 and 8.13 ppm at pH 7. This is an overall downfield shift upon
platination when compared to the normal parent oligomer at a similar pH,
which has shifts of 7.92 and 7.8!1 ppm. The platinum complexes of
d(CTGTGTC) and d(CTGTTGTC) show similar results but the changes in G-H8
chemical shift are not as extreme. For cis-Pt(NH3),[d(CTGTGTC)-
N7(3),N7(5)], the G-HB signals have shifts of 8.33 and 8.23 ppm,
approximately 0.4 ppm downfield of the unplatinated material. With
cis-Pt(NH3)2[d(CTGTTGTC)-N7(3),N7(6)], the G-HB signals were again
deshielded with chemical shifts of 8.40 and 8.31 ppm, approximately 0.4
ppm downfield when compared with the parent strand. This pattern in G-H8
chemical shift changes, resulting from the platination of the guanine
N(7) site, is similar to that observed in the shorter strands discussed
in Chapter 3. The G-H8 chemical shifts for the platinated hexamer, which
contains a chelate of the form cis-Pt(NH3)2[d(GpG)], are similar to those
observed for the dimer-platinum complex alone (den Hartog et al. 1982).
In the cis-Pt(NH3)7{d(GpG)] dimer, both of the guanosine residues have
been shown to maintain the normal anti base conformation. A similar

conformation is suggested here for the platinated region of the hexamer.
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The platinum~heptamer and platinum-octamer complexes have G-H8
chemical shifts which more closely resemble those observed in the shorter
trimer and tetramer oligomers (Chapter 3). For cis-Pt(NH3)2[d(GCG)-
N7(1),N7(3)], the conformation of the two guanine bases has been shown to
be different (den Hartog et al. 1983). NOE results have shown that one
guanine adopts the normal anti conformer while the second guanine exists
in @ syn-anti equilibrium. The chemical shifts for the G-H8 protons in
the platinated oligomers d(CTGTGTC) and d(CTGTTGTC) are similar to those
observed for the cis-Pt(NH3)2[d(GCG)] compound suggesting that the
guanines adopt a comparable conformation with respect to their furanose
moieties.

The shape of the pH titration curves, for all G-H8 protons in the
three strands examined, was distinct and characteristic of platinum
binding at guanine~-N(7). Over the entire acid region of the curves,
there was no significant change in chemical shift. The absence of a
downfield shift for pH values less than four, indicative of N(7)
protonation, reveals that the site is already occupied and no longer open
to protonation. Deprotonation of the guanine N(l) site is indicated by
the upfield movement of the G-H8 signal in the basic pH range. As
observed with the shorter oligomers in Chapter 3, deprotonation appears
to occur under less basic conditions when compared with the

non-platinated parent molecules.

4.2.3 Conclusions to pH Titration Studies of Long 0Oligomers

The results of the pH titration studies of the deoxy oligomers

d(CTGGTC), d(CTGTGTC), and d(CTGTTGTC), both before and after reaction
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with cis-Pt(NH3)2(Cl)y, are consistent with a reaction product which
contains an intrastrand crossiink between the platinum atom and the N(7)
positions of the guanine bases (Girault et _al. 1984b; Caradonna et al.
1982). No reaction with cisplatin was observed at any other sites, on
either the guanines, cytosines or thymines. A comparison of the G-H8
chemical shift data reported here and in the literature (Neumann et al.
1984; den Hartog et al. 1982}, suggests that cis-Pt(NH3)[d(CTGGTC)-~
N7(3),N7(4)], (GH-8 at 9.006 and 8.126 ppm) adopts an anti-anti type
configuration about the glycosidic bonds of the chelated guanines. The
cis-Pt(NH3)[d(CTGTGTC)-N7(3),N7(5)], (GH-8 at 8.328 and 8.229 ppm) and
cis-Pt(NH3)[d(CTGTTGTC)-N7(3),N7(6)], (GH-B8 at 8.402 and 8.314 ppm)
complexes exhibit G—HB chemical shifts ascribed to one guanine in the
anti conformer while the second complexed guanine prefers a syn-anti
equilibrium (den Hartog et al. 1983).

At neutral pH, the thymine bases in the platinated species are
deshielded compared to the parent molecules, suggesting that the
intrastrand stacking arrangement for these bases, both internal and
external to the chelated reqgion, has been disrupted. The terminal
cytosine bases on all the platinum complexes show littie change as a
result of chelate formation. The structural effects of platination

appear localized and decrease rapidly with distance from the reaction site.
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4,3.1 Variable Temperature Studies of Single Stranded, Normal

and Platinated Deoxy Oligomers.

Variable temperature studies on nucleic acids are useful in that
they provide information pertaining to inter and intra molecular
interactions over the temperatures examined. At high temperature, i.e.
709C, most short oligomers maintain a single stranded, random
orientation. As the temperature is lowered and molecular motion
decreases, interaction within and between molecules increases. This
interaction may take the form of intrastrand base stacking or, when
duplexing occurs, hydrogen bonding upon base pair formation as well as
interstrand base stacking. In this study, the oligomers examined were
non-comp lementary and therefore no duplexing was expected. In the
variable temperature study completed on the short cisplatin-oligomer
complexes (Chapter 3), the effects of platination on the conformation of
the bases in the internal loop were examined. With the sequences used in
this work, not only can this effect be examined, but also, the effect on
bases terminal to the platinated region of the molecule. It has been
previously reported for cis-Pt(NH3)>[{d(CGG)-N7(2),N7(3)], that with a
decrease in the temperature, the 5’-terminal cytosine base stacked well
on the adjacent guanine which was invoived in the pliatinum chelate (den
Hartog et al. 1985b). This section examines the results for the stacking
abilty of thymine, both 3’ and 5 to the platinated region. In addition
the effect of platination on the conformational orientation about the
guanosine glycosyl bond on intrastrand strand stacking in the heptamer

and the octamer is discussed.
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The deoxy oligomers d(CTGGTC), d(CTGTGTC), and d(CTGTTGTC), as well
as their cis-Pt(NH3),(Cl1), adducts, have been examined by proton NMR over
the temperature range 10-700C. All experiments have been carried out in
0.1 M NaCl, 0.01 M sodium phosphate buffer pH 7.0, and 0.5 mM EDTA. The
data for the variable temperature experiments are given in Tables 24-29,

and the results plotted on Figures 43-48.

4.3.2 Variable Temperature Results for Parent Oligomers

Examination of the diagrams illustrating the effects of temperature
change on prot&n chemical shift for the oligomers d(CTGGTC), d(CTGTGTC),
and d(CTGTTGTC), Figures 43, 44, and 45 respectively, reveals little
change in chemical shift over the entire temperature range for any of the
protons monitored. As previously mentioned, this result would be
expected as the sequences are all non-complementary, as well as
containing a high percentage of the poor stacking, thymine base. There
appears to be some movement occurring below 100C - possibly the
beginnings of some intrastrand stacking, but this is minimal.

-

4.3.3 Variable Temperature Results for Platinated Oligomers

The variable temperature experiments, involving the seguences
cis-Pt(NH3)2[d(CTGGTC)-N7(3),N7(4)1, cis-Pt(NH3)2[d(CTGTGTC)-
N7(3),N7(5)], and cis-Pt(NH3)[d(CTGTTGTC)-N7(3),N7(6)], were carried out
over the temperature range 709C-00C. Several notable changes in the
results were observed for the non-platinated species when compared to the

parent oligomers.
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TABLE 24

Chemical shift as a function of temperature (C);
d(CpTPGPGPTPC) ,
1-2-3-4-5-6
1.5 mM, 0.1 M NaCi, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 1T(C) 0.0 9.6 19.6 29.5
_________ e o e e . —— - o — o — i — o ———— o
_________ |==============z=======z===z=====z===z====z===zz==
G(4)-H8 ! 7.953 7.942 7.931 7.923
G(3)-H8 | 7.814 7.807 7.806 7.804
C(6)-H6 | 7.782 7.800 7.808 7.812
C(l1)-H6 ! 7.765 7.751 7.745 7.741
T(2)-H6 | 7.438 7.432 7.435 7.440
T(5)-H6 ! 7.438 7.417 7.426 7.440
C(6)-H5 | 5.969 5.985 5.999 6.008
C(1)-H5 | 5.892 5.924 5.944 5.957
T(2)-CH3 | 1.785 1.811 1.823 1.831
T(5)-CH3 | 1.653 1.668 1.685 1.701
Chemical Shift vs Temperature (C)
Proton TC) 39.8 50.0 60.0 71.0
_________ | e e e o o o = e o = o T e o - = e e —— T —
_________ |=================z==========s==========z====z==
G(4)-H8 | 7.917 7.912 7.909 7.907
G(3)-H8 | 7.805 7.806 7.809 7.813
C(6)-H6 | 7.815 7.816 7.818 7.819
C(l1)-He | 7.738 7.734 7.731 7.728
T(2)-H6 | 7.447 7.454 7.461 7.468
T(5)-H6 | 7.458 7.473 7.487 7.500
C(6)-H5 ! 6.016 6.021 6.027 6.031
C(1)-H5 ! 5.968 5.975 5.981 5.985
T(2)-CH3 ! 1.838 1.843 1.848 1.853
T(5)~CH3 | 1.717 1.731 1.744 1.757
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TABLE 25
Chemical shift as a function of temperature (C)
d(CpTpGPTPGPTPC) »
1-2-3-4-5-6-7
1.5 mM, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 'T(C) 70.9 59.4 48.3 40.3
_________ b o o o o e o e e o o o e o e e = v e e > T e —— — > —— —
_________ lz============cz=====================s=====z==
G(5)-H8 | 7.919 7.922 7.925 7.928
G(3)-H8 | 7.913 7.914 7.916 7.916
C(7)-He | 7.828 7.827 7.826 7.825
C(1)-H6 | 7.733 7.736 7.740 7.742
T(6)-H6 | 7.512 7.500 7.485 7.479
T(4)-H6 | 7.490 7.487 7.485 7.479
T(2)-He 7.398 7.384 7.372 7.363
C(7)-H5 | 6.040 6.036 6.032 6.028
C(1)-H5 | 5.987 5.981 5.975 5.968
T(2)-CH3 | 1.856 1.851 1.847 1.843
T(6)-CH3 | 1.759 1.744 1.731 1.719
T(4)-CH3 | 1.736 1.723 1.711 1.701
Chemical Shift vs Temperature (C)

Proton 1T(C) 29.5 10.3 4.5

G(5)-H8 ! 7.934 7.954 7.964

G(3)-H8 | 7.919 7.927 7.930

C(7)-H6 | 7.822 7.815 7.813

C(1)-He | 7.746 7.752 7.755

T(6)-H6 | 7.463 7.444 7.444

T(4)-H6 | 7.479 7.48]1 7.484

T(2)-H6 | 7.352 7.337 7.333

C(7)-H5 6.022 6.004 5.998

C(1)-H5 | 5.957 5.930 5.920

T(2)-CH3 | 1.836 1.822 1.816

T(6)-CH3 | 1.702 1.673 1.666

T(4)-CH3 | 1.687 1.665 1.659
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TABLE 26

Chemical shift as a function of temperature (C);
d{CpTpGpTpTpGpTpC) ,
|-2-3-4-5-6-7-8

1.5 mM, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 1T(C) 70.0 61.0 50.5 40.2

_________ § e e e o e o e e e e v o o o T = e e = e - —— —— ———

_________ | 2z==z===z=====z=z===z=z===z=z==z===================

G(6)-H8 | 7.932 7.933 7.938 7.941

G(3)-HB8 | 7.927 7.926 7.929 7.933

C(8)-H6 | 7.837 7.828 7.827 7.825

C(i{)-H6 | 7.767 7.734 7.737 7.740

T(7)-H6 | 7.502 7.509 7.497 7.487

T(4)-H6 ! 7.494 7.503 7.497 7.487

T(2)-H6 | 7.479 7.487 7.483 7.480

T(5)-H6 | 7.437 7.441 7.432 7.423

C(8)-H5 ! 6.069 6.038 6.033 6.028

C(1)-H5 ! 6.037 5.982 5.975 5.966

T(2)-CH3 | 1.847 1.851 1.846 1.840

T(5)-CH3 | 1.817 1.819 1.814 1.807

T(7)-CH3 ! 1.754 1.757 1.746 1.733

T(4)-CH3 | 1.747 1.743 1.731 1.719
Chemical Shift vs Temperature (C)

Proton 1 T(C) 29.8 22.0 10.2

_________ | o om oom o o e s e . e e i e S o - ke —————

G(6)-H8 | 7.948 7.952 7.963

G(3)-H8 ! 7.939 7.943 7.952

C(8)-H6 | 7.822 7.819 7.813

C(1)-H6 | 7.744 7.746 7.752

T(7)-H6 | 7.477 7.477 7.479

T(4)-H6 | 7.477 7.477 7.474

T(2)-H6 | 7.477 7.466 7.456

T(5)-H6 | 7.414 7.410 7.405

C(8)-H5 ! 6.020 6.013 6.001

C(1)-H5 | 5.954 5.944 5.927

T(2)-CH3 | 1.833 1.828 1.816

T(5)-CH3 | 1.800 1.797 1.790

T(7)-CH3 | 1.720 1.714 1.704

T(4)-CH3 | 1.705 1.695 1.677



140

4.3.4 cis-Pt(NH3),[d(CTGGTC)~N7(3),N7(4)]

The platinated hexamer exhibited extensive line broadening below
309C with no recovery in line shape by 0°C. This suggests the
possibilities of either, aggregation of the sample at low temperatures
or, a slow (with respect to the NMR time scale) unimolecular or
bimolecular equilibrium. The only signals which did show any significant
chemical shift change as a function of temperature were the G-H8 protons,
which are directly involved in the platinum chelate. In particular, the
lowfield G-H8 signal exhibited a steady downfield movement before
becoming indiscernible below 30°9C. Movement of proton resonances in a
downfield direction with decrease in temperature is opposite to what
would be expected for an increased intrastrand stacking interaction.

This result may be attributed to a conformational change to relieve
structural strain within the chelated region of the molecule - one
guanine base rotating away from the second guanine despite motion
restrictions enforced by the platinum atom.

The proton resonances expected to exhibit some temperature effect as
a result of interaction with the cis-Pt(NH3),[-d(GpG)-] region were the
thymine H-6 and 5-CH3 protons. However, there was no change in chemical
shift over the entire temperature range examined, Figure 46. When these
results are compared to the parent hexamer, the T-H6 signals are shifted
downfield by 0.15 ppm. Intrastand base stacking by the 3’ and 5’ nearest
neighbours to the central platinum chelate does not occur. If oligomer
platination had any effect on intrastrand base stacking interactions it
appears to have been disruptive. This result is contrary to the findings

of den Hartog et al. (1985b) for the sequence
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TABLE 27

Chemical shift as a function of temperature (C);
cis-Pt(NH3)o[d(CTGGTC)-N7(3),N7(4)],

1.7 mM, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 1T(C) 70.3 58.2 50.8

G-H8 ' 8.825 8.869 8.900

G-H8 | 8.163 8.161 8.156

C-Hé6 ! 7.839 7.841 7.841

C-Hé6 ' 7.765 7.775 7.783

T-H6 ! 7.592 7.594 7.597

T-H6 ' 7.576 7.579 7.582

C-H5 ! 6.043 6.040 6.037

C-H5 ' 6.007 6.005 6.002

T-CH3 ! 1.863 1.859 1.856

T-CH3 ' 1.792 1.785 1.782
Chemical Shift vs Temperature (C)

Proton 1T(C) 29.8

_________ lz====z=s=======s=zs====s==========z==z==

G-H8 ' 9.025

G-H8 ' 8.115

C-H6 ' 7.839 Lines broaden

C-Hé6 ' 7.821 out below 300(C,

T-H6 ' 7.598

T-H6 ' 7.584

C-H5 ' 6.023

C-H5 |

T-CH3 i 1.830

T-CH3 ' 1.761

—_—e— OO~~~
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cis-Pt(NH3),[d(CGG)-N7(2),N7(3)]. 1In their work, after platination of
the trimer, the 5'-terminal cytosine base was shown to have an increased
stacking interaction with its 3°-neighbouring guanine.

It is unclear why the resonance signals broadened so drastically
below 300C. |[f the strand was going through a siow exchange between two
different conformations, the resonance lineé would sharpen once the low
temperature conformation had been achieved. However, this was not

observed, suggesting an aggregation of the sample in solution.

4.3.5 cis-Pt(NH3)[d(CTGTGTC)-N7(3) ,N7(5)]

The results obtained for the sequence cis-Pt(NH3)o[d(CTGTGTC)] were
in many ways similar to those observed for the platinated hexamer.
Again, extensive line broadening was seen below 300C the result of sample
aggregation. Unlike the results for the hexamer complex, the G-H8
signals exhibit an insignificant change in chemical shift as a function
of temperature, Figure 47. This suggests that once one guanine base has
rotated to a more syn-like structure, as described by den Hartog et al.
(1983) for cis-Pt(NH3)2[dGCG], the conformational strain on the system,
resulting from platination, has been decreased to the extent that further
conformational transitions are unnecessary. Alternatively, the structure
of the platinated region of the molecule may be so rigid that, a change
in temperature has no effect on molecular structure. (

A comparison of these results with those obtained for the platinated
hexamer with the trimer, cis-Pt(NH3),[d(GTG)] (Chapter 3), allows the
tentative assignment of the different T-H6 signals. The two higher field

‘T-H6 signals have been assigned to the thymine bases which are 3’ and 5’
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TABLE 28

Chemical shift as a function of temperature (C);
cis-Pt(NH3)>[d(CTGTGTC)-NT7(3),N7(5)],
1.6 mM, 0.1 M NaCi, 0.01 M phosphate, pH 7.

[

HHAHOO A A A0 000
OIITITIITIIIII
TOUOSToD®

Chemical Shift vs Temperature (C)

58.2 50.8
8.344 8.34]
8.213 8.222
7.834 7.831
7.777 7.784
7.649 7.650
7.604 7.606
7.585 7.590
6.040 6.037
6.000 5.997
1.904 1.902
1.874 1.872
1.758 1.752

Lines broaden
out below 300C.
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to the platinated region, while the lowest field T-H6 signal has been
assigned to the central thymine which has been iooped out of the strand
as a result of platination. The two higher field T-H6 signals show a
similar chemical shift to those in the platinated hexamer as well as
exhibiting a similar temperature effect. Again, these results indicate
that the bases adjacent to the platinated region are less shielded than
their non-platinated counterparts and demonstrate little stacking
ability. The central thymine, which has been "bulged out” as a result of
platination, exhibits insignificant change in chemical shift as a
function of temperature. Conformationally, this base is no longer
accessible to any intrastrand stacking and would be expected to have the

most deshielded base protons of the three different thymines.

4.3.6 _cis-Pt(NH3)[d(CTGTTGTC)-N7(3),N7(6)1

The platinated octamer, cis-Pt(NH3),[d(CTGTTGTC)], was the only
platinum-ol igomer adduct which did not exhibit total line broadening as a
function of temperature in its proton NMR. This molecule was examined
over the temperature range 70°C-10°C, with the G-H8 signals exhibiting
the highest degree of line broadening at the lower temperatures. The
chemical shift vs temperature plot, Figure 48, indicates some movement
within the molecule as a function of temperature, but little base
stacking is evident. The G-H8 signals display a similar pattern to those
observed for the platinated hexamer (Section 4.3.4) as a result of
temperature change, although the change in chemical shift is not as
large. One of the G-H8 signals moves downfield by 0.1 ppm while the

second resonance signal moves upfield by approximately the same amount.
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TABLE 29

Chemical shift as a function of temperature (C);
cis-Pt(NH3)o[d(CTGTTGTC)~N7(3),N7(6)],

1.3 mM, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 1 T(C) 70.3 58.2 50.8 40.2

_________ o e e e e o i - A T o S T e T = - = Y e - —

G-H8 ! 8.373 8.375 8.379 8.388

G-H8 ' 8.368 8.364 8.357 8.341

C-H6 ! 7.847 7.848 7.849 7.849

C-H6 ' 7.770 7.781 7.789 7.805

T-H6 ' 7.617 7.620 7.624 7.629

T-H6 ' 7.599 7.601 7.605 7.610

T-H6 ! 7.589 7.589 7.587 7.583

T-H6 ' 7.509 7.516 7.524 7.541

C~-H5 H 6.057 6.055 6.052 6.047

C-H5 ' 6.003 6.000 5.997 5.992

T-CH3 H 1.882 1.879 1.878 1.875

T-CH3 ! 1.871 1.866 1.867 1.867

T-CH3 - 1.865 1.866 1.867 1.867

T-CH3 4 1.770 1.754 1.743 1.724
Chemical Shift vs Temperature (C)

Proton 1 T(C) 29.8 20.8 10.2

_________ l=s=====s==============s=s===sS===

G-H8 ' 8.399 8.411 8.431

G-H8 ! 8.317 8.291 8.246

C-Hé6 ] 7.849 7.850 7.849

C-H6 ' 7.826 7.850 7.888

T-Hé ' 7.636 7.644 7.648

T-H6 ! 7.617 7.628 7.648

T-H6 ! 7.578 7.570 7.558

T-H6 ! 7.564 7.593 7.648

C-H5 ! 6.040 6.032 6.021

C-H5 ' 5.984 5.977 5.964

T-CH3 ! 1.873 1.870 1.868

T~CH3 ' 1.867 1.870 1.864

T-CH3 ! 1.867 1.859 1.849

T-CH3 ! 1.705 1.686 1.666
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As was concluded for cis-Pt(NH3),[d(CTGGTC)], the movement of the G-H8
signals is likely the attainment'of the least structurally strained
conformation within the chelated region of the molecule. This type of
movement was not observed cis-Pt(NH3),[d(CTGTGTC)], perhaps the result of
decreased mobility within the smaller loop region in the heptamer.
Tentative assignments are made for the T-H6 signals by comparison to
the hexamer and heptamer platinum complexes. At 700C, the two thymines
which are 3’ and 5’ to the chelated region, have been assigned to the
signals at 7.599 and 7.589 ppm. The remaining two T-H6 signals at 7.617
and 7.509 ppm have been designated as those thymines which are found in
the bulged section of the platinated region. Overall, the thymine T-H6
signals are deshielded with respect to their non-platinated parent. The
two thyhine bases flanking the chelated region of the oligomer do not
exhibit any base stacking effects, as was observed for the previous two
molecules. Of the two thymines which are in the bulged region, the
highest field T-H6 signal has a deshielding temperature effect which
parallels one of the G-H8 resonances. Again, this result is attributed
to a reorganization of the conformer populations within the loop region
of the strand to form the least sterically, and conformationally strained
structure. I[n the case of the T-H6, it suggests further movement away
from the shielding regions of adjacent bases as the proton resonance

moved downfield when the temperature was decreased.

4.3.7 Conclusions to Variable Temperature Experiments

The examination of variable temperature effects on the sequences

d(CTGGTC), d(CTGTGTC), and d(CTGTTGTC), as well as their
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cis-Pt(NH3)2(C1), adducts has been carried out using proton NMR. The
non-platinated sequences gave no indication of intrastrand base stacking
as a function of temperature. This result may be a consequence of the
high percentage of the poor stacking thymine bases in the sequences. The
platinated sequences gave results similar to their parent molecules in
that no base stacking effects were evident. The major changes in
chemical shift could be attributed to a relief of siructural and
conformational strain within the platinated region of the different
molecules. The bases immediately adjacent to the platinum chelate were
generally less shielded than their non-platinated counterparts,
indicating that any intrastrand base stacking interactions which may have
been present in the normal strands were totally disrupted after reaction
with cisplatin. The terminal cytosine bases on all three platinated
strands exhibited an insignificant change in chemical shift with respect
to their parent molecules. The effects‘of platination, although
conformationally disruptive, appear localized and decrease rapidly with
distance from the actual chelate. For the platinated sequences
cis-Pt(NH3)2[d(CTGTGTC)] and cis-Pt(NH3)2[d(CTGTTGTC)], where the core
thymines are looped out of the normal intrastrand stack, the bases in the
loop regions were deshielded with respect to their non4platinated
counterparts as well as being more deshielded than the thymine bases 3’
and 5’ to the complex.

It remains unclear as to why cis-Pt(NH3)2[d(CTGGTC)] and
¢is-Pt(NH3)2[d(CTGTGTC)] undergo line broadening in their proton NMR
below 300C., Perhaps the energy difference (and/or A8 shift changes)

between the allowed conformers of platinated oligomers is large and the
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exchange process slows at lower temperature resulting in the ]ine
broadening. The oligomer cis-Pt(NH3),[d(CTGTTGTC)] does not exhibit line
broadening, perhaps the larger loop has more conformations available to
it . The line broadening result does not appear to be an end effect as
all three oligomers have the same base sequence both 3° and 5  to the

platinated regions in the strands.



Chapter Five

5.1 Formation of Normal and non-complementary Duplexes;

the effects of cisplatin on double helix formation.

The initial experiments on the interaction of cis-Pt{(NH3),C1, with
short DNA oligomers suggested that binding of the platinum moiety to the
DNA caused complete disruption of hydrogen bonding in the cheiated region
of the molecule (Caradonna et al., 1982). It is clear that the drawback
in much of this work was the oligomer sequences which were used and their
self-complementary nature. After the reaction between the self-
complementary coligomer and cisplatin, the resulting duplex, were it
formed, would contain the cis-Pt(NH3), chelate on both strands. Results
from these experiments indicated that duplex formation had not occurred,
a consequence not only of platinum binding but also because the two,
conformationally distorted, platinated regions were in such close
proximity to one another (Caradonna et _al. 1982; Girault et al. 1984b).
The use of two complementary oligomer strands gave results which were
contrary to these earlier conclusions using palindrome sequences. These
experiments, utilizing complementary oligomers, indicated that it was
possibie to have duplex formation after the reaction of only one of the
two strands with cis-Pt(NH3),Ci,. In addition, the results have shown
that even those bases directly involved in the platinum-oligomer chelate

are able to participate in normal base pair hydrogen bonding (Kozelka et
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al. 1986; den Hartog et al. 1985a, 1984a, 1984b; van Hemelryck et
al. 1984).

Based on these data we examined the effects of internal bulged
loops, formed by reaction of cis-Pt(NH3),Ci, with short DNA oligomers, on
duplex formation using the compounds studied in Chapter 4.3. Examination
of the structure of the cis-Pt(NH3),[d(GpXnpG)] intrastrand crossiink,
Figure 36, suggests several structural restrictions. The geometry about
the platinum(I1) atom is square planar and four coordinate, with the
ligand binding sites approximately 900 apart. Once cis-Pt(NH3)2C1, has
reacted with the N(7) site on the guanine base and formed the intrastrand
G-G crosslink, the distance between the two guanine bases is fixed by the
square planar geometry of the metal. I[f one or more bases are located
betweeh the guanines involved in the chelate, as is the case in
d{CTGTGTC) and d(CTGTTGTC), the bases central to the chelate are looped
out of the strand, as was discussed in Chapter 4.3. The number of bases
involved in the loop would only slightly alter the distance between the
complexed guanine bases. However, platination of the oligomer will cause
conformational alterations i.e. bond rotations, and.changes in sugar
pucker, as has been shown to occur in cis-Pt(NH3),[dGCG] (den Hartog et
al., 1983).

If the distance between the metalated guanine bases in the platinum
chelate is fixed, then the presence of intervening bases should not
significantly alter the ability of these bases to participate in G-C base
pair formation. If the bulged loop regions in the chelate are sterically
removed from the hydrogen bonding section of the duplex, it would not be

necessary to maintain the complementary sequence for those bulged bases
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in the opposite strand. 1t was proposed, therefore, to mix the
platinated strands with their complementary seguence as well as with
those which lack the base complements to the regions which have been
looped out as a result of platinum binding. The overall scheme for the
mixing experiments has been outlined in Table 5. In order that the full
effects of platination on duplex formation be understood for the
sequences studied, the non-platinated parent molecules were also examined

in similar mixing experiments.

5.2 Mixing Experiments with Complementary Sequences

This section examines duplex formation between the complementary
sets of deoxy oligomers of sequence: d(CTGGTC) + d(GACCAG), d(CTGTGTC) +
d(GACACAG), d(CTGTTGTC) + d(GACAACAG). In all cases, the duplexed
structures have been observed via the exchangeable imino protons involved
in Watson-Crick base pairing. The duplexes were examined at low
temperature and followed through complete unwinding as the temperature
was increased. Wherever possible, the non-exchangeable aromatic protons
have been monitored through the helix to coil transition and the Ty of
the duplex determined. The assignment of the aromatic base protons on
the individual nucleoside units in the complementary, non-platinated
oligomers used in the mixing experiments is by comparison to calculated
chemical shift values obtained using the method of Bell et al. 1981,

Table 30.



Table 30

Assignment of aromatic proton chemical shifts (ppm)

of oligomer complements for mixing experiments
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dGpApCPCPAPG
1-2-3-4-5-6

calculated values at 700C.

dGpApCpAPCPAPG
1-2-3-4-5-6-7
calc obs
7.870 7.740
8.277 8.267
8.079 8.074
7.626 7.562
5.761 5.836
8.192 8.188
7.996 8.037
7.602 7.532
5.769 5.856
8.237 8.257
8.080 8.088
7.895 7.903
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5.2.1 d(CTGGTC) + d(GACCAG).

The complementary hexamers, d(CTGGTC) and d(GACCAG), were combined
in a 1:1 ratio for an overall DNA concentration of 2.6mM, in 0.1 M NaCl,
0.01 M sodium phosphate buffer pH 7.0, and 0.5 mM EDTA. The chemical
shift vs temperature resulits are given in Table 31 and the data plotted
on Figure 49 for the aromatic non-exchangeable protons. A study of the
two strands individually before mixing, in conjunction with the
calculated chemical shift values, allowed the assignment of the guanine
and cytosine signals to specific strands. The adenine and thymine bases
are found in only one sequence - never in both - simplifying their
assignment to a specific strand. The guanine and cytosine bases found in
dCTGGTC have been designated in the data with an asterix (*) preceding
the proton assignment.

The position of a specific heterocyclic base proton and its
immediate surroundings in the right-handed double helix are reflected in
the NMR chemical shift variations of that proton as a function of
temperature. When the nucleic acid bases are in the normal anti
conformation with respect to glycosidic torsion angle, the purine H-8,
the pyrimidine H-6 and, to a lesser degree, H-5 and 5-CH3 protons are
directed out from the core of the helix into the major and minor
grooves. As a result of this conformation the chemical shifts of these
protons are less affected by the magnetic shielding regions of the
adjacent bases. This effect is evident with the adenine H-8 resonances
which do not exhibit a significant chemical shift change as a result of
temperature variation. The H-8 resonances for the four guanine bases in

the duplex do exhibit some variation in chemical shift as a function of
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TABLE 31
Chemical shift as a function of temperature;
d(CpTpGpGpTPC) {*} + d(GPApCPCPAPG),
(1-2-3-4-5-6) (7-8-9~-10-11-12)
1.5 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature

Proton 'T(C) 80.4 75.3 70.9 65.2 59.4
A(11)-H8 | §.278 8.277 8.277 8.276 8.277
A(BY-H8 | 8.219 8.212 8.208 8.201 8.192
A(11)-H2 ! 8.131 8.124 8.117 8.107 8.087
A(8)-H2 ! 8.072 8.061 8.053 8.043 8.030
*G(4)-H8 ! 7.911 7.912 7.911 7.910 7.907
G(12)-HE | 7,911 7.912 7.911 7.910 7.900
*C(6)-H6 ! 7.824 7.824 7.824 7.823 7.819
*G(3)-H8 ! 7.822 7.817 7.817 7.815 7.816
G(7)-H8 | 7.752 7.749 7.747 7.742 7.745
*C(1)-H6 ! 7.730 7.732 7.734 7.735 7.738
C(9)-H6 ! 7.745 7.694 7.685 7.670 7.639
C(10)-H6 | 7.612 7.600 7.592 7.580 7.562
*T(5)-H6 ! 7.514 7.509 7.504 7.497 7.485
*T(2)-H6 ! 7.477 7.474 7.471 7.467 7.462
*C(6)-H5 ! 6.037 6.036 6.035 6.032 6.025
*C(1)-H5 ! 5.992 5.994 5.989 5.986 5.982
C(10)~-H5 ! 5.992 5,982 5.981 5.972 5,953
S C(9)-H5 ! 5.899 5.890 5.881 5.865 5.827
*T(2)-CH3 1.857 ].855 1.854 1.850 1.844
*T(5)-CH3 | 1.770 1.764 1.759 1.751 1.735
Proton 'T(C) 54.9 48.4 45.2 40.3 34.0
A(11)-H8 ! 8.278 8.279 8.284 8.289 8.294
A(B)-HB ! 8.188 8.182 8.182 8.184 8.191
A(11)-H2 | 8.069 8.015 7.982 7.933 7.883
A(8)-H2 ! 8.025 8.022 8.024 8.031 8.039
*G(4)-HB ! 7.900 7.877 7.862 7.843 7.820
G(12)-H8 ! 7.889 7.852 7.832 7.793 7.757
*C(6)-H6 | 7.814 7.798 7.786 7.765 7.741
*G(3)-H8 ! 7.818 7.826 7.832 7.843 7.858
G(7)-H8 ! 7.748 7.774 7.793 7.826 7.867
*C(1)-H6 ! 7.741 7.749 7.755 7.765 7.777
C(9)-H6 ! 7.610 7.531 7.481 7.413 7.348 )
C(10)-H6 ! 7.548 7.519 7.505 7.489 7.479
*T(5)-H6 ! 7.475 7.450 7.434 7.413 7.390
*T(2)-H6 ! 7.458 7.450 7.449 7.448 7.449
*C(6)-H5 ! 6.019 5.996 5.981 5.963 5.955
*C(1)-H5 ! 5.978 5.971 5.972 5.963 5.955
C(10)-H5 ! 5.928 5.869 5.806 5.733 5.662
C(9)-H5 ! 5.786 5.665 5.592 5.475 5.369
*T(2)-CH3 ! 1.838 1.820 1.809 1.792 1.770
*T(5)-CH3 ! 1.720 1.679 1.654 1.615 1.570
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TABLE 31 (continued)
Chemical shift as a function of temperature;
d(CpTpGpGpTPC){*} + d(GpApCpCpAPRG),
(1-2-3-4~5-6) (7-8-9-10-11-12)
1.5 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature

Proton LT(C) 30.0 25.8 20.8 15.1
A(11)-H8 ! 8.296 8.297 8.296 8.293
A(8)-H8 ! 8.196 8.199 8.202 8.204
A(11)-H2 ! 7.861 7.852 7.842 7.832
A(8)-HZ2 | 8.041 8.040 8.035 8.024
*G(4)-H8 ! 7.791 7.788  ----- 7.764
G(12)-H8 ! 7.745 7.741 7.739 7.739
*C(6)-H6 | m=mmm —meeo 7.624 7.586
*G(3)-H8 ! 7.869 7.876  mmmmm mmeee
G(7)-H8 ! 7.890 7.901 7.913 7.921
*C(1)-H6 ! 7.784 7.784  —---- 7.815
C(9)-H6 ! 7.323 7.315 7.307 7.301
C(10)-H6 ! 7.479 7.482 7.486 7.492
*T(5)~H6 | 7.377 7.373 7.342 7.323
*T(2)-H6 | 7.453 7.456 7.461 7.484
*C(6)~-H5 | 5.946 5.941 5.935 5.909
*C(1)-H5 | 5.946 5.941 5.935 5.922
C(10)-H5 ! 5.632 5.622 5.612 5.604
C(9)-H5 ! 5.313 5.301 5.282 5.265
*T(2)-CHz | 1.757 1.753 1.701 1.690
*T(5)-CH3 ! 1.541 1.504 1.424 1.406
Proton FT(C) 10.3 4.5 | Tm(C)
__________ | oo o st o e o o st e o e s o e o e e e e e o e e e ]
A(11)-H8 ! 8.288 8.282 |

A(8)-HB ! 8.203 8.201 !

A(11)-H2 | 7.825 7.816 ! 44.6

A(8)-H2 ! 8.011 7.995 !

*G(4)-H8 | 7.772 7.783 | 38.8

G(12)-H8 ! 7.739 7.739 ! 44.0

*C(6)-H6 | 7.559  ——-e- ! 23.9

*G(3)-H8 | ——=—= —mee- : 36.5

G(7)-H8 ! 7.923 7.926 | 39.4

*C(1)~H6 | 7.818 7.783 |

C(9)-H6 ! 7.296 7.291 | 45.8

C(10)-H6 ! 7.494 7.508 ! 57.8

*T(5)-H6 | 7.314 7.301 | 41.8

*T(2)-H6 | 7.486 7.490 !

*C(6)-H5 ! 5.893 5.874 !

*C(1)-H5 ! 5.906 5.882 |

C(10)-H5 | 5.598 5.591 | 43.4 average Tp
C(9)-H5 ! 5.253 5.240 ! 44.3 = 41.00¢C
*T(2)-CHz | 1.680 1.670 ! 35.4
*T(5)-CH3 ! 1.394 1.380 | 36.9
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temperature, the average change in chemical shift being approximately
0.15 ppm. The position of the guanine base within the sequence does not
seem to alter this result, as two of the guanines (G7, Gi2) are at
terminal sites in the duplex, while the remaining two (G3, G4) are in the
core. One significant difference between the four guanine H-8 resonances
is that two move upfield with duplex formation while the remaining two
become more deshielded with the decrease in temperature. The downfield

shift has been explained by Borer et al. (1975) to be the result of

several factors. The hydrogens in question lie approximately in the
plane of an aromatic ring and may encounter cross-strand deshielding ring
current effects, although the effects are small because the distances
involved are large. Other factors, such as the change in the solvation
about the proton and the eFfect of base-base hydrogen bonding on the
electronic nature of the base, may also contribute to the deshielding
environment.

The adenine H-2 protons are directed into the centre of the helix
and are more ring current shifted as a result of duplex formation. The
two adenine H-2 protons reflect this environment although All more so
than A8, with chemical shift changes of 0.35 and 0.05~ppm respectively.
The differences in the amount of shielding between the two adenine H-2
protons may be attributed to the variation in base sequence 3’ and 5’ to
the specific proton and, consequently, the degree of base stacking
surrounding the proton.

There are four cytosines in the duplex - two are located at terminal
positions in the helix (Cl, C6) and two are in the interior (C9, Cl10).

The H-6 protons from the terminal sites exhibit chemical shifts in
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opposite directions as a consequence of temperature variation. This
illustrates the difference in the diamagnetic shielding at the two ends
of the duplex and reflects the differences in the nature of the base
stacking. The magnitude of the chemical shift change is 0.3 ppm for
C(6)-H6 and 0.1 ppm for C(l1)-H6. The H-6 protons on the cytosines
located in the core of the duplex both move upfield upon helix formation,
showing sigmoidal behaviour, with chemical shift changes of 0.1 and 0.4
ppm for C10 and C9 respectively. For the H-5 protons on the same bases
there is a marked difference in the behaviour of those located in the
core and those in the terminal positions. All H-5 protons show shielding
effects as a result of helix formation. However, the core protons show
large chemical shift changes of 0.4 ppm (Cl10) and 0.7 ppm (C9) wﬁile the
shifts for those in the terminal sites are approximately 0.15 ppm. The
curves for the terminal H-5 protons show a gradual linear shift with
temperature change while the core resonances exhibit sigmoidal
behaviour.

The aromatic protons on the two thymine bases, H-6 and 5-CH3, also
exhibit chemical shift changes with temperature variation. The 5—methyl'
group, like the cytosine H-5 proton, is directed towards the interior of
the helix. This is evident here by downfield chemical shift.changes of
0.2 and 0.4 ppm for the two methyl groups on T2 and T5 respectively. For
the H-6 resonances, T2-H6 shows an insignificant change in chemical shift
over the temperature range studied while T5-H6é moves upfield 0.2 ppm.

A general examination of the curves presented in Figure 49 reveals
sigmoidal shaped lines for the majority of the protons studied. The

shape of the melting curve indicates the degree of cooperation between
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the two strands in the transition from double helix to single stranded
coil. Individually, the Ty’s of the various resonances differ depending
on the position of the proton in the helix. The resonances associated
with the core of the duplex range from a low of 36.59C for G{(3)-H8 to a
high of 57.80C for the C(10)-H6 signal, with the average Tm for the GG-CC
core being 44.4°C. Moving out Ffom the core in either direction, the A-T
base pairs 2 and 5 show T values only one or two degrees lower than the
core itself - with Ty’s ranging from 35.49C (T2-CH3) to 44.6°C (All1-H2).
The terminal G-C base pairs | and 6 again exhibited a slight drop in
-midpoint compared to the internél base pairs, with the overall duplex Tpy
having been determined to be 41.09C. This decrease in midpoint
temperature for the terminal base pairs when compared to the core region
has been well documented and has been attributed to fraying of the
terminal base pairs (Patel, 1975).

Line broadening of specific non-exchangeable aromatic resonances at
different témperatures throughout the helix-coil transition gives an
indication of the exchange rates between the two species. Over the
temperature range 50-55°C there were major changes in line shape of
several signals, particularly the cytosine H-5 and H-6 resonances for the
core region. As the temperature was further decreased to 300C, these
same resonances began to narrow again while signals from bases in the
terminal positions broaden. Below room temperature most of the
resonances had narrowed again, while a further drop in temperature to
below 109C resulted in an overall broadening of the spectrum.

Similar results have been observed by Feigon et al. (1983) who

attributed these effects to three factors. The line broadening which
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occurs over the transition temperature region will depend on the
difference between the chemical shift in the single stranded coil and the
helical states; the rate at which the strands exchange between the two
structures; and the population of each state at a particular
temperature. |If the exchange rate between the coil and helix is fast
with respect to the NMR time scale, then the resonances will remain
sharp. The observed resonance possesses a chemical shift which is an
average between the proton chemical sHiFt in the duplexed structure and
that in the single stranded coil. The experimentally observed chemical
shift reflects the populations of the two states at that particular
temperature. However, if the rate of exchange between the coil and helix
structures is slow, then line broadening will occur. The largest amount
of broadening will occur for resonances which have a large chemical shift
difference between the single stranded and the duplexed states. The line
broadening which was observed around 459C has been attributed to slow
exchange between the coil and helix structures for the core region of the
duplex. These resonances narrow again at lower temperatures, indicating
that the exchange has stopped, at least in the core of the duplex. Below
the Ty, values where the proton resonance no longer shows a temperature
dependence, the chemical shift reflects solely the duplexed structure.
Because the resonances do not all broaden and narrow over the same
temperature range i.e. the protons on terminal bases broadening at lower
temperatures than the core protons - fraying of the terminal base pairs
is suggested. The overall broadening at temperatures below 10°C may be
caused by aggregation of the duplexes and/or solvent viscosity changes,

both which would affect the tumbling rate of the molecules in solution.
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5.2.2 Variable temperature study of the exchangeable imino

protons in_the hexamer duplex.

The same sample was examined in a solution of 9:1 H30:D50 to observe
the exchangeable imino protons involved in the hydrogen bonds of base
pairs. Assignments of the imino proton signals to a specific base pair
were made on the basis of sequential signal line broadening with
temperature increase. The double helix unwinds from either end towards
the middle of the duplex. When a base pair opens and exposes the imino
protons to exchange with solvent, the NMR signal for that specific base
pair broadens and eventually disappears as the exchange with solvent
becomes rapid (Kan et al. 1975; Patel, 1975). For perfect duplexes, this
type of melting experiment allows the assignment of the signals which
broaden out at low temperature to terminal positions in the duplex and
resonances which broaden at higher temperatures to base pairs in the core
of the helix. When A-T base pairs exist at the terminal positions in a
helix, imino protons may not be observed as a result of base pair fraying
as discussed above. In the sequences used in this work, these end
effects were not observed as the terminal base pairs in all cases were
the more thermodynamically stable G-C pair.

In the variable temperature melting experiments, one A-T base pair,
(either [2 or 5]), and one G-C, (either [l or 6]), have signals which
broaden and disappear between 150C and 20°C as the helix begins to unwind
(Figure 50). This result suggests that the duplex is preferentialiy
unwinding from one end. The second terminal G-C base pair did not
broaden until the temperature was above 209C. At 259C, the only

resonances which had not broadened to the base 1ine were the A-T signal
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at 13.95 ppm and the G-C signal, (either [3 or 4]), at 12.89 ppm. This
observation also suggests that one end of the duplex was meltingyfaster
towards the core than the other.

Several factors contribute to the stability of the duplex i.e.
hydrogen bonding, base stacking, and solvation effects (Patel et al.
1982a, 1982b, 1975, 1974; Kan et al. 1975). The observed non-symmetrical
melting behaviour may reflect the difference in base stacking over the
length of the duplex. Over the range 25°C to 30°C, all imino resonances
broadened out, the result of a rapid exchange equilibrium between the
base paired and open structures. The line broadening is assisted by a
base catalyzed proton exchange in the open state between the imino base
protons and the surrounding solvent (Patel and Hilbers, 1975).

Similar conclusions can be made from the line width versus
temperature plot, Figure 51, which illustrates the effect of temperéture
on the imino resonance line width. This graph illustrates that the two
resonances for the terminal G-C base pairs, [1,6], are broader than the
remaining signals even at the Jlowest temperaturé. As the temperature
was increased, the terminal base pairs broadened gradually until, around
200C, they broadened out completely. Up until the terminal G-C base
pairs began to broaden extensively, the neighbouring A-T base pairs [2,5]
did not exhibit temperature line broadening effects. When the rate of
opening of the terminal base pairs increased, as observed through
increased line broadening, the line width of the base pairs [2,5]
increased dramatically. This supports the extensive fraying effect
observed for terminal A-T base pairs. Following the rapid opening of A-T

base pairs [2,5], the GG-CC core of the duplex followed at approximately
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the same rate of opening, as illustrated by the parallel nature of the
curves for the A-T base pairs [2,5] and the core G-C base pairs [3,4].
The rate of exchange for all imino protons became too rapid above 300C to

observe any signals.

5.2.3 d(CTGTGTC) + d(GACACAG).

The complementary heptamers, d(CTGTGTC) and d(GACACAG), were
combined in a 1:! ratio at overall DNA concentration of 3.0 mM in 0.1 M
sodium chloride, 0.0! M sodium phosphate pH 7, and 0.5 mM EDTA. The
mixture of the two complementary strands was studied using both the
exchangeable imino protons and the non-exchangeable aromatic base
protons. Assignment of the non-exchangeable aromatic resonances to a
specific strand was carried out by comparison with calculated chemical
shift values and by comparison of the chemical shifts from the 700C
spectra for the two heptamers, before and after mixing. The aromatic
protons belonging to the d(CTGTGTC) strand have been designated by an
asterix (*), with the nucleotide units being numbered 5 to 3’, | to 7.
In the complementary oligomer, d(GACACAG), the nucleotides are numbered
in the same fashion, 8 to 14. The NMR data for the non-exchangeable
protons over the temperature range -5° to 809C are given in Table 32.
These results have been plotted in Figure 52.

Examination of the lines obtained from the variable temperature
experiments reveals that many of the protons could not be followed
throughout the entire temperature range. There were two major reasons
for the incomplete curves. The first problem was that many of the

resonances were found in the crowded region in the NMR spectrum between
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TABLE 32

Chemical shift as a function of temperature;

d(CpTpGpTpGpTrC){*} + d(GpApPCpApPCPAPG),
(8~9-10-11-12-13-14)
1.5 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

(1-2-3-4-5-6-7)

A(9)-H8
A(13)-H8
A(11)-H8
A(13)-H2
A{9)-H2
A(l11)-H2
*G(5)-H8
*G(3)-H8
G(14)-H8
*C(7)-H6
G(8)-H8
*C(1)-He6
C(10)-H6
C(12)-H6
*T(6)-H6
*T(4)-H6
*T(2)-Hé
*C(7)-H5
*C(1)-H5
C(12)-H5
C(10)-H5
*T(2)-CH3z
*T(6)-CHg
*T(4)-CHy

i
t
i
I

Chemical Shift vs Temperature
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TABLE 32 (continued)

Chemical shift as a function of temperature;
d{(CpTpGpTpGpTPC) {*} + d(GpApPCPpAPCPAPG),
(1-2-3-4-5-6-7) (8-9-10-11-12-13-14)
1.5 mM each strand, 0.1 M NaCl, 0.0l M phosphate, pH 7.

Chemical Shift vs Temperature

Proton  !T(C) 39.8  35.4  30.6 25.0  13.9 6.3 -3.3 Tp
- - — o b e e e e e o o e e o e e e e e e e e e e e e T e e e = e S S T e T v e e e e e > o = — — | R
. S lzz==
A(9)-H8 |  8.238 8.235 8.237 8.236 8.242 8.242 8.248 47.5
A(13)-H8 |  8.269 8.275 8.281 8.286 8.293 8.289 8.286 !38.0
A(11)-H8 |  8.125 8.124 8.129 8.135 8.143 8.143 8.149 !58.0
A(13)=H2 | =====  mmmmm mmmemmeee ool emn el !
A(9)-H2 | mmmm= mmemm mmem meee cmeen e oo !
A(11)-H2 ' 7.959 7.958 7.963 7.965 7.965 7.952 7.925 !64.5
*G(5)-H8 | 7.890 7.887 mm=m=  mmmem memmee e e !
*G(3)-H8 |  7.933 7.938 7.944 7.953 7.965 7.982 7.996 |
G(14)=HB8 | =====  =mmmm mmmem mmeee emee meem oo !
*C(7)=H6 | =====  mmmm= emmmem mmmee emeen e e !
G(8)-H8 | =~ —---- 7.807  -=--- 7.831 7.844 7.844  7.843 138.2
*C(1)-H6 | T.T7T  m====  mmmmm mmmee mmeem e e !
C(10)-H6 |  7.348  7.330 =m===  —m=m=  mmmem memem oo 148. 1
C(12)-H6 | 7.304  7.293  ~—===  mmmm= mmemm mmmem oo 150.6
*T(6)-H6 | 7.375  —---- 7.325  mmmm= mmmmm mmmem meeee 145.3
*T(4)-H6 |  7.491 7.495 7.504 7.517 7.544 7.556 7.576 !
*T(2)-H6 | 7.264 7.242  ===mm  mmmem mmmee mmeee oo 146.7
*C(7)-H5 | 5.976  5.972 ——-==  mmmom —mmem mmmem oo !
*C(1)-H5 |  5.948 5.943  —-=-=  —mmmm mmmee mmeee oo :
C(12)-H5 !  5.453 5.399 5.378 5.357 5.321 5.303 5.277 !50.5
C(10)-H5 |  5.453 5.399 5.378 5.357 5.358 5.350 5.338 !50.2
*T(2)-CH3y  1.767 1.747 1.734 1.715 1.704 1.692 1.678 |43.6
*T(6)-CH3!  1.564 1.531 1.491 1.475 1.454 1.436 1.414 !44.2
*T(4)-CH3!  1.564 1.531 1.491 1.483 1.485 1.481 1.478 !45.9
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8.1 and 7.7 ppm, where many signal cross-overs occurred. Added to this
was the problem of line broadening. As discussed in section 5.2.1, line
broadening of many proton resonances occurred during the transition from
single stranded coil to the duplex because of the slow exchange between
the two structural conformations. Although several of the lines became
sharp again below the transition temperature, it was not possible to
disentangle the different resonances because of the many signal
cross-overs which had occurred. Of the twenty-four non-exchangeable
protons monitored, ten exhibited sigmoidal behaviour and their transition
temperatures were obtained.

The majority of the aromatic protons present in the trimer core of
the duplex [d-GTG-]-[d-CAC-], could be followed over the entire
temperature range examined. The H-8 resonances for the core guanine bases
(G3, G5) exhibited only minor changes in chemical shift as a function of
temperature. This is expected, as the H-8 proton on a purine base in a
double helix structure is directed into the major and minor grooves of
the duplex. The end result of the H-8 proton orientation is that it is
removed from the diamagnetic shielding region of the adjacent bases.
Therefore, the major influence on purine H-8 chemical shift change is the
alteration of the backbone and the accompanying solvation changes as well
as nucleo-base geometry upon duplex formation. The 5-CH3 protons of the
central thymine base (T4) showed sigmoidal behaviour and gave a Ty value
of 45.90C. The central adenine unit (All) gave Ty values for it’s H-2
and H-8 protons, with melting temperatures of 64.5°C and 58.0 °C
respectively. The H-6 and H-5 protons from the core cytosine bases (C10,

Cl12) also showed sigmoidal behaviour, with Ty values of 50.2°C and 50.5°C
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for the H-5 signals and 48.1°C and 50.69C for the H-6 signals. The
average Ty for the trimer corebof the duplex was 52.50C.

Moving from the core of the duplex to the next set of base pairs,
A-T, H2 resonances for both adenine bases (A9, Al3) were lost to line
broadening and signal overlap. The H2 protons, which normally provide
useful information as they are directed into the core of the duplex,
disappeared as they move rapidly upfield. Although the adenine H-8
melting curves are shallow, they are sigmoidal and yeild Ty, values of
47.50C (A9) and 38.0 (Al13). The H-6 and 5-CH3 signals from the thymine
bases (T2, T6) were followed over much of the temperature range studied.
For the H6 resonances, both signals moved upfield showing sigmoidal
behaviour and a Ty values of 46.70C (T2) and 45.3°C (T6). The two 5-CHj3
groups shifted upfield with the decrease in temperature, giving Ty values
of 43.60C (T2) and 44.20C (T6). Combining these transition temperatufe
values with those obtained for the trimer core of the duplex, the Ty for
the five internal base pairs was 48.79C. This is a decrease of
approximately four degrees over the trimer core alone.

Examination of the signals for the two terminal G-C base pairs [1
and 7] shows that only one proton resonance in the two base pairs
exhibits sigmoidal behaviour. As the temperature was decreased, both
C-Hé (Cl, C7) signals shift - one upfield and the other downfield.
Unfortunately, these proton signals could not be followed over a
sufficiently wide temperature range to provide a transition temperature.
The C-H5 proton resonances for the terminal base pairs moved upfield with
temperature decrease but again, did not give a transition temperature.

Similar to both C-H6 resonances, the G-H8 signals move in opposite
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directions as a function of temperature, however only one H8 proton, from
G8, gave a Ty value, which was 38.20C. An overall Tp of 47.99C for the
helix to coil transition of the heptamer duplex was determined. The
decrease of approximately five degrees in the Ty values from the core to
the external base pairs of the duplex was the result of fraying of the

terminal base pairs.

5.2.4 A comparison of variable temperature results for non-exchangeable

aromatic protons in the hexamer and heptamer duplexes.

When compared with the hexamer mixture discussed in section 5.2.1,
the addition of the core A-T base pair in the heptamer complex increased
the Tp of the duplex by seven degrees. In general, many of the
individual resonances in the two duplexes behave similarily, as they
follow the same chemical shift trends as a function of temperature. The
major differences in chemical shift for specific protons appear primarily
in the core regions of the two duplexes - the extra base pair having been
added in the centre of the heptamer mixture. For example, the chemical
shifts of the two *G-H8 protons (G3, G5) which are separated by the
central thymine base (T4) in the heptamer, are almost identical at 800C
whereas in the hexamer, Figure 49, where the two guanines are adjacent to
one another (G2, G3), one HB resonance is shielded by approximateiy 0.1
ppm. This diamagnetic shielding effect is the result of the
purine-purine sequence and the larger diamagnetic shielding anisotropy of
a purine base relative to a pyrimidine. This type of chemical shift

result has been predicted by Bell et al. (1985) in which the calculation
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of proton chemical shift were made based on strand sequence and the

shielding effects of a base on its nearest and next nearest neighbours.

5.2.5 Variable temperature study of the exchangeable imino protons in

the heptamer duplex.

The exchangeable imino protons involved in hydrogen bonding when
base pair formation occurs were studied for the mixture of the
complementary heptamers. Because there is no symmetry within the duplex,
all seven imino protons are seen in the NMR. Figure 53 exhibits the
spectra for the imino proton metting experiments. The assignment of
specific resonance signals to terminal base pairs has been based on line
broadening as a function of temperature. Those base pairs which open
first and, as a result, their imino proton signals broaden.and disappear
at the lowest temperatures are assigned as the terminal base pairs. The
imino proton signals which are visible at the highest temperatures have
been assigned to core positions. The resonance signal for the central
A-T base pair [4] has been assigned by the comparison of the heptamer
results with those obtained for the hexamer dupliex (section 5.2.2). The
line widths for the different imino proton signals as a function of
temperature have been calculated and the results given in Figure 54.

Below 00C, all seven imino proton signals are visible. Two
overlapping resonances at approximately 14 ppm have been assigned to the
two A-T base pairs [2 and 6]. The imino resonance for the third A-T [4]
base pair, which is the central base pair in the duplex, is located
upfield at 13.6 ppm. The two lower field G-C iminc proton signals have

been assigned to the terminal base pairs [l and 7]}, while the resonance
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Exchangeable imino protons involved in base pairing as a
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at 12.6 ppm contains both of the core G-C base pairs {3 and 5]. An
increase in temperature resulted in the terminal G-C imino proton signals
(1 and 7], and the resonances for the adjacent A-T base pairs [2 and 6]
beginning to move upfield. All of the peaks associated with these
protons shift approximately 0.2 ppm before broadening out. The imino
protons which belong to the internal trimer core do not exhibit the
variation in chemical shift as a function of temperature shown by the
external base pairs. Similar to the results for the hexamer duplex, one
of the terminal G-C imino proton signals begins to broaden before the
other, although signal overlap prevents any direct comparison. By 30oc,
both terminal G-C base pairs have disappeared along with one of the
neighbouring A-T pairs. This suggests that although the duplex is
unwinding from the two ends towards the middle, the stability of the base
pairs i.e. A-T [2 and 6] is not the same. Again, this result is similar
to that observed for the hexamer duplex and is attributed to differences
in intrastrand base stacking interactions thoughout the helix, as well as
solvation effects. All signals are gone by 350C as the equilibrium
between the helix and the singlé stranded coil structures begins to
favour the open state and fast exchange of the base imino protons with
the surrounding solvent occurs.

Similar conclusions are obtained from the line width versus
temperature plof, Figure 54. It is evident that the line widths of the
terminal G-C base pairs [1,7] increase more rapidly with increasing
‘temperature than the line widths of the internal base pairs. One of the

terminal G-C base pairs disappears above 59C and the other not until

approximately 200C. The A-T base pairs [2,6] show no noticeable change
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in line width until the terminal base pairs have opened. At this
temperature, the line width curve for the these base pairs rapidly
increases to a maximum at about 300C, after which the signals disappear.
In a similar fashion, the G-C [3,5] base pairs show little change in line
width until the base pairs external to them have begun to broaden. The
central A-T [4] base pair follows along in an almost parallel trend in

line broadening as that exhibited by the neighbouring G-C base pairs.

5.2.6 d(CTGTTGTC) + d(GACAACAG).

The complementary octamers d(CTGTTGTC) and d(GACAACAG) were combined
in 1:1 ratio for an overall DNA concentration of 3.0 mM. The oligomers
were dissolved in 400 ul of 0.1 M sodium chloride, 0.01 M sodium
phosphate pH 7:0, and 0.5 mM EDTA. The non-exchangeable aromatic protons
could not be followed over the temperature range usually studied for
melting experiments. The combination of multiple signal cross-overs and
resonance overlaps, along with line broadening effects, prevented any
reasonable interpretation of the variable temperature spectra.

—

5.2.7 Variable temperature study of the exchangeable imino protons

for d(CTGTTGTC) + d{GACAACAG).

The exchangeable imino protons involved in base pair formation were
studied. Again, as with the complementary hexamer (section 5.2.!1) and
heptamer systems (section 5.2.3), the lack of symmetry in the octamer
duplex allowed all eight imino proton resonances to be observed. The
results for the meiting experiments have been plotted on Figure 55. The

imino protons have been assigned to specific base pairs based on line
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broadening results, with the terminal and external base pairs broadening
and disappearing at lower temperatures and the internal core signals
broadening out at higher temperatures. The results of the line width
measurements as a function of temperature for the different imino proton
resonances are given in Figure 56. /

At -5°C, the two external A-T base pairs [2 and 7], as well as one
of the internal A-T base pairs, either [4 or 5], are overiapped at 13.99
ppm. The remaining internal A-T base pair is at 13.8 ppm. The two
terminal G-C base pairs [1 and 8], located at 13.22 and 12.84 ppm, are at
lower fields than the internal core G-C base pairs [3 and 6], found at
12.65 and 12.55 ppm. As the temperature was increased the terminal G-C
imino resonances moved upfield with chemical shift changes on the order
of 0.2 ppm before the resonances broadened out completely. The lowest
Fieid G-C terminal base pair broadens and disappears between 250C and
300C. The higher field terminal G-C resonance signal moved upfield and
overlapped with the G-C core resonances as it melted. The exact region
over which this signal disappeared completely was no longer discernible,
but it appears to be between 20°C and 30°C. Of the two external A-T base
pairs, [2 or 7], one meits between 20°C and 259C, close behind the
external G-C base pairs. The other external A-T signal did not broaden
until the temperature was above 259C. Examining the core region of the
octamer duplex, base pairs [3 to 6], the G-C imino signals show little
change in chemical shift (< 0.1 ppm) as a function of temperature, while
the internal A-T base pairs exhibit a shift difference of between 0.15

and 0.2 ppm. By 359C, only the imino proton resonances for the four core
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base pairs remained. All signals had broadened out completely above
40°C.

As was observed for the heptamer mixing experiment, the line widths
of the terminal G-C [1,8] base pairs showed a rapid increase in line
width as a function of temperature, see Figure 56. Although both
terminal G-C imino proton resonances appear to broaden at a similar rate,
one signal disappears above 5°C while the second does not broaden out
until the temperature is above 25°9C., Above 59C, the neighbouriné A-T
base pairs [2,7] began to gradually broaden, with the resonances
broadening out above 259C, Continuing inwards towards the core of the
duplex, the G-C base pairs [3,6] showed very little line broadening until
approximately 250C. This temperature coincides with the melting of the
external flanking 3’ and 5’ A-T base pairs. Above 250C, the line width
of the G-C base pairs [3,6) began to increase, with the resonances
broadening out above 35°9C. The two central A-T base pairs [4,5]
exhibited a line broadening trend which paralleled that of the
neighbouring G-C base pairs. This finding is similar to the results
which were observed for the central A-T base pair [4] in the case of the
heptamer mixture. Again, this indicates that the [-AA-][-TT-1 core is
not sufficiently stable on its own to hold the duplex together and, as a
result, opens at approximately the same rate as the neighbouring G-C base

pairs.
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5.2.8 Conclusions to the mixing experiments for fully complementary

oligomers,

The mixing experiments involving the three sets of complementary
deoxy oligomers resulted in several trends which appear to be common
throughout the three different duplexes. These oligomers had common
sequences with respect to their termini, the base additions occurring in
the core of the dupiexes. In general, the addition of bases to a nucleic
acid sequence primarily affects the environment of the nearest neighbours
3’ and 5’ to the new base. This effect falls off rapidly with distance,
with Tittle affect noticable on the next nearest neighbours. Therefore,
beginning with the dGG-CC core of the hexamer mixture (section 5.2.1),
the addition of an intervening T-A base pair should show a major affect
on the chemical shifts of the core G-H8 and C-H5 and H6, and to a lesser
degree, the external A-T and the terminal G-C signals. The addition of a
second T-A base pair to the core of the octamer mixture primarily
affected its immediate nearest neighbours as was the situation with the
heptamer. This type of sequence effect has been studied by several
groups and empirical equations have been devised which can predict proton
chemical shifts and aid in assignment of the various proton resonances
(Bell et _al. 1985).

A comparison of resonance signals assigned to similar protons from
the melting experiments involving the non-exchangeabie aromatic protons
for the hexamer and heptamer mixtures, shows that many lines follow
parallel patterns. The specific base protons which will be most affected
by the transition from single strand to duplex, are those which are

conformationally directed into the core of the helix and therefore, are
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most influenced by the diamagnetic shielding anisotropy of the
neighbouring bases. Models show that these protons are the pyrimidine HS
or 5-CH3 protons and the purine H2 proton (Patel and Tonelli, 1975b; Kan
et al., 1982).

In both of the two duplexes which could be monitored through their
dupliex melting, the central core cytosine H5 protons showed chemical
shift changes of 0.4 to 0.7 ppm over the helix-coil transition. The same
cytosine HS protons, located in terminal positions in the helix, showed a
smaller temperéture dependence with chemical shift changes on the order
of 0.1 ppm. This difference in temperature dependence reflects the fact
that the terminal bases experience shielding effects from only one
nearest neighbour and, is also the result of base pair fraying at the
ends of the duplex. Bases occupying interior sites in the duplex have
two nearest neighbours and, with the increased stability of core base
pairs, experienceAlocalized changes to the magnetic environment to a
greater extent. All of the thymine bases are located at internal
sequence positions and the 5-CH3‘groups all exhibit similar chemical
shift changes with temperature (0.2-0.4 ppm).

The base protons which are conformationally directed away from the
central core of the helix, are less influenced by the diamagnetic
shielding anisottopy of the neighbouring bases. As a result of this
conformation, these particular protons exhibit smaller chemical shift
changes between their single stranded and duplexed states. The purine H8
protons, and to a lesser extent the pyrimidine Hé6 protons, point into the
grooves between the sugar-phosphate backbone and as a result, are more

directly influenced by alterations in backbone conformation.
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The comparison of similarily assigned signals in the hexamer and
heptamer mixtures, for magnitude and direction of chemical shift change
through the helix to coil transition, reveals little variation between
the two duplexes. This observation suggests that the overall structure
of the two duplexes in solution is quite similar and that the addition of
the extra internal A-T unit did not substantially alter local
environments of the various units throughout the duplex. The basic
interpretations of structural changes, their effects on local
environment, and in turn, proton chemical shift, will not completely
cover the many complex motions and stuctural orientations which occur in
the formation of the nucleic acid double helix.

Another similarity observed between the hexamer and heptamer
mixtures for the non-exchangeable protons was the occurrence of line
broadening of many signals as the mid point temperature for the helix to
coil transition was approached. This effect is the result of a slow rate
of exchange between the open, single stranded state and the closed duplex
state with respect to the NMR time scale. The signals which have the
largest chemical shift difference between the two states would be
expected to exhibit the largest amount of line broadening. Once the
temperature was below the transition temperature of the duplex, many of
the broad signals sharpened again. This result indicates that little
exchange between the two states was occurring and that the major
structure in solution was that of the closed, duplexed species.

The experiments which examined the exchangeable imino protons
involved in hydrogen bond formation gave some interesting results

concerning the order in which the different signals broadened and
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disappeared. Each of the three oligomer mixtures, the hexamers,
heptamers and octamers, have common 3’ and 5’ terminal sequences.
Because the mixtures of complementary sequences form normal duplexes,
melting of the strands occurred from the terminal positions inward to the
core base pairs. Inwards from both the 5’ and 3’ terminal base pairs the
sequences were the same and, as a result, melting might be expected to
occur at an equal rate from either end. However, this was not observed
in any of the three systems examined, as the hydrogen bonding involved in
base pairs is not the only stablizing factor involved in double helix
formation. In all three éases, it appears that although melting began at
the ends of the duplex at approximately the same temperature. one end of
the duplex melted at a8 lower temperature than the other. The overall
stability of the double helix is not only dependant on the hydrogen
bonding involved in base pairing but also on inter and intrastrand base
stacking and on solvation effects. Therefore, despite the apparent
sequence similarities, the duplexes would not be expected to melt in a
purely sequential fashion.

The overall Tp’s for the hexamer and the heptamer were 41.0°C and
47.90C respectively. Addition oF/the extra A-T base pair into the core
of the heptamer increased the stability of the heptamer duplex by
approximately seven degrees. This result is in line with stability
predictions reported by Breslauer et al.(1986). Their results indicate
that it is the base sequence, not the base composition, of an oligomer
which determines the stability of the duplex. In our hexamer mixture,
the core of the duplex contains the highly thermodynamically stable dimer

unit, [-GG-]}[-CC-]. By adding the extra A-T base pair into the core of
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the heptamer, [-GTG-][-CAC-], we have separated the stable dimer unit
and, some of the extra stability gained in the extra base pair is in turn
lost in the separation of the [-GG-][-CC-] core. The transition
enthalpies were calculated according to the data listed by Breslauer,
producing values of 36.7 and 38.0 kcal/mol for the hexamer and the
heptamer respectively. This small difference, approximate{y I kcal/mol,
between the hexamer and heptamer duplexes would suggest only a minor
variation in the Ty values obtained by melting experiments. Again, the
importance of pairwise interactions is evident in the results obtained
from the enthaipy calculations for the octamer mixture. The transition
enthalpy obtained for octamer duplex was 47.1 kcal/mol, an increase of
almost 10 kcal/mol over that for the heptamer mixture. The primary
reason for this result is the presence of the [-AA-][-TT-] core in the
octamer which greatly aids in the stability of the duplex. Altough no Tp
value was obtained for the octamer mixture from NMR experiments, the
transition enthalpy value would suggest a significant increase over that

obtained for the heptamer duplex.



191

5.3.1 Mixing Experiments with Non-Complementary Base

Seguences.

Prior to carrying out the mixing experiments involving the
piatinated oligomers and their complementary and non-complementary
oligomers, as outlined on Table 15, it was necessary to examine the
non-platinated parent strands. The preceeding chapters gave results
which characterized the formation and stability of the three different
complementary duplexes involved in our work. This section mimics the
oligomer mixtures which will be involved when the platinum derivatized
strands are used, without the effects of platination. Upon completion,
we will have examined the oligomer mixtures as fully complementary
duplexes, as well as imperfect duplexes which contain extra internal
thymine bases.

Several research groups have shown that it is possible to form a
double helix between two strands which are only partially complementary
and, as a result, form imperfect duplexes (Chu and Tinoco, 1983; Patel et
al., 1982a; Roy et al., 1983; Woodson and Crothers, 1988). The formation

of a double helix which includes a non-standard Watson-Crick opposition

has also been demonstrated (Aboula-ela et al., 1985; Patel et al. 1984c;

Tibanyenda et al. 1984). A few non-standard base pairs are still
possible with only minor conformational changes, as is the case with the
G-T wobble base pair (Early et al., 1978; Pardi et al., 1982; Patel et
al., 1982b). Other base-base oppositions do not allow for base pair
formation and the two bases either remain base stacked with adjacent

normal base pairs or they are pushed out of the core of the duplex

(Arnold et al., 1987). It is also possible to have duplex formation
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occur when there is an extra base on one strand for which no opposing
base exists on the other strand (Evans and Morgan, 1982;, Morden et al.,
1983; Patel et al., 1982c). The extra base may be located in a terminal
position on one strand, and is called a dangling base, or it may be found
somewhere within the strand other than a terminal site. It is dupliexes

of the latter type which we are concerned with here.

5.3.2 d(CTGTGTC) + d(GACCAG) - A duplex containing one_ extra thymidine.

The heptamer d(CTGTGTC) , with the nucleotide units numbered
sequentially from the 5’ to 3’ (1-7), was combined with the hexamer
d(GACCAG), numbered (8-13), in a 1:1 concentration ratio to give an
overall DNA concentration of 2.4 mM. The concentration of salt used in
these experiments was 1.0 M NaCl, 0.0!M sodium phosphate pH=7.0, and
0.5mM EDTA. Because the duplex formed in this experiment was not as
stable as the fully complementary duplexes examined previously, the salt
concentration was increased. The increased ionic strength would raise
helix to coil transition temperature into a region which was
experimentally observable. The data for the variable temperature NMR
experiments for the non-exchangeable aromatic protons is given in Table
33 and the results plotted on Figure 57.

The aromatic protons on the d(CTGTGTC) strand have been designated
with an asterix (*). Assignments of the various proton resonances to a
~ particular strand have been based on 700C chemical shift data for the
oligomers prior mixing as well as calculated chemical shift values. A

comparison between the heptamer d(CTGTGTC) and the hexamer d{(CTGGTC), has

. permitted the specific assignment of the central thymine base protons in
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Chemical shift as a function of temperature;
d(CpTpGpTpGpTRC) {*} + d(GpAPCPCPARG) ,
(l-2-3-4-5-6-~T7) (8-9-10-11-12-13)
1.2 mM each strand, 1.0 M NaCl, 0.0! M phosphate, pH 7.

Chemical Shift vs Temperature

Proton HIREED 0.0 60.8 50.3 40.6 30.2
A(12)-HE | 8.266 8.266 8.268 B.212 B.273
A(9)-H8 | 8.182 8. 172 8.162 8.155 8153
A(2)-Hz2 | 8.119 8.106 8.085 8.054 7.996
A2 =H2 8.045 8.027 8.007 7.996 7.996
2G(5)=H8 | 7.915 1,915 1913 7.896 7.848
*G(3)-H8 ! 7.913 7915 7.913 7.916 7.920
G(13)=H8 | 7.908 7.906 7.899 7.881  -—=——-
*C(T)=-H6 | 7.814 7.814 T84 7.807 1. 169
MECHEHE 7.742 7.745 -5 7.758 7. 769
G(8)-H8 | T3 T 32 T3l 7.744 7.776
C(10)-H6 | 7. 675 7.658 7.625 TS 7.459
CE=Re ! 7.563 7.548 7.527 71505 . 455
*T(6)-H6 | 7.492 7.483 7.468 7.461 7.449
*FE4)—H6) 7.473 7.470 7.468 7.461 7.469
*T(2)-H6 | 7.390 7.380 7.370 7.366 7.388
*C(7)-H5 | 6.049 6.047 6.041 6.027 5.978
AC Y=HE 6.018 6.014 6.008 5.999 5.978
Gl =H5 ! 5+975 5.968 5.949 5.903 S
C(10)-H5 | 5.893 5.876 5.836 5.762 5.631
L2 )=Glg 1.846 1.843 1.835 1.821 1.781
*T(6)~CHy! 1.742 1. 731 [E L2 1.679 1582
*T(4)-CHs3 | 1.729 e 702 1.706 1.698 1.709
Proton G 2555 15,6 B8 % Ty (C)

_________ L e P e o i o e e e i Pt s o s 1 e s i s’ i i i b
_________ |=======================z====z======z |z==z======

A(12)-H8 ! 8.271 8.254 8.231 |

A(9)-H8 | 8.156 8.158 8.161 |

A(9)-Hz2 | 922 0 e e '

A(12)-H2 | 7.996 7.979 7.942 |

*G(5)-H8 | 7.814 1.772 === ! 26.7

*G(3)-H8 | 7.922 7.924 7.925 |

G(13)-H8 | 7.798 7.757 7.734 | 30.5

*C(7)-H6 | T 40 === e :

*C(1)-He6 | 77/l R e '
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CEIUNE RGN e e = S e = s e :

C(1t)-H6 | 7.444 ———-= @ e :

*T(6)-Ho | 7.444 7.434 74500

*T(d)-He | 1481 == e :

*T(2)-H6 | 7.418 7.508 Jhatstsiant 18.0

*C (1) —H5 5.961 5.907 5.852 |

£EIEID =B 5.961 5.907 58527

G )=H5 5.730 5.690 56719 34.4

S = s T S M co e I '

#1102 -CHzl 1 752 1.691 1.649 | 22.8

*Tie)~CHa! [ R = N !

|
*T(4)-CH3! 1.732 1.778 1.862 1 av. Ty = 26.49C



196
the heptamer. The assignment of the C5-methyl] group and the H-6 proton
on the extra thymine base in the duplex allows us to monitor the
movements of this unpaired base through the helix to coil transition. At
700C, the H-6 and 5-CH3 protons of the central thymine base (T4) in the
heptamer have chemical shifts of 7.473 ppm and 1.72%9 ppm respectively,
and have been distinctively marked on the graph, Figure 57.

In many cases, individual protons could be monitored throughout the
entire temperature range studied. As observed in the previous mixing
experiments, many of the proton NMR signals exhibited 1ine broadening
effects below 300C. Unlike the situations involving perfect duplexes,
however, the broadened proton resonances did not sharpen below the T
value for the helix to coil transition. This indicates that the duplex
formed involving the extra base was not as stable as was formed with the
complementary oligomers.

The adenine H-8 signals (A9, Al2) exhibit normal behaviour for
purine H-8 protons in that they show little chemical shift change as a
result of temperature variation and duplex formation. The H-2 resonances
for the two adenines exhibit a chemical shift change with a decrease in
temperature. The lowest field H-2 signal (A9) began to show sigmoidal
behaviour as a function of temperature, but broadened out before the base
of the curve was achieved. The adenine (Al2) H~2 signal did not exhibit
sigmoidal behaviour, with an overall chemical shift change of oniy 0.1
ppm ovér the 70° temperature range. A comparison of these signals with
similar resonances in the fully complementary hexamer mixing experiment,
(Figure 49), shows only minor changes in the behaviour of the adenine

aromatic signals in the both systems. The only difference between the
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two duplexes is an extra thymidine unit in the non-compiementary mixture
and this extra nucleotide is separated by one base pair from the two
adenines. This result illustrates how the structural and conformational
effects of the extra base are localized and how this affect falls off
rapidly with distance.

Continuing to focus on the hexamer strand in the non-complementary
mixture at 700C, the H-8 resonances of two terminal guanine bases (G8,
Gi13) were well separated, with chemical shifts of 7.737 ppm and 7.908
ppm. As the temperature was decreased, the two signals moved in opposite
directions, with the lowest field resonance (Gl13) moving upfield and the
higher field signal (G8) moving downfield. The G(13)-H8 signal exhibited
sigmoidal behaviour as a function of temperature, yielding a Ty of
30.50C. The higher field G(8)-H8 signal appeared to have partial
sigmoidal behaviour. However, this signal broadened out below 250C
leaving the sigmoidal curve incomplete. Again comparing these signals to
similar resonances in the complementary hexamer system, (Figure 49), the
terminal guanine bases appeér to show little change as a result of the
extra central thymine base on the opposite strand. As was the case with
the adenine signals, this result suggests that the effect of the extra
base is localised and dissipates quickly with distance from the altered
region.

The cytosine bases on the hexamer strand (Cl10, Cl1) are nearest
neighbours to the extra thymidine nucleoside on the opposite strand and
would therefore be expected to show structural differences when compared
with the complementary hexamer system. The two H-6 signals exhibited an

upfield movement with a decrease in temperature, the C(10)-H6 resonance
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moving more rapidly upfield than the C(11)-H6 signal. Again, line
broadening effects did not allow the signals to be followed over the
entire temperature with the resonances disappearing below 300C.
Comparing these signals to similarily assigned resonances in the hexamer
system, it is evident that the trends in chemical shift for the cytosine
H-6 protons in the two systems are similar except for the lige broadening
effects observed in the non-compliementary system. This result suggests
that even the nearest neighbours to the extra thymidine moiety are not
significantly affected by the extra base on the heptamer strand.

Both of the two cytosine H-5 signals moved upfield with decreased
temperature. The iowest field signal exhibited sigmoidal behaviour,
while the higher field resonance line broadened below 30°C. The C(l1)-
H5 proton gave a Ty value of 34.49C. A comparison of the cytosine H-5
resonances to their complements in the hexamer mixture shows almost
identical behaviour with the exception of the 1ine broadening effect.
Again, this result suggests that the presence of the extra thymidine
nucleotide has little affect with regards to structural changes when
comparing the similar hexamer strands in the two different systems.

Concentrating on the heptamer strand in this bulged base system, we
examined the behaviour of the non-exchangeable aromatic protons on the
individual bases from the terminal sites inward to the extra thymine
base. Comparisons are made to the similar strand in the complementary
heptamer mixture, (section 5.2.3), as well as to the same strand minus
the central thymidine in the hexamer mixture system, (section 5.2.1).

Both of the H-6 protons on the two terminal cytosine bases (Cl, C7)

had their resonance signals broaden below 259C so that the curves for the



199
two protons could not be completed over the entire temperature range.
The two H-6 resonances are less shielded, when compared with similar
protons on the hexamer strand in this non-complementary mixture. The
reason for this difference in shielding is because the cytosines located
at terminal positions are shielded by only one neighbouring base. The
cytosines, in the hexamer strand, are located in the interior of the
sequence and have both 3’ and 5 neighbours and as a result experience a
greater amount of diamagnetic shielding. Comparing the cytosine H-6
signals to those in the same sequence used in the heptamer mixture, a
small variation in behaviour is evident. In the heptamer mixture,
(Figure 52), the cytosine H-6 protons exhibited a parallel temperature
effect to each other, with their differences in chemical shift remaining
fairly constant over the temperature range studied. In the hexamer
mixture, (Figure 49), the terminal cytosine H-6 protons exhibited the
same trend in chemical shift with temperature as was observed for the
heptamer strand in the mixed system.

Examining the H-5 protons for the same cytosine bases in the three
systems shows little change in chemical shift behaviour as a function of
temperature between the various mixtures. In the bulged base system, the
two terminal cytosine H-5 protons (Cl, C7) show a slow upfield trend with
a decrease in temperature. Neither of the signals exhibited sigmoidal
behaviour. This may result from fraying of the terminal base pairs, i.e.
the terminal cytosine bases and their complememts on the opposite strand
do not complete the transition from single stranded coil to double helix.
VThe same cytosine protons in the complimentary heptamer mixture system

could not be followed over the entire temperature range. As observed in
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the non-complementary mixture, these proton resonances siowly moved
upfield as the temperature was decreased. The terminal cytosine residues
in the hexamer mixture exhibited a similar trend. Overall, the terminal
cytosine bases in all three systems exhibited similar chemical shift
behaviour as a function of temperature. This observation suggests that
the dominant factor operating with the terminal base pairs is fraying,
and that variation of sequence in the interior of the oligomer has little
effect at the terminal sites.

Moving inwards from the terminus of the duplex from both the 5’ and
the 3’ directions, thymine bases (T2, T6) are found which have
complements present on the opposite strand. A comparison of the
complementary hexamer and heptamer systems, and the hexamer-heptamer
mixture, along with calculated chemicla shift values, allows the
differentiation of these two thymine bases from the central thymine (T4)
on the heptamer strand. The central thymine base proton resonances have
been marked on Figure 57.

The H-6 resonance of the (T6) thymine base exhibited a change in
chemical shift as a function of temperature of less than 0.1 ppm, while
the T(2)-H6 resonance moved downfield 0.16 ppm. A comparison of these
signals with the same thymine protons in the complementary heptamer
system as well as the two thymines in the complementary hexamer mixture,
it is evident that the observed trend in chemical shift as a function of
temperature is similar in all three systems. However, the best
correlation was again with the hexamer system.

For the thymine (T2, T6) methy]l groups in the bulged base system,

_their resonances moved upfield with a decrease in temperature. The lower
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field methyl group of the two (T2) exhibited sigmoidal behaviour and gave
a Tpm of 22.89C., A comparison of these curves with those obtained for
similar thymine methyl groups in the complementary heptamer and hexamer
systems again showed similar results, with differences between the three
duplexes being negligible.

Guanine bases (G3, G5) are located inwards from the thymine bases in
both the 5’ and 3’ directions. These guanines are also 3’ and 5’ nearest
neighbours to the bulged central thymine base. At 709C, the H-8 proton
resonance signals, for both guanine bases, were overlapped. As the
temperature was decreased, one of the H-8 signals moved upfield through a
sigmoidal transition, with a Ty of 26.79C. The second guanine H-8 signal
showed little change in chemical shift (less than 0.05 ppm) with
temperature variation. A comparison of these resonances to the
complementary hexamer and heptamer systems shows a similar temperature
effect in the hexamer mixture. However, the heptamer mixture shows that
neither of the guanine H-8 proton resonances has a significant
temperature dependence. One signal shows a minor downfield shift with
temperature decrease while the second H-8 signal could not be followed
below 30°C.

The remaining nucleotide unit on the heptamer strand, which does not
have an opposing complementary base on the hexamer oligomer, is the
central thymidine unit (T4). I[f the hexamer and heptamer strands in the
mixing experiment form normal Watson-Crick base pairs, this leaves the
central thymine base without an opposing base with which to hydrogen
bond, either in a Watson-Crick type fashion or otherwise. If this is the

situation, the extra thymine base has the option of existing either
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inside or outside of the doubie helix, or in an equilibrium between the
two possible conformations upon dupliex formation.

The H-6 and 5-CH3 proton resonances of the central thymine base have
been specifically assigned and are the thymine H-6 at 7.473 ppm and 5-CH3
resonance at 1.729 ppm at 70°C. Following the H-6 proton from 70°C, the
chemical shift remained fairly constant to approximately 30°C, at which
point it moved slightly downfield before broadening out beyond
recognition. In a similar fashion, the chemical shift of the methyl
group resonance on the same thymine base reacted to the decrease in
temperature with a downfield shift beginning around 40°C and becoming
more deshielded with temperature drop, This base is not present in the
complementary hexamer mixture and therefore no comparison can been made;
However, this central thymine base is present in the complementary
heptamer mixture and comparison of these results show large differences
between the two systems at this site. In the heptamer mixture, (Figure
52), the central thymine base was involved in normal base pairing. Both
the H-6 and the 5-CH3 protons experienced increased shielding as the
central A-T base pair stacked between adjacent base pairs with duplex
formation. This behaviour is contrary to the obsérved result in the
buiged base mixture where the central thymine base became more deshielded
with duplex formation. These observations indicate that the extra
thymine base does not remain within the base-stacked core of the helix.
Instead, the thymine (T4) has been pushed out of any base stacked
conformation to form a structure in which the extra base is no longer
influenced by the diamagnetic shielding anisotropy of its nearest

neighbours, Figure 58. This conclusion further illustrates why the
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behaviour of many of the protons closely resemble the trends observed in
the compiementary hexamer system throughout the duplex to coil
transition, as discussed above. The heptamer-hexamer mixture essentially
mimicks the hexamer mixing experiment by bulging the extra thymine base
out of the duplex, and forming a hexamer-1like doubie helix which is as

close to a normal helix as possible.

5.3.3 Conclusions to variable temperature studies of the non-

exchangeable aromatic protons of d(CTGTGTC) +d(GACCAG).

In the heptamer-hexamer mixing experiment, twenty-two protons have
been monitored throughout the coil to helix transition, with only five of
these signals exhibiting sigmoidal behaviour and yielding Ty values. The
average T for the duplex was 26.4°C in 1.0 M salt. A comparison of this
helix to coil transition temperature to the average Ty value for the
complementary hexamer system, where a Tn of 41.0°9C was obtained in 0.1 M
salt, illustrates the destablising effect of the extra bulged thymine
base. This large decrease in the Ty (-14.6°C) of the bulged base duplex
is in agreement with published work in which the most unstable duplexes
were shown to be those which contain an extra nucleotide in one strand
(Aboul-ela et. al. 1985).

Similar experiments have been carried out which incorporate an extra
nucleotide unit into a duplex structure. The extra-helical thymine
agrees with results observed where an extra cytosine was present and was

shown to exist outside of the stacked duplex (Morden et al., 1983). When

an extra adenine was inserted into the core of the duplex without an

opposing base, results indicated that the extra base remained stacked
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within the core of the duplex and contibuted to the overall base stacking
structure of the double helix (Patel et al. 1982c; Pardi et al. 1982).
These results are in agreement with the variation in stacking ability of
purine and pyrimidine bases.

Researchers have also examined non-complementary base-base
oppositions. In these situations, the bases were either unable to base
pair or were found to form non-Watson-Crick wobble base pairs (Patel et
al. 1984c, 1982b). One system, which contained a T-T opposition in the
double helix, revealed that the two opposing thymine bases did not form a
hydrogen bonded base pair. However, the two thymine bases remained
stacked within the core of the dupliex and did not significantly disturb

the helical structure (Mellema et al., 1984). With the two opposing

thymine bases, both strands have the same number of sugars and phosphates
along their respective backbones. Mellema’s results illustrate how a
duplex can form and maintain a constant winding angle while incorporating
the non-hydrogen bonded thymine. These results contrast those which were
observed in our work for the single extra thymine base, which was bulged
out from the duplex core. With the single extra base, the two sugar-
phosphate backbones are of different lengths, making a consistent winding
angle difficult., Rather than incorporate the extra nucleotide unit into
the duplex, the thymidine is ignored, with normal helical structures on

either side of the bulge.
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5.3.4 Variable temperature study of the exchangeable imino protons

for d(CTGTGTC) + d(GACCAG).

The exchangeablie imino protons invoived in the hydrogen bonds in
base pair formation have been examined using the same sample for the
bulged base system in a 90:10 Hp0:D20 solvent mixture. The results for
the melting experiment are plotted on Figure 59. The imino proton
resonance line widths as a function of temperature for the duplex have
been determined and the results plotted on Figure 60.

Figure 59 shows three major chemical shift regions for the imino
protons: the A-T base pairs centred around 14.2 ppm; the G-C base pairs
around 13.0 ppm; and the N(3)-H proton in the bulged thymine base around
11.2 ppm. The thymine N(3)-H on the extra bulged base was seen even
though it was not involved in hydrogen bonding. This observation is
similar to the results obtained for the single stranded platinated
ol igomers which contained internal, bulged thymine bases as a consequence
of chelation of the strand by cis-Pt(NH3)2Cl2. The presence of the non-
hydrogen bonded imino resonance indicates a steric hinderance to exchange
of the N(3) proton with solvent. The rate of proton exchange has been
slowed sufficiently for the proton to be observed by NMR. Haasnoot and
coworkers (1980) have observed similar resonances for thymine bases which
have been looped out of a duplex in the formation of small hairpin loops.

The spectra for the bulged base mixing experiments differ in several
ways when compared to those spectra obtained for complementary oligomer
mixing experiments. The major and most important difference is that as
the temperature was increased, the bulged base system did not exhibit the

sequential opening of base pairs from the terminal positions inwards to
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Figure 59
Exchangeable imino protons involved in base pairing and extra
thymine bulge as a function of temperature for the partially

complementary heptamer-hexamer mixture d(CTGTGTC) + d(GACCAG).
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the core of the helix. All of the normal Watson-Crick base pairs were
visible at -5.5°9C and underwent line broadening as the temperature was
increased. Unlike the complementary mixing experiments, all imino
signals in the bulged base system disappeared simultaneously above 15°C,
rather than in the normal sequential fashion. Because of the
non-sequential order of base pair opening, assignment of the imino
protons to a specific base pair could not be made. As a result, the
assignment of the imino protons have been made by the comparison of fhe
-5.59C spectrum for the bulged base system with similar spectra in the
complementary hexamer and heptamer mixtures. The explanation for the
non-sequential duplex opening reflects the presence of the bulged thymine
base, which has added internal ends to the helix. As a result, rather
than having fraying of the base pairs occurring only at the terminal ends
of the duplex, base pair fraying also takes place with the base pairs
which are adjacent to the thymine bulge. The effect of this extra source
of duplex instability is that helix begins to unwind not only from the
ends of the duplex inwards towards the core, but also from the bulged
region outwards. When the G-C base pairs [1,3,4,6] opened, the entire
duplex disintegrated at once and did not go through the normat,
cooperative melting transition.

The non-cooperative melting transition experienced by the bulged
base duplex is also seen in the plot of imino resonance line widths as a
function of temperature, Figure 60. The plot does not exhibit the normal
sequential broadening of the signals as a function of temperature, as was
observed for the fully complementary duplexes (Figures 51. 54, 56).

Although not identical, the rates of line broadening do show a trend of
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broadening of both the terminal G-C base pairs [1,6] and the internal G-C
base pairs [3,4] with increased temperature. The internal A-T base pairs
[2,5] did not broaden significantly over the melting experiment. This
suggests that both the internal and terminal G-C base pairs opened at
approximately the same rate, leaving only the two well separated A-T base
pairs to hold the dupiex together. Once the four G-C pairs were open,
the two remaining A-T base pairs opened quickly before they could go
through a normal meiting transition. Therefore, the helix to coil
transition in the case of the bulged base mixing experiment was
non-cooperative.

The imino proton iline width of the central, looped out thymine
N(3)-H resonance, showed a steady rise with increasing temperature. This
result reflects an increase in the mobility of the looped out thymine
base accompanied by a more efficient interaction between the exchangeabie
base proton and solvent moiecules. The consistently broadening line
width is an indication of the increasing rate of exchange of the thymine

N(3)-H proton with the surrounding solvent.
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5.3.5 Mixing experiments involving the partially complementary

oligomers d(CTGTTGTC) + d(GACACAG).

In this set of mixing experiments the octamer d(CTGTTGTC),
nucleotide units numbered 5'-3 (1-8), was combined with the heptamer
d(GACACAG), numbered in the same fashion (9-15), in a 1:1 ratio at an
overall DNA concentration of 3.0 mM in 1.0 M NaCl, 0.0l M sodium
phosphate pH 7.0, and 0.5 mM EDTA. As-was the case in the previous
mixing experiments, the two strands are not completely compliementary in
that the octamer contains an extra thymidine nucleotide in the core of
its sequence. Unlike the previous situation, however, there is a single
adenine base (Al2) located in the centre of the shorter strand which, in
this mixing experiment, will have the choice of forming a base pair with
either of the two thymine bases located in the centre of the octamer,

(T4) or (T5).

5.3.6 Variable temperature studies of the non-exchangeable

aromatic protons.

The non-exchangeable aromatic protons as well as the methyl groups
on the thymine bases were monitored over the temperature range 5°C-700°C.
Not all of the proton resonances could be followed over the entire
temperature range because of line broadening problems. As the mixture of
the two partially complementary oligomers approached the apparent
transition temperature for the duplex, séveral of the proton signals
broaden out. Unlike the fully complementary duplex mixtures, (section
5.2), which exhibited 1ine broadening effects through the transition

temperature but whose resonances sharpened up once the temperature was
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below the mid-point temperature, most of the signals involved in this
imperfect duplex did not return to being sharp signals. The data for the
melting experiments has been given in Table 34 and the results have been
plotted on Figure 61.

Examination of the various individual proton resonances reveals
several new results not observed in the previous examples. In all of the
dupiexes which have been studied in this work, the adenine H-8 signals
have shown little or no alteration in chemical shift as a result of
temperature change. This was anticipated as the purine H-8 protons are
conformationally directed out from the core of the duplex and, therefore,
do not experience the diamagnetic shielding effect from neighbouring
bases in the core of the helix. As a result of having only a small
change in chemical shift between the single stranded and the double
stranded states, the adenine H-8 signals have not shown any line
broadening. In the octamer-heptamer mixture, two (assigned as Al2, Al4)
of the three adenine H-8 resonances melt in what has been seen to be a
typical pattern. The third adenine H-8 signal (Al0), which, at 700C, is
the lowest field of the three - did not exhibit "normal"™ behaviour. The
signal showed little chemical shift change down to 259C, where the
resonance split into two signals, each with only half the intensity of
the original resonance. Below 20°C the signal was no longer visible and
did not show any signs of recovering at 5°C. This region of the IH NMR
spectrum is shown over several temperatures in Figure 62.

The corresponding adenine H-2 resonances would be expected to
provide useful information for interpreting what was occurring in the

-central region of the duplex being formed. The three adenine H-2 signals
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Chemical shift of the non-exchangeable aromatic and methyl
protons as a function of temperature for the partially

complementary octamer-heptamer mixture d(CTGTTGTC)* + d(GACACAG).
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complementaryv octamer-heptamer mixture d(CTGTTGTC)* + d(GACACAG).



TABLE 34

Chemical shift as a function of temperature;
d{CpTpGpTpTpGpTrC){*} + d(GpAPCPAPCPAPG) ,

(1-2-3-4-5-6-7-8)

1.5 mM each strand,

Proton

A(10)-H8
A(14)-H8
A(12)-H8
A(14)-H2
A(10)-H2
A(12)-H2
*G(6)-H8
*G(3)-H8
G(15)-H8
*C(8)-H6
*C(l)-He
G(9)-H8

C(il)-H6
C(13)-H6
*T(7)-H6
*T(4)-H6
*T(2)-H6
*T(5)-H6
*C(8)-HS
*C(1)-H5
C(13)-H5
C(11)-HS

*T(2)-CHjy!
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1
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1
1
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*T(5)-CH3!
*T(7)-CHz
*T(4)-CHz|

(9-10-11-12-13-14-15)

1.0 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature

215



TABLE 34 (continued)

Chemical shift as a function of temperature;
d(CpTpGpTpTpGpTeC){*} + d(GpAPCPAPCPAPG),
{1-2-3~4-5-6-7-8) (9-10-11-12-13-14-15)
1.5 mM each strand, 1.0 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature

Proton {T(C) 40.6 35.1 29.1 26.2 20.5
__________ !=z==z=z=zc===zszc=zss==ss=====ss==zs=========c=s=S=======
A(10)-H8 | 8.263 8.257 8.244 8.233 8.216
A(14)-HB | 8.246 8.245 8.244 8.247 8.252
A(12)-H8 | 8.134 8.126 8.120 8.118 8.119
A(14)-HZ | 8.035 8.009 7.950 7.893 7.858
A(10)-H2 | 8.019 7.980 7.905 7.875 7.800
A(12)-HZ | 7.954 7.942 7.934 7.933 7.932
*G(6)-H8 | 7.942 7.946 7.950 7.954 7.961
*G(3)-HB | 7.929 7.921 7.905 7.893 7.886
G(15)-H8 | 7.889 7.875 7.855 7.839 7.800
*C(8)-H& | 7.858 7.847 7.819  ----- —-e--
*C(1)-H6 | 7.807 7.814 7.819 7.824 7.827
G(9)-H8 | 7.709 7.715 7.732 7.746 7.787
C(i1)-H6 | 7.523 7.484  -----  --=== e-ee-
C(13)-He | 7.477 7.446 ----- e--—= oo
*T(7)-He | 7.477 7.470 7.457 7.451 7.442
*T(4)-H6 | 7.477 7.470 7.466 7.461 7.457
*T(2)-H6 | 7.477 7.470 7.466 7.469 7.474
*T(5)-H6 | 7.419 7.418 7.419 7.423 7.442
*C(8)-H5 | 6.067 6.045 6.006 5.997  -----
*C(1)-H5 6.030 6.026 6.032 6.035  -----
C(13)-H5 | 5.819  ~5.798 5.749 5.725 5.673
C(i1)-H5 | 5.789 5.757 5.679 5.650 5.581
*T(2)-CH3z 1.826 1.807 1.783 1.764 1.733
*T(5)-CH3| 1.795 1.781 1.761 1.749 1.733
*T(7)-CHz} 1.713 1.680 1.631 1.594  -----

*T(4)-CH3} 1.713 1.704 1.692 1.684 1.681



TABLE 34

(continued)

Chemical shift as a function of temperature;
d(CpTpGpTpTpGpTepC) {*} + d(GPAPCPAPCPAPG),

(1-2-3-4-5-6-7-8)

1.5 mM each strand,

A(10)-HS
A(14)-H8
A(12)-H8
A(14)-H2
A(10)-H2
A(12)-H2
*G(6)-H8
*G(3)-H8
G(15)-H8
*C(8)-H6
*C(1)-H6
G(9)-H8
C(11)-H6
C(13)-Hé
*T(7)-Hé
*T(4)-H6
*T(2)-Hé
*T(5)-H6
*C(8)-HS
*C(1)-H5
C(13)-H5
C(11)-H5
*T(2)-CH3
*T(5)-CH3
*T(7)-CH3
*T(4)-CH3

t
1
1
[}
]
t

i
1

Chemical Shift

(9-10-11-12-13-14-15)

vs Temperature

28.5

average Tp

1.0 M NaCl1, 0.01 M phosphate, pH 7.

29.00C
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exhibited a much larger temperature dependence than was observed for the
H-8 resonances. The lowest field H-2 sighal (Al4) could be followed over
the entire melting range and exhibited sigmoidal behaviour with a Ty
value of 28.5°C. The remaining two H-2 resonances also showed changes in
their chemical shift as a function of temperature, both moving upfield as
the temperature was decreased. Unfortunately, both of these signals, one
of which has been assigned to the central adenosine moiety on the
heptamer strand, broaden out below twenty-five degrees. This is not
unusual behaviour for adenine H-2 signals but this result does not yield
further structural information on the orientation in the core of the
duplex.

Also involved in the core region of the dupliex are two of the four
thymine bases located on the octamer strand. The four thymine H-6
signals were crowded together and exhibited little change in chemical
shift as 8 function of temperature. One of the thymine H-6 resonances,
which has been assigned as one of the core thymidine nucleosides (T5),
7.440 ppm at 70°9C, did show a slight downfield shift as the temperature
was decreased. The remaining three thymine H-6 resonances remained
closely grouped together with littlie chemical shift change throughout the
helix to coil transition. The four thymine methy! groups did exhibit
some interesting temperature effects in that one or two of the methyvl
resonances abruptly changed appearance around the transition temperature
region. The alkyl region of the IH NMR spectra has been provided in
Figure 62 for the temperatures of interest. None of the four methyl

resonances exhibited downfield shifts as the temperature was decreased.
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the oligomer mixture d(CTGTTGTC) + d(GACACAG). Note the collapse of A-HZ and T-CH; below 25°C.



220

These results contrast those observed in the heptamer-hexamer
mixture, where the extra, central thymine base was found to be "looped
out" of the duplex structure. The result which suggested that the
central thymine base was in a "looped out" conformation was the downfield
shift of the resonance for the (T4) methyl group as a function of
temperature. The results obtained from the octamer-heptamer variable
temperature experiments suggest that the two central thymine bases (T4,
T5) remain "stacked in" the duplex, even though the opposing strand
contains only one of the two complementary adenine bases. The splitting
and eventual line broadening of the core thymine methyl signals, along
with the result observed with the adenine H-8 resonances, suggests an
exchange equilibrium in the core of the duplex. It appears that the
single adenine base in the core of the duplex is being shared between the
two core thymine bases on the octamer strand, with the adenine moving
like a8 pendulum between the two thymines, Figure 63.

An examination of the remaining non-exchangeable aromatic resonances
indicates that many of the resonances exhibit changes in their chemical
shifts as a function of temperature. Unfortunately, because of the
non-complementary nature of the duplex being formed, mést of the
resonances broadened out over the transition temperature region and did
not recover. This type of behaviour was anticipated as the formation of
the duplex would not be completely cooperative between the two
oligomers. Although many of the signals appeared to exhibit the
beginnings of sigmoidal behaviour, complete curves were not possible and

as a result very few lines provided Ty values.



Figure 63

Schematic of proposed base pairing involved in octamer-

heptamer duplex containing stacked-in central thymidine bases

PPV

and oscillating adenosine base.
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Several studies have been conducted which have examined the effects
of mixing partially non-complementary oligomers on duplex stability.
Some of these experiments have addressed the stability of
non-Watson-Crick base pairs, i.e. the G-T wobble base pair (Patel et al.,
1982b). Other studies, which are more closely related to the work done
here, have examined the effects of extra bases within the duplex and
their conformation and stability changes with respect to the normal
duplex (Patel et al., 1982a; Morden et al., 1983; Woodson and Crothers,
1988). The octamer-heptamer mixture discussed here incorporates the
presence of the extra base withinAthe duplex structure, as well as an
equilibrium in the core of the duplex between the one extra base and a
neighbouring base pair. Although there is no direct evidence for the
béck and forth movement by the central adenine base in the heptamer
between the two central thymine bases on the octamer, this is one
plausible interpretation of the NMR results.

A secona interpretation -of the splitting of the resonance signals is
that a mixture of duplex structures were formed. Half of the duplexes
contained a central A-T base pair which utilized one of the core
thymines, while the second component in the mixture used the second core
thymine in the base pair. This explanation is less likely knowing that
internal fraying of the base pairs will occur as a result of the non-
complementary sequences. In addition, an A-T base pair adjacent to a
bulge would fray easily and may not form at all, as is known with

terminal A-T base pairs.
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5.3.7 Variable temperature study of the exchangeable imino

protons in the duplex d(CTGTTGTC) + d(GACACAG).

The exchangeable imino protons involved in the hydrogen bonds of the
base pairs have been examined using the same sample studied in the
previous section in a 90:10 Hp0:D20 solution. The results for the imino
proton variable temperature experiments are plotted in Figure 64. The
l1ine widths of the various imino proton resonances have been measured and
plotted as a function of temperature in Figure 65.

At -3.19C only six imino proton resonances were visible for the
dupiex. If a normal A-T base pair were formed in the core of the duplex,
seven imino proton signals would be expected. In the region of the proton
spectrum centred about 14.0 ppm - the location of the imino proton for
A-T base pairs - only two signals were observed and not the expected
three. A comparison of this region of the spectrum with the same region
in the complementary hexamer mixture (Figure 50) and the complementary
heptamer mixture (Figure 53) indicated which A-T base pair was missing
from the octamer-heptamer mixture. For the two complementary systems,
thé terminal A-T [2,5] base pair imino proton resonances were both
located at approximately 14.0 ppm. The central A-T [4] base pair in the
heptamer mixture was found at approximately 13.6 ppm, slightly upfield of
the terminal signals. In the octamer-heptamer mixture, it was the high
field A-T signal which was absent, even at the lowest temperature
studied.

Although there was the possibility of forming an A-T base pair
between the central adenine base on the heptamer strand with one of the

two central thymine bases on the octamer strand, no such base pair was
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Figure 64

"Exchangeable imino protons involved in base pairing and extra
thymine units as a function of temperature for the partially

complementary octamer-heptamer mixture d(CTGTTGTC) + d(GACACAG).



observed. This result is in agreement with the conclusions of the
variable temperature studies of the non-exchangeable aromatic protons.

An interpretation of the combined results again suggests that an
equilibrium exists between the central adenine and the two thymines on
the opposite strand, with the single adenine shifting back and forth
between the two thymines. If the central adenine was involved in an base
pairing equilibrium between the two core thymines (T4, T5), the
observation of an imino proton signal for an A-T base pair would be
dependent on the rate of exchange of the adenine between the two thymine
bases. If the exchange rate between the two different A-T base pairs was
slow, two signals or, more likely, one broad signal would be observed.

If the rate of exchange were fast with respect to the NMR time scale, no
signal would be observed. The splitting of the two thymine methyl
signals and the one adenine H~-8 resonance, as observed in the
non-exchangeable aromatic protons experiments, combined with the absence
of an imino proton signal for the central A-T base pair in this
experiment, led to the conclusion that a rapid exchange of association
between the one central adenine base on the heptamér oligomer with the
two adjacent thymine bases on the octamer strand was occurring.

As observed with the heptamer-hexamer mixture, the line width versus
temperature plot for this non-complementary oligomer mixture did not
exhibit normal melting behaviour, Figure 65. In the normal complementary
duplex mixing experiments, !ine broadening of the imino proton resonances
displayed a sequential broadening of signals beginning with the 5’ and 3’
terminal base pairs, continuing inwards towards the core of the duplex.

The terminal G-C [1,7] base pairs, in the octamer-heptamer mixture,
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octamer-heptamer mixture d(CTGTTGTC) + d(GACACAG).
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exhibited the steepest rise in line width curve as a function of
temperature. The internal G-C base pairs [3,5] did not broaden as
quickly, although all signals had disappeared above 20°C,.

The results for this set of mixing experiments parallels those
discussed in the previous section. Again, the terminal G-C base pairs,
as well as those next to the mismatched core region, broadened over the
same temperature range. This is an indication of base pair Fraying at
the sequence terminal base pairs as well as the base pairs flanking the
mismatched core region. As a result, the duplexrwas opening from the
centre of the duplex outwards as well as the normal opening of the ends
of the double helix. Once the terminal and internal G-C base pairs
exchanged rapidly between the closed dupiex and the open single stranded
states, the remaining two A-T [2,6] base pairs in the duplex opened.
This observation is reflected in the paraliel trend in line broadening
between the A-T [2,6] imino resonances when compared with the
neighbouring, internal G-C [3,5] base pairs. The constantly increasing
line width of the resonance assigned to the thymine N(3)-H protons on the
extra bases in the duplex core, 11.2 ppm, reflects the increased
interaction between the exchangeable imino protons on the thymine bases
and the surrounding water molecules. As the temperature was increased
there was more motion within the oscilating base pair core of the
duplex. The added motion allows for a less structurally restricted path
of interaction between the exchangeable thymine N(3)-H imino protons and

the surrounding solvent.
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5.3.8 Mixing experiments involving the partially complementary

oligomers d(CTGTTGTIC) + d(GACCAG) - Two extra thymine bases.

This was the final mixing experiment carried out in the series of
model studies involving normal oligomers before examination of similar
experiments with oligomers treated with the anti-tumor compound
cis-Pt(NH3)2Clp. The interaction between the two partially complementary
oligomers was examined as a function of temperature.

In this experiment, the octamer d(CTGTTGTC), numbered sequentially
5'-3" (1-8), was combined with the hexamer d(GACCAG), numbered in the
same fashion (9-14). The two oligomers are partially complementary in
the Watson-Crick sense in that the terminal trimers from both the 5’ and
3’ directions are complementary. As previously discussed in sections
5.3.2 and 5.3.5, the core regions of the two oligomers are not
complementary. In the other examples examined there was only one extra
thymine base in the core region of the duplex, whereas in this experiment
there are two extra thymiﬁe bases (T4, T5) which do not have
complementary bases on the opposite strand.

The interaction between the two oligomers was examined using
variable temperature IH NMR. Temperature effects on the duplex to coil
transition were studied using both the non-exchangeable aromatic base
protons, as well as the exchangeable imino protons involved in hydrogen
bonding. The two oligomers were combined in a 1:! ratio for an overall
DNA concentration of 2.4 mM. The sample was dissolved in 1.0 M sodium
chloride, 0.0! M sodium phosphate pH 7, and 0.5 mM EDTA. The high salt
concentration was used in an effort to raise the Ty value for the duplex

into a region within the range of experimental temperatures examined.
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5.3.9 Variable temperature studies of the non-exchangeable

aromatic protons.

The non-exchangeable aromatic base protons for the mixture of
d(CTGTTGTC) and d(GACCAG) were examined over the temperature range of
+50C-700C, The lH NMR chemical shift results for the experiments are
given in Table 35 and the chemical shift versus temperature data have
been plotted in Figure 66. The chemical shift assignments are based on
calculated chemical shift values as well as on spectra of the individual
oligomers at 70°C before the two strands were mixed. This allowed for
the assignment of a resonance to a specific base on a strand.

For this set of results it is not necessary to examine the various
aromatic protons individually. The variable temperature - chemical shift
diagram, Figure 66, clearly shows that there was little or no duplex
interaction between the two oligomers. For the majority of the proton
resonances, there were only small changes in chemical shift as a function
of temperature. Even those protons whose chemical shift are the most
sensitive to duplex formation i.e. the purine H~2 and the pyrimidine H-5,
show only small changes. The adenine H-2 signals exhibited chemical
shift changes of less than 0.1 ppm. The H-5 resonances for the cytosine
bases located in the core of the hexamer sequence, showed the largest
chemical shift changes, approximately 0.2 ppm. This upfield shift of the
cytosine H-5 resonances can be interpreted in two ways - firstly as an
indication of the initial interactions leading to duplex formation
between the two strands; or secondly, as the result of intrastrand
stacking within the hexamer strand. Based on these results, it may be

concluded that the presence of two extra thymidine nucleosides on the
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Figure 66
Chemical shift of the non-exchangeable aromatic and methyl
protons as a function of temperature for the partially

complementary octamer-hexamer mixture d(CTGTTGTC)* + d(GACCAG).
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TABLE 35

Chemical shift as a function of temperature;
d(CpTpGpTpTeGpTpC) {*} + d(GpApPCpCpApPG),
(1-2-3-4-5-6-7-8) (9-10-11-12-13~14)
1.3 mM each strand, 1.0 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 'T(C) 70.0 60.8 50.3 40.6
_________ e e o e e e e e e o e e A e e e T e e o o = A 4 A e o = =
A(13)-H8 ! 8.274 8.274 8.275 8.276
A(10)-H8 ! 8.189 8.180 8.169 8.159
A(10)-H2 | 8.129 8.117 8.102 8.086
A(13)-H2 ! 8.052 8.034 8.012 7.992
*G(6)-HB | 7.932 7.934 7.937 7.941
*G(3)-H8 | 7.927 7.929 7.930 7.932
G(14)-H8 | 7.911 7.909 7.907 7.904
*C(8)-He | 7.837 7.839 7.839 7.838
*C(1)-H6 | 7.767 7.772 7.778 7.784
G(9)-HB8 | 7.740 7.734 7.728 7.722
C(11)-He | 7.705 7.691 7.671 7.649
C(12)-H6 | 7.593 7.580 7.564 7.552
*T(7)~H6 | 7.502 7.490 7.483 7.475
*T(4)-H6 | 7.494 7.490 7.483 7.475
*T(2)-H6 ! 7.477 7.474 7.470 7.467
*T(5)-H6 | 7.437 7.431 7.422 7.416
*C(8)-H5 | 6.069 6.068 6.064 6.057
*C{1)-H5 ! 6.037 6.034 6.028 6.019
C(12)-HS | 5.997 5.992 5.984 5.975
C(11)-H5 ! 5.920 5.906 5.884 5.857
*T(2)~CHz| 1.847 1.843 1.836 1.827
*T(5)-CHz} 1.817 1.812 1.805 1.797
*T(7)-CHz| 1.754 1.745 1.731 1.717

*T(4)-CHg| 1.747 1.738 1.726 1.713



TABLE 35 (continued)

Chemical shift as a function of temperature;
d(CpTpGpTRTPGPTPC) {*} + d(GpApPCPCPAPRG) ,
(1-2-3-4-5-6-7-8) (9-10-11-12-13-14)
1.3 mM each strand, 1.0 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton |T(C)  25.5 15.6 5.8
A(13)-HB | 8.277 8.275 8.265
A(10)-H8 ! 8.143 8.130 8.126
A(10)-H2 | 8.059 8.039 8.109
A(13)-H2 | 7.971 7.968 7.954
*G(6)-HB | 7.954 7.974 7.987
*G(3)-H8 ! 7.927  —=-m=  —mm-
G(14)~H8 ! 7.900 7.906  -----
*C(8)-H6 | . 7.817 7.795  --—--
*C(1)-H6 | 7.796 7.808 7.824
G(9)-H8 | 7.725 7.749 7.793
C(11)-H6 | 7.598 7.534  ---—-
C(12)-H6 | 7.543 7.544 7.541
*T(7)-H6 | 7.455 7.450 7.454
*T(4)-H6 | 7.455 7.450 7.454
*T(2)-H6 ! 7.455 7.450 7.454
*T(5)-H6 ! 7.406 7.411 7.454
*C(8)-H5 ! 6.021 5.952  —-——-
*C(1)-H5 ! 5.990 5.952  —-—--
C(12)-H5 ! 5.944 -~ 5.903 5.811
C(11)-H5 ! 5.780 5.687 5.551
*T(2)~CH3! 1.791 1.766 1.737
*T(5)-CHs! 1.775 1.753  ——=—--
*T(7)-CH3! 1.667 1.605  -—-m-

*T(4)-CHs| 1.678 1.659 1.660
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octamer strand cannot be accomodated in a duplex of the sequence length
examined, Figure 67.

Studies which have examined this type of duplex structure have only
incorporated one extra nucleotide unit in the duplex (Morden et al.,
1983; Patel et al., 1982a), as was the situation in our previous
partially non~-complementary mixing experiments. Although.not directly
comparable, hairpin loop and cruciform structures have some
similarities to the present mixing experiment. In hairpin type
structures, single stranded oligomers fold back on themselves to form
double helices which have one end joined by a single stranded loop
region. Studies have shown that thefe is an optimal minimum and maximum
number of nucleotide units which may be present in the loop region. The
minimum number of nucleotides in the loop was found to be three (Haasnoot

et al., 1983; Hilbers et al., 1985). Less than three nucleotides in the

loop proved to be too much strain on the duplex whereas more than

seven was also found to create too much strain for the system. In the
octamer-hexamer mixture, there were two extra bases in the bulge region
of the proposed duplex. More bases in this region of the compliex might
allow increased structural freedom and the ability to adjust to the
geometric constraints of the system. However, the section of the hexamer
oligomer which was in opposition to the extra thymine bases in the
duplex, may not have been able to stretch its backbone sufficiently to
accomodate both of the extra bases and to continue to participate in
hydrogen bonding in the complementary regions. Further work will be

necessary to determine the answers to these questions.
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Figure 67
Schematic of possible base pairing in octamer-hexamer mixture.

Duplex formation was not observed.
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5.3:.10 Variable temperature studies of the exchangeable imino

protons in the mixture d{CTGTTGTC) + d(GACCAG).

The same sample used in the previous experiments was dissolved in a
90:10 mixture of H20:DZO. The experiments conducted to examine the imino
proton signals were started at -59C. Even at this low temperature imino
proton resonances were not detectable. This result supports the
conclusions made from the variable temperature data of the non-
exchangeable aromatic protons, that duplex formation between the octamer
d(CTGTTGTC) and the partially complementary hexamer d(GACCAG) does not

occur.,

5.3.11 Conclusions to non-complementary mixing experiments.

In this set of mixing experiments we have examined combinations of
oligomers which are only partially complementary to each other in their
ability to form Watson-Crick type base pairs.

Two different sets of oligomer mixtures were studied which had
involved the presence of one extra thymidine unit in the core of the
duplex. In the mixing experiment involving the heptamer d(CTGTGTC) and
the hexamer d(GACCAG), it was shown that a stable duplex was formed.
Results from the variable temperature experiments indicated that the
extra thymine base was "bulged out" of the double helix structure. Both
the shape of the melting curves for the non-exchangeable aromatic protons
along with the line widths of the imino protons as a function of the
temperature indicated that the nature of the helix to coil transition was
not cooperative. The overall Ty, for the duplex in 1.0 M salt was

26.49C. This value is 14.6°C less than the T, obtained for the
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complementary hexamer mixture (410C) (section 5.2.1) and 21.59C less than
the Ty obtained for the complementary heptamer mixture at (47.9°C)
(section 5.2.3), both of which were obtained in 0.1 M salt.

In the mixing experiment between the octamer d(CTGTTGTC) and the
heptamer d(GACACAG), it was found that a stable duplex was formed between
the two oligomers. Although this combination of oligomers contains one
extra thymine base in the core of the duplex, as was the case in the
previous example, it provides the central adenine on the heptamer strand
with a choice of two thymine bases with which it may base pair. Results
from both the non-exchangeable aromatic proton experiments and the
exchangeable imino proton experiments suggest that the central adenine
does not make the choice between the two thymine bases on the octamer.
Instead, the adenine base exists in an rapid oscillating motion, sharing
itself between the two central thymine bases on the octamer strand. It
may be this interaction between the one adenine and the two thymine bases
which holds the extra thymihe within the duplex structure, unlike the
bulged thymine observed in the previous case. The Ty values for this
duplex are limited and yield an overall T;, of 29.0°C for the complex.
Again, this value is considerably lower than that observea for the fully
complementary hexamer mixture and heptamer mixture, by 12.0°C and 18.90C
respectively. The stability of octamer-heptamer mixture may be compared
to that of the heptamer-hexamer mixture, both of which were found to
possess six base pairs at minus five degrees. The Ty for the
octamer-heptamer was found to be only 2.5°C higher than that of the
heptamer-hexamer duplex. It would appear that the partial base pairing

interaction between the lone, central adenine with the two thymine bases
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in the octamer-heptamer mixture does help to stablise the duplex
structure when compared to the heptamer-hexamer mixture. However, this
small increase in Ty is not fully what would have been expected had a
complete extra A-T base pair been formed.

One mixing experiment was carried out in which one strand of the
partially compiementary oligomers contained two extra thymidine units in
the core. Results from the mixing experiments between the octamer
d(CTGTTGTC) and the hexamer d(GACCAG) indicated that duplex formation

between the two oligomers did not occur.



Chapter Six

6.1 Platinated deoxyoligomers and double helix formation.

The final section of research undertaken in this study involved
deoxyol igomers which had been prewviously reacted with gig—Pt(NH3)2C|2 and
were then mixed with their compiementary and partially complementary
oligomers. At the time this work was undertaken, a review of the mixing
experiments involiving deoxy oligomeré which contained the
gig—Pt(NH3)2[d(GpG)] chelate, indicated that platination disrupted the
ability of the oligomer to participate in duplex formation (Caradonna et

al., 1982; Girault et al., 1982b). It was initially believed, therefore,

that the DNA-cisplatin complex was conformationally unable to form
Watson-Crick typeAhydrogen bonds with a complementary ol igomer strand.
This finding was supported by several reseachers who, in turn suggested
that this effect was the reason for the platinum compounds anti-tumor
activity (Scovell and Collart, 1985). However, it is now clear that the
examples which were initially examined were inappropriate with respect to
sequence to arrive at this conclusion.

Several studies have reported on self-complementary sequences before
and after reaction with cis-Pt(NH3),Cl,. The reaction of
self-complementary sequences with tHe platinum compound would produce a
duplex containing a platinum chelate on both strands. The short length

of the oligomer strands examined and the nearness of the chelated regions
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to each other in the proposed duplex, left littie chance for double helix
formation (Caradonna et al., 1982). Under these circumstances, the
conclusions of the authors were correct. However, the duplex model
systems studied did not permit any other result. More recent work has
demonstrated that it is possibie to form a duplex with short platinated
deoxy oligomers. In these studies it has been shown that the adjacent
guanine bases complexed with gig—Pt(NH3)2c]2 were still involved in
normal Watson-Crick base pairing (den Hartog et al., 1984b; Van Hemelryck
et al., 1984).

Work by den Hartog and coworkers (1985c) furthered their studies
with a mixing experiment between the oligomers (A) d(TCTCGTGTCTC) and (B)
d(GAGACACGAGA), inwhich (A) had been reacted with gig-Pt(NH3)2c]2, The
platinated strand contained the chelated sequence d{(GTG), which was the
same type of platinum - ©ligomer sequence interaction examined in this
work. The results observed in den Hartog’s work indicated that only part
of the chelated region of the oligomer was able to participate in duplex
formation. Only one of the two platinated guanine bases formed a base
pair, and the central thymine base was looped out of the duplex. The
results were interpreted on the basis of an earlier study where they had
shown that a rotation about a guanine glycosidic bond occurs when an
internal base was present between the two guanosine moieties involved in
the platinum chelate (den Hartog et al., 1983). The new conformation of
the platinated 5’ guanosine was syn with respect to its furanose ring
and, as a result, removed the hydrogen bonding side of the guanine base

from the core of the dupiex. The findings of den Hartog’s studies were
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most helpful in determining which of the mixing experiments which should
be carried out in this study.

The list of initial mixing experiments involving platinated
oligomers has been given in Table 15. As discussed above, the reaction
of cis-Pt(NH3)2Clo with the three oligomers d(CTGGTC), d(CTGTGTC), and
d(CTGTTGTC), would produce strands in which the chelated guanine bases
would maintain a similar distance between each other, despite the
differences in the number of intervening thymine base units. The
structural restrictions in the chelate imposed by the four coordinate,
square planar platinum.atom should maintain this constant distance. In
all three cases, therefore, the Pt-N(7) guanine bond distance would be
approximately the same, as would the bond angle about the N{(7)
guanine-Pt-N(7) -guanine atoms. This has been illustrated in Figure 36
(section 4.1.1). The structural similarity of the chelated region in the
three oligomers was the basis for the design of the different mixing
experiments outlined in Table 15.

The different combinations of oligomer mixing experiments involving
platinated oligomers with their complementary strands and strands which
do not contain the base complements to the loop region of the platinated
strands could aid in addressing several of the questions regarding the
structure of cis-Pt(NH3),-DNA adducts. It has been shown that the
reaction of large strands of DNA with cis-Pt(NH3)2Cl, results in an
overall shortening of the DNA strand (Cohen et al. 1980, 1S879). The
deletion of the base units which would be complementary to the loop

regions of the platinated oligomers would cause an overall shortening of
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the duplex as well as a misreading of the platinated strand by the only
partially compiementary oligomer.

Relying on the structural integrity about the four coordinate,
square planar platinum atom in the oligomer chelate accounts for only a
small portion of the conformational affects which one should consider in
the platinum-DNA adduct. Also of major importance, as reported by den
Hartog et.al. (1983, 1985c), are changes in the DNA conformation, the
major conformational change being the syn orientation of one of the two
platinated guanine bases. This result was a determining factor in which

of the mixing experiments in Table 15 were eventually undertaken.

6.2 Mixing experiments with the complementary oligomers

cis-Pt(NH3)>[d(CTGGTC)-N7(3),N7(4)] + d(GACCAG).

The first mixing experiment conducted with the platinated otligomers
invoived the platinated hexamer d(CTGGTC) with its hexamer complement
d(GACCAG). The platinated oligomer used in this experiment has been
characterized in an earlier section of this work, see section 4.2. The
two oligomers were combined in a 1:1 ratio for an overall DNA
concentration of 3.4 mM. The sample was dissolved in 0.1 M NaCl and 0.0!
M sodium phosphate pH 7, and 0.5 mM EDTA. The results for the variable
temperature study of the non-exchangeable aromatic protons are given in
Table 36, and the data plotted on Figure 68. The proton assignments for
the platinated oligomer have been designated with an asterix (*)
preceding the assignment.

Initial examination of the aromatic proton chemical shiFts'as a.

function of temperature, Figure 68, for the complementary hexamer
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TABLE 36
Chemical shift as a function of temperature;
cis-Pt(NH3)>[d(CpTpGpGrTRPG)-N7(3),N7(4)] + d(GpApCPCPARG),
(1-2-3-4-5-6){*] (7-8-9-10-11-12)
1.7 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature

Proton [T(C) 79.2 70.0 59.8 49.5 45.5
_________ | R R N N O N N N R .
_________ lz==z=zz=====z=zzz==s==-czzs====scsossss=sscmszoss=socs
*G-H8 : 8.805 8.836 8.871 8.917 8.932
A(l1)-H8 | 8.280 8.278 8.277 8.279 8.279
A(8)-H8 | 8.221 8.210 8.198 8.186 8.181
*G-H8 ' 8.186 8.182 8.175 8.165 8.161
A(l11)-HZ | 8.131 8.118 8.103 8.085 8.078
A(B)-HZ | 8.071 8.052 8.032 8.009 8.002
G(12)-H8 | 7.912 7.911 7.909 7.908 7.907
*C-Hé | 7.844 7.845 7.846 7.846 7.845
*C~Hé i 7.763 7.769 7.777 7.789 7.792
G(7)-H8 | 7.752 7.747 7.741 7.736 7.735
C(9)-H6 | 7.710 7.692 7.670 7.641 7.627
C(10)-H6 | 7.618 7.601 7.582 7.562 7.554
*T-H6 | 7.594 7.597 7.597 7.597 7.597
*T-H6 ) 7.581 7.578 7.580 7.579 7.575
*C-H5 : 6.051 6.049 6.045 6.041 6.037
*C-H5 | 6.012 6.010 6.007 6.002 5.999
C(10)-H5 | 5.993 5.988 5.981 5.973 5.968
C(9)-H5 | 5.903 5.887 5.867 5.838 5.824
*T-CH3 ! 1.867 1.864 1.858 1.848 1.844
*T-CH3 : 1.803 1.797 1.790 1.779 1.776

Proton 1T(C) 40.0 29.2 20.8 10.2
*G-H8 : 8.956 8.981  -----  ---—-

A(11)-H8 | 8.281 8.288 8.297 8.307
A(8)-H8 | 8.175 8.167 8.163 8.166
*G-H8 ; 8.154  ----- = —-eee eee-
A(ll)-H2 | 8.066 8.039 8.010 7.966
A(8B)-HZ2 | 7.991 7.975 7.971 7.966
G(12)-H8 | 7.905 7.899 7.888 7.865
*C-Hé | 7.843 7.831 7.808 7.771
*C-H6 { 7.799 7.816 7.828  ----—-
G(7)-H8 | 7.735 7.742 7.756 7.783
C(9)-H6 | 7.608 7.565 7.528 7.495
C(10)-H6 | 7.545 7.533 7.528 7.525
*T-H6 : 7.600 7.599 7.598 7.600
*T-H6 ' 7.574 7.572 7.566 -----
*C-H5 : 6.032 6.010  ----- -
*C-H5 ; 5.995 5.9  -—----  -----
C(10)-H5 | 5.961 5.943 5.924  -----
C(9)-H5 | 5.803 5.750 5.696 5.630
*T-CH3 ! 1.833 1.805 1.782 1.758
*T-CHj3 | 1.766 1.736 1.687 1.597
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mixture showed little change in chemical shift over the entire
temperature range, for the majority of the proton resonance signais. This
result indicated that duplexing between the two strands had not
occurred. A closer examination of the resonances which had been assigned
to the bases on the platinated hexamer strand revealed that their
behaviour paralieled the variable temperature data of the platinated
strand on its own (see Figure 46, section 4.3.4). In the melting
experiment involving just the platinated hexamer, many of the resonances
where observed to broaden out below 250C, This result had been
interpreted as having arisen from an aggregation effect. In the mixing
experiment involving the platinated hexamer with its normal hexamer
complement it appears that, again, strand aggregation rather than duplex
formation was the dominant physical process. As a result, before the two
strands approached the Ty for the expected duplex, the platinated strand
became involved in a self-aggregation process and was no longer available
to its complementary hexamer for hydrogen bonding interaction.

In an attempt to decrease the aggregation affect of the platinated
hexamer, the same mixing experiment was repeated at different salt
concentfations. The NMR spectrum of the sample was recordea in a
solution which did not contain sodium chloride, only the 0.01IM phosphate
buffer. This experiment was carried out to remove promotion of strand
aggregation resulting from the ionic strength of the solution. The
results from this experiment (not shown) were identical to those obtained
for the experiment in 0.1 M sodium chloride.

The mixing experiment, involving the platinated hexamer and its

normal complementary hexamer, was repeated using a higher salt
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concentration, 1.0 M NaCl. These conditions were used to increase the T
of the duplex so that strand duplexing‘might dominate over the
aggregation problem. The results from this set of experiments (not
shown) were again the same as those obtained for the 0.1 M salt sample,

with agaregation negating any possibility of duplexing.

6.3 Variable temperature study of the exchangeable imino protons for

cis-Pt(NH3)>[dCTGGTC)-N7(3),N7(4)] + d(GACCAG).

Mixing experiments between the platinated hexamer and its normal
hexamer complement were also carried out to observe the effect of
platination on the exchangeable imino protons involved in hydrogen
bonding in duplex formation. The experiments were carried out at the
three NaCl salt concentrations used for examination of the
non-exchangeable aromatic protons: 1.0 M, 0.1 M, and no sodium chloride,
all in 0.01 M sodium phosphate pH 7, and 0.5 mM EDTA.

In all three sait concentrations studied, imino proton signals were
not observed, even at the lowest temperature examined, -5.00C., This
result is .in agreement with the conclusions reached from the examination
of the non-exchangeable aromatic protons, there Qas no duplex formation.

- The variable temperature lH NMR results from the examination of the
non-exchangeable aromatic protons and exchangeable imino protons for the
mixing of the platinated hexamer and its normal hexamer complement were

unexpected. Earlier studies by den Hartog et al. (1985a,1984b) and by

Van Hemelryck et al. (1984), which examined similar platinated

complementary nucleic acids mixtures, showed that duplex formation was

possible for strands where one of the oligomers contéined a
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cis-Pt(NH3),[-d(GpG)-] fragment. The oligomers used by den Hartog were
d(TCTCGGTCTC) + d(GAGACCGAGA), and were able to observe imino proton
signals for the cis-Pt(NH3),[-d(GpG)~] : [-d(CpC)-] fragment up to 420C.
The sequences examined by Van Hememlryck were d(GATCCGGC) +
d(CGCTAGGCCG), and were able to observe imino proton signals for the
dupliex up to 309C. In each case the eFFect of platination on the
stability of the duplex was a decrease in the Ty by approximately 10-15°C
when compared with the normal parent duplex.

The Ty of the parent hexamer duplex, discussed in section 5.2.1, was
410C, . If our oligomers were to FolloQ a similar trend as those reported
in the literature, a Ty for the platinated duplex of approximately Z26-
310C would have been expected. The cis-Pt(NH3)2[-d(GpG)-] : [-d(CpC)-]
core région, in the proposed hexamer duplex, was bounded in both terminal
directions by A-T base pairs. The platinum chelated region of the duplex
examined in den Hartog’s work was bounded by one G-C base pair and in Van
Hemeiryck’s work both nearest neighbours to the platinum chelate were the
more stable G-C base pair. This sequence difference may be one of the
reasons why duplex formation with the platinated hexamer was not
observed. If the formation of the duplex involving the platinated
oligomer requires that the base pairs adjacent to the chelate region be a
major contributor to aligning the chelated region for base pair
formation, the A-T base pair may not provide the necessary stability. A
second possibility why duplex formation was not observed is that the
structure of pliatinated hexamer was not correctly interpreted, as
outlined in section 4.3.4. However, the !H NMR results for platination

of the hexamer are in agreement with similar examples recorded in the
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literature {(den Hartog et al. 1983; Caradonna et al. 1982; Girault et _al.

1982b) .

6.4 Variable temperature Study of the non-exchangeable aromatic protons

in the mixture cis-Pt(NH3),[d(CTGTGTC)-N7(3),N7(5)] + dGACCAG,

Based on the results observed in the mixing of the platinated
hexamer with its normal hexamer compliement, as well as the resuilts

obtained by den Hartog et al. (1985c) it was concluded that the mixing of

the platinated heptamer, cis-Pt(NH3)o[d(CTGTGTC)-N7(3),N7(5)], with its
heptamer complement, d(GACACAG), would not lead to duplex formation. Den
Hartog and coworkers had shown that the platinated oligomer containing an
extra base between the complexed guanosine bases resulted in the rotation
of one of the guanine bases to a syn conformation. The effect of the syn
guanine base was a conformational loss of hydrogen bonding ability for
this base. In the mixing of cis-Pt(NH3)2[d(TCTCGTGTCTC)-N7(5),N7(7)] +
d(GAGACACGAGA), den Hartog et al. (1985c) not only lost one of the
platinated G-C base pairs from the syn guanine base, but the bulged
thymine'base internal to the platinum chelate did not participate in
hydrogen bond formation. Again, as was the case in their previous work,
the platinated region of the duplex was bounded on either terminus by the
more stable G-C base pair. Comparing these results with the possible
duplex formation between the platinated heptamer cis-Pt(NH3),[d(CTGTGTC)]
and its compliement, d(GACACAG), led to the following conclusions.

Similar to the results observed by den Hartog et al.(1985c), the central

A-T base pair would not form as well as one of the two G-C base pairs

directly involved in the platinum chelate. Because of the internal
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fraying effect which would resuit from the loss of two of the internal
base pairs, the A-T base pair immediately adjacent to the syn guanine
base would have little chance in forming stable hydrogen bonds. This
assumption would leave only the terminal G-C base pair to hold together
one end of the duplex. Such a possibility for base pair formation would
be unliikely as single, isolated base pairs have not been observed in
solution. Using this rationale, the mixing experiment between the
platinated heptamer and its normal heptamer complement was not
undertaken.

The study by den Hartog had shown that the thymine base located in
the centre of the platinum chelate did not participate in base pair
formation and, was probably looped out from the core of the duplex. Our
research illustrated that the mixture of the non-platinated heptamer with
the partially complementary hexamer, section 5.3.2, formed a stable
duplex with the extra central thymine base bulged out from the core of
the dupiex. In this section of work the platinated heptamer,
cis-Pt(NH3)o[d(CTGTGTC)], was combined with the partially complementary
hexamer d(GACCAG). Reaction of thgzheptamer with the platinum compound
would be expected to decrease the length of the heptamer causing it to be
similar in length to a hexamer. Therefore, a combination of the
platinated heptamer with the hexamer might be expected to form a duplex
as stable, or perhaps more stable, than the non-platinated
heptamer-hexamer mixture. However, this model does not take into account
the eFFects of the syn conformation of one of the platinated guanine

bases. This conformational change in the one guanine base would negate
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the formation of one of the central G-C base pairs resulting in a helix
containing the five remaining base pairs.

The platinated heptamer and the normal hexamer were combined in a
1:1 ratio for a total DNA concentration of 3.2 mM. The sample was
dissolved in 400 ul of 0.1 M sodium chloride, 0.0]1 M sodium phosphate pH
7, and 0.5 mM EDTA. The variable temperature behaviour of the oligomer
mixture was examined by monitoring the non-exchangeable aromatic base
protons by NMR. The assignment of proton signals common to both strands
were based on the previous examination of the strands individually before
mixing. The results for the variable temperature studies have been
listed in Table 37 and these data have been illustrated in Figure 69.

The proton assignments for the platinated strand have been designated
with an asterix (*) preceeding the assignment.

The chemical shift versus temperature data on Figure 69 shows a
similar trend to that observed for the mixture of the platinated hexamer
with its normal hexamer complement. The non-exchangeable aromatic proton
resonances show only slight changes in chemical shift as a function of
temperature. As was observed for the platinated heptamér alone (section
4.3.5) there was line broadening of the resonances for the protons on the
pilatinated strand below 45°C. This line broadening effect did not
recover to the lowest temperature examined, 0°C. Again, paralleling the
case for the platinated hexamer, aggregation of the platinated oligomer
appeared to be a problem. A comparison of the variable temperature
results for the platinated heptamer alone, section 4.3.5, Figure 47, with
those in the mixture of the platinated heptamer with the partially

complementary hexamer, reveals that the plétinated oligomers exhibit the
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Chemical shift of the non-exchangeable aromatic and methyl protons
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TABLE 37

Chemical shift as a function of temperature;
cis-Pt(NH3)2[d(CpTpGpTpGpTPC)-N7(3),N7(5)]1 + d(GpAPCpCPAPG)

*G-H8
A(12)-H8
A(9)-H8
*G-H8
A(12)-H2
A(9)-H2
G(13)-H8
*C-Hé
*C-H6
G(8)-H8
C(10)-He
*T-H6
C(11)-Hé
*T-H6
*T-H6
*C-H5
*C~H5
C(11)-H5
C(10)-H5
*T-CH3
*T-CH3
*T-CHs

(1-2-3-4-5-6-7){*}
1.6 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

(8-9-10-11-12-13)

Chemical Shift vs Temperature (C)

74.3 70.0 59.8
8.357 8.356 8.352
8.276 8.276 8.276
8.210 8.206 8.195
8.204 8.209 8.218
8.123 8.117 8.102
8.060 8.052 8.03!
7.912 7.911 7.910
7.835 7.836 7.835
7.765 7.769 7.777
7.748 7.746 7.740
7.693 7.685 7.662
7.644 7.647 7.647
7.598 7.591 7.573
7.605 7.604 7.606
7.582 7.584 7.585
6.049 6.048 6.043
6.005 6.005 6.002
5.982 5.981 5.975
5.889 5.882 5.860
1.908 1.907 1.905
1.879 1.878 1.875
1.775 1.770 1.759

Lines broaden out below 45°C.
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same temperature characteristics. These results indicate that duplexing
between the two strands has not occurred.

The salt concentration for the mixing experiment was varied to
establish if the aggregation problem was salt dependent. The variable
temperature studies were repeated in a soution which contained no sodium
chloride, the only contributor to the ionic strength being the 0.01 M
sodium phosphate buffer. The results for this set of experiments (not
given) were the same as those obtained in the 0.1 M sodium chloride.
These data would suggest that the aggregation of the platinated ol igomer
at low temperature was not salt dependent. The experiments were again
repeated in a solution 1.0 M in sodium chloride in an attempt to raise
the T of the proposed dupliex above, or within a temperature region where
it might compete with the aggregation phenomenon. The results obtained
for these experiments (not given) again indicated that no dupliexing of
the strands was occurring and that the major temperature effect was

strand aggregation.

6.5 Variabie temperature study of the exchangeable imino protons in

the mixture cis-Pt(NH3)>[d(CTGTGTC)~-N7(3).N7(5)] + dGACCAG.

The same ol igomer sampie used in the previous section was dissolved
in @ 90:10 Hp0:D50 solution and examined for exchangeable imino protons
resulting from base pair formation. The mixture was examined under three
different salt concentrations, 1.0 M, 0.1 M, and no salt just 0.01 M
sodium phosphate buffer, pH 7, EDTA 0.5 mM. The lowest temperature

studied in the experiments was -50C, however, imino protons were not
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observed under these conditions. For all three salt concentrations, the
same results were obtained.

The results obtained for the exchangeable imino protons are in
agreement with the data collected from the variable temperature results
for the non-exchangeable aromatic protons. For both sets of experiments,
a base pairing interaction between the platinated heptamer and the
partially complementary hexamer was not observed. The failure of the two
strands to form a duplex has been attributed to the self-aggregation of
the platinated oligomer. Changes in the ionic strength of the solution
containing the oligomers did not alter the aggregation problem suggesting

that the aggregate was not salt dependent.

6.6 Variable temperature study of the non-exchangeable aromatic protons

in the mixture cis-Pt(NH3)>[d(CTGTTGTC)-N7(3),N7(6)] + d(GACACAG).

This was the last mixing experiment studied involving a platinated
oligomer with a normal partially complementary oligomer. In this set of
experiments, the previously characterized octamer,
cis—Pt(NH3)2[d(CTGTTGTC)-N7(3),N7(6)] (see sectiop 4.3.6) , was combined
with the partially complementary heptamer d(GACACAG). The oligomers were
combined in a l:1 ratio for a overall DNA concentration of 2.6 mM. The
sample was dissolved in 400 ul of 0.1 M sodium chloride, 0.0! M sodium
phosphate pH 7, and 0.5 mM EDTA. The same oligomer combination, with the
exception being that the octamer had not been complexed with cisplatin,
was previously discussed above (section 5.3.5). In the case of the
non-platinated mixture, the partially complementary oligomers were shown

to form a stable duplex. The central adenine base of fhe heptamer was



254
shown to be in an oscillating base-pairing equilibrium between the two
central thymine bases on the octamer. In the mixture involving the
platinated octamer, a similar equilibrium would not be expected to
exist. The two central thymine bases of the platinated octamer are
bulged out, as a result of platinum complexation, and would be
structurally removed from the hydrogen bbnding region of the proposed
duplex. The loss of the central thymine bases for hydrogen bonding
negates the need for their base compliements on the opposite strand. In
this mixture only one of the thymine complements has been omitted from
the non-platinated oligomer. With the fwo central thymines being bulged
out of the octamer strand, the platinated guanines may not be as close
together as in the cis-Pt(NH3)2[d(GpG)] complex and therefore, one of the
thymine'complements has been incliuded in the centre of the heptamer, but
strictly as a spacer .

The comparison of the 709C H-8 protons chemical shifts of the
platinated guanine-on the octamer strand to similar signals on the
platinated hexamer and heptamer (Figures 46 and 47), as'well as to
published results (den Hartog 1953), suggests that one of the platinated
guanine bases in the octamer has taken up the syn conformation. NOE
experiments were attempted on the platinated oligomer, however, the
results obtained were insufficient to allow conformational conclusions to
be made. Although this proposed conformational change has not been
experimentally confirmed, the chemical shift data suggest this change in
base orientation. As was the situation in the platinated
heptamer-hexamer mixture (section 5.4.4), the syn guanine base can not

participate in base pair formation with its complementary cytosine on the
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opposite strand. The overall result of this conformational change is
that the maximum number of expected base pairs for the platinated
octamer-heptamer mixture is five.

The non-exchangeable aromatic protons on the platinated octamer and
the partially complementary heptamer were examined over the temperature
range of 100C to 700C. The data from the variable temperature
experiments have been listed in Table 38 and these results plotted in
Figure 70. Examination of the variable temperature plot shows only small
changes in chemical shift of the various aromatic proton resonances as a
function of temperature. Unlike the previous two mixing experiments, the
aromatic proton signals for the platinated oligomer did not experience
the extreme line broadening effects at low temperature, several of the
signals being visible down to 109C. These results parallel those
observed for the variable temperature analysis of the platinated octamer
alone (section 4.3.6, Figure 48), where no aggregation of the oligomer
strand occurred. In the mixing experiment, the lack of temperature
dependence reflected in the retatively straight lines for the majority of
the resonances indicated little or no interaction between the platinated
octamer strand and its partially complementary heptamer. A few of the
proton resonances did exhibit minor chemical shift changes at the lower
temperatures. This result may be the beginnings of an interstrand
interaction or it may be the result of intrastrand stacking, i.e. the
cytosine C-H5 signals.

In an effort to determine if the chemical shift changes observed in
the 0.1 M salt solution were indicating initiation of duplex formation,

the oligomer mixture was examined in a 1.0 M salt solution. The purpose
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TABLE 38

Chemical shift as a function of temperature;
cis-Pt(NH3)2[d(CpTpGPTRPTPGPTPC)-N7(3),N7(6) ]
(1-2-3-4-5-6-7-8){*}
+ d(GpApCpTPCPAPG)
(9-10-11-12-13-14-15),
1.3 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 1 T(C) 70.2 59.0 50.8 45.5
__________ l=====ssz====s=ss==z=sssssssssssssssssooszsssssssos
*G-H8 : 8.375 8.377 8.381 8.383
*G-HB : 8.373 8.367 8.359 8.353
A(10)-H8 | 8.266 B.266 8.268 8.271
A(14)-H8 | 8.253 8.250 8.246 8.244
A(12)-H8 | 8.180 8.166 8.153 8.145
A(14)-Hz | 8.076 8.058 8.044 8.034
A(10)-H2 | 8.063 8.047 8.035 8.027
A(l12)-H2 | 8.024 7.999 7.978 7.963
G(15)-H8 | 7.901 7.899 7.899 7.899
*C-He6 ' 7.851 7.852 7.852 7.851
*C-H6 | 7.774 7.784 7.792 7.800
G(9)-H8 : 7.735 7.727 1.720 7.715
*T-H6 { 7.619 7.622 7.625 7.623
*T-H6 | 7.603 7.605 7.604 7.609
*T-H6 | 7.593 7.591 7.588 7.585
C(I1)-H6 | 7.540 7.513 7.488 7.468
*T-H6 : 7.512 7.517 7.526 7.533
C(13)-H6 | 7.508 7.475 7.446 ~  7.427
*C-H5 i 6.061 6.058 6.055 6.053
*C-H5 ' 6.006 6.003 5.999 5.998
C(13)-H5 | 5.838 5.815 5.792 5.772
C(11)-H5 |} 5.817 5.791 5.767 5.751
*T-CH3 ; 1.882 1.882 1.878 1.877
*T~CH3 | 1.872 1.872 1.868 1.867
*T-CH3 ' 1.867 1.867 1.868 1.867
*T-CHjz : 1.772 1.758 1.744 1.733
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TABLE 38 {continued)

Chemical shift as a function of temperature;
cis-Pt(NH3)>2{d(CpTpGpTpTpGpTPC)~N7(3),N7(6)]
(1-2-3-4-5-6-7-8) {*)
+ d(GpApCpTpCpAPG)
(9-10~-11-12-13-14-15),
1.3 mM each strand, 0.1 M NaCl, 0.01 M phosphate, pH 7.

Chemical Shift vs Temperature (C)

Proton 'T(C) 40.0 29.2 20.8 10.2
*G-H8 : 8.387 8.388  --—=-=  —--—-
*G-H8 ! 8.345 8.326 8.296 8.245
A(10)-H8 | 8.275 8.286 8.296 8.311
A(14)-H8 | 8.242 8.238 8.237 = --—---
A(12)-H8 ! 8.136 8.121 8.113 8.104
A(14)-H2 ! 8.021 8.006 7.989 7.979
A(10)-H2 ! 8.024 8.011 8.005 = ---—--
A(12)-HZ | 7.949 7.920 7.909 —-——-
‘G(15)-H8 ! 7.900 7.904 7.909 7.914
*C-H6 : 7.852 7.848 7.838 7.830
*C-H6é | 7.807 7.824 7.842 7.868
G(9)-H8 ! 7.710 7.702 7.702 —-—--
*T-H6 ! 7.627 7.634 === e
*T-H6 ' 7.610 7.618 7.635 7.652
*T-H6 ! 7.584 7.578 7.575 7.580
C(l11)-H6 | 7.449 7.400 ~——-= = a—ee-
*T-H6 ! 7.538 7.570 7.598 7.642
C(13)-H6 | 7.407 7.369 = ——=—= e
*C-H5 ! 6.049 6.036 -—-—--  —-——-
*C-H5 ' 5.992 5.977 5.967 = -——--
C(13)-H5 | 5.751 5.691 5.644 5.560
C(11)-H5 ! 5.728 5.681 5.638 5.560
*T-CH3 ! 1.875 1.861 1.855 1.847
*T-CH3 ! 1.867 1.867 1.872 1.868
*T-CHs ! 1.867 1.867 1.872 1.877
*T-CH3 ' 1.721 1.690 1.658 ---—--
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of the increased salt concentration in the oligomer mixture was to raise
the Ty, of the proposed duplex into a more practical temperature region.
The results for the variable temperature experiments in 1.0 M salt (not
shown) were similar to fhose found %n the 0.1 M sample. This result
suggests that the chemical shift changes observed for the oligomer
mixture in the 0.1 M salt solution were not ionic strength dependent nor

likely the result of duplex formation.

6.7 Variable temperature study of the exchangeable imino protons in the

mixture cis-Pt(NH3)-[d(CTGTTGTC)-N7(3),N7(6)1 + d(GACACAG).

The exchangeable imino protons involved in base pair formation for
the mixture of the platinated octamer and the partially complementary
heptamer were examined in both 0.1 M and 1.0M NaCl solutions. The
samples for the NMR experiments were made up in a 90:10 H»0:D50
solution. The lowest temperature used to examine the samples was ~-5.0°C,
no imino resonances were observed for the oligomer mixture at either salt
concentration studied. This result is in agreement with the conclusions
stated for the non-exchangeable aromatic protons, this being that duplex
formation between the platinated octamer and the partially complementary

heptamer had not occurred.

6.8 Conclusion to Mixing Experiments Involving Short DNA oligomers

treated with cis-Pt(NH3)-Clio.

In this section we have examined the variable temperature effects,
and the duplexing ability of short deoxyribonucleic acid oligomers, where

one of the strands in the proposed duplex contained a cisplatin chelated
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region. The three mixing experiments studied were,
¢is~Pt(NH3)p[d(CTGGTC)-N7(3),N7(4)] + d(GACCAG), cis-Pt(NH3)2[d(CTGTGTC)-
N7(3),N7(5)] + d(GACCAG), and cis~Pt(NH3)o[d(CTGTTGTC)-N7(3),N7(6)] +
d(GACACAG).

The results from the first two sets of mixing experiments indicated
that the platinated oligomer was involved in an aggregation problem which
prevented any duplex formation from occurring. Consequently, data from
both the non-exchangeable aromatic protons as well as the exchangeable
imino protons indicated that double helix formation did not occur between
the two different strands in the above mixtures. For the third oligomer
mixture involving the platinated octamer and its partially complementary
heptamer, the aggregation problem with the platinated strand appeared
negligible. However, the variable temperature experiments for the
non-exchangeable aromatic protons and the exchangeable imino protons
again indicated that duplex formation did not occur.

The lack of duplex formation for the complementary hexamers,
cis-Pt(NH3)o[d(CTGGTC)-N7(3),N7(4)] and dGACCAG is not well understood in
light of literature precedent for such double helical structures (den
Hartog et al., 1984b; Van Hemelryck et al., 1984). The main explanation
for the failure to form a duplex can be directed towards the actual
strand sequences chosen. In the case of the complementary hexamer
mixture, both of the platinum complexed guanine bases maintain the normal
anti glycosyl torsion angle conformation allowing the two bases to
participate in base pair formation. The neighbouring base pairs in both
the 3’ and 5’ directions to the platinum chelate are A-T. If there is a

-structural need for assistance in the base pair formation of the central
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cis-Pt(NH3)o[-d(GpG)-]:-d(CpC)- duplex core, i.e. stable neighbouring
base pairs, the choice of A-T base pairs as immediate neighbours to the
platinated region is poor. In the work by Van Hemelryck et al. (1984)
the platinated region in the duplex was bounded in both the 3’ and 5°
directions by the more stable C-G base pairs. For the complementary
hexamer system examined here, only the 5’ and 3’ terminal G-C base pairs
remain to stablize the A-T base pairs which are immediately adjacent to
the platinated region. Terminal base pairs already undergo base pair
fraying as a result of normal end effects in the duplex. Two major
changes should be made to the sequences before any definite conclusions
can be made with regards to the affect of cisplatin on duplex stablity.
The first change would be to insert the more stable G-C base pair as both‘
the 3’ and 5’ nearest neighbours to the platinated region of the duplex.
The second change in the oligomers used would be to extend the length of
the sequences used the the studies, i.e. to repeat this experiment, the
sequences would be cis-Pt(NH3),[d(CTCGGCTC)-N7(4),N7(5)] and d(GAGCCGAG).

The aggregation problem involving the platinated strand is not well
understood. -Whether the aggregaton is the result of sequence length, an
end effect, or sample preparation is not known and, as a result there are
no suggestions to alleviate the problem. Further examination of the
platinated oligomers by gel electrophoresis and size exclusion
chromatography would aid in a better characterization of the strand.

The mixing experiments which involved the platinated oligomers
containing one or two bases between the platinum complexed guanines
presented an extra challenge towards duplex formation. It has been shown

by den Hartog et al. (1985c) that one of the guanine baées involved in
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the cis-Pt(NH3),[-d(GpTpG)-] complex has rotated about its glycosidic
bond and maintains a more syn type conformation. The GH-8 chemicail shift
values obtained for the platinated heptamer and octamer oligomers
examined here are consistant with den Hartog’s results and suggest a
similar conformation. The major effect of this conformational change,
with respect to base pair formation, is the removal of the hydrogen
bonding region of this guanine base frem the core of the helix. They
have also shown that the thymine base central to the platinum chelate no
longer participates in base pair formation. The loss of the central A-T
base pair is a consequence of the thyminé base being pushed out of the
core of the helix as a result of platinum binding to the 3’ and 5’
neighbouring guanine bases. Overall, the effect of the formation of a
cis-Pt(NH3)>[-d(GpTpG)-] complex within a strand is the loss of at least
two base pairs when compared to the normal, parent duplex. With regards
to the cis-Pt(NH3)[d(CTGTGTC)] + d(GACCAG) mixture, this would mean that
the maximum number o? base pairs possible would be five. Again, as
discussed above for the platinated hexamer mixture, the presence of the
less stable A-T base pairs on either terminus of the platinated region of
the proposed dupliex may not be sufficient to stablise the altered core
structure.

In the mixture involving the platinated octamer,
cis-Pt(NH3)2[d(CTGTTGTC)], with the partially complementary heptamer
d(GACACAG), NMR data again suaggests that platination has resulted in one
of the platinum bound guanine bases adopting a more syn-like
conformation. The two thymine bases central to the platinated region of

the octamer, have been forced out from the core of the helix and, like
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the one syn-guanine base, are not structurally available for hydrogen
bond formation. The end result of the conformational changes for the
platinated octamer strand in the above mixing experiment is a maximum of
five base pairs to hold the duplex together. As was discussed for the
hexamer mixture involving the platinated hexamer with its fully
complementary hexamer strand, the sequences used in these studies must be
changed before any final conclusions can be made with regards to duplex
formation between a platinated oligomer and a partially complementary
strand. The above experiments should be repeated using sequences which
contain the more stable C-G base pair immediately adjacent to the
platinated region of the duplex. The strand containing one extra
thymidine in the platinated region of the oligomer could be studied using
cis-Pt(NH3)2[d(CTCGTGCTC)] along with its fully complementary strand
d(GAGCACGAG), as well as the partially complementary d(GAGCCGAG). For
the oligomer containing two thymidine units between the platinum
complexed guanine bases, the oligomer cis-Pt(NH3),[d(CTCGTTGCTC)] could
be mixed with its normal complement, d(GAGCAACGAG), as well -its partial
complement§ d(GAGCACGAG) and d(GAGCCGAG).

As the sequences employed in these studies become longer the
experimental techniques used to both obtain and purify the oligomers, as
well as the NMR experiments used to examine duplex behaviour must
change. With the increasing availability of solid phase DNA synthesis
instruments, supplies of the desired sequences in quantities allowing for
reasonable NMR experiment times, will be more readily at hand.
Observation of all of the non-exchangeable aromatic protons in a duplex

“containing up to twenty bases would be very difficult, even utilizing 500
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MHz spectrometers. Utilization of exchangeable imino protons studies in
conjunction with more sophisticated NMR experiments, i.e. NOE studies,
finer details of the structural changes resulting from platination could
be determined. Other experimental techniques such as circular dichroism
(CD) and ultimately, X-ray crystallography, would lead to an increased
understanding of structural aberations resulting from the interaction of

cis-Pt(NH3)2Clo with nucleic acids.
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Chapter Seven
Conclusions

The interaction of cis-Pt(NH3),Ci, with short DNA ol igomers has been
examined under single stranded and dupiexing situations. The o}igomers
were synthesized using a phosphotriester approach and varied in length
from trimers to octamers. The specific sequences examined were designed
to study the formation of the intrastrand cis-Pt(NH3)2[d(GpXnpG)-
N7(1),N7(n+1)] crosslink and it’s effect on oligomer structure and
duplexing ability. To aid in understanding the effect of cispliatin on
duplex structure, model duplex systems of perfect helices composed of two
complementary oligomers, and imperfect helices containing internal loops
were investigated.

The reaction of cis-Pt(NH3)C1, with the DNA oligomers was monitored
by UV and HPLC analysis. Product analysis indicated that only one major
adduct wasrformed in each reaction. In order to characterize the site of
platination, pH titration studies were carried out on the cisplatin-DNA
adduct and followed by !H NMR. By monitoring the chemical shift changes
of the various aromatic protons on the nucleobases as a function of pH,
the guanine N7 position was shown to be the site of platinum attack. ICP
platinum analysis of the adducts formed with d(GTG), d(GTTG), and
d(GTTTG) indicated that a 1:1 platinum-DNA adduct had been isolated.

These results, along with comparison to published data on other piatinum-
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DNA adducts established the adduct stuctures to be cis-
PT(NH3) 2[d(GpTRPG)-N7(1),N7(n+1)], Fof n=1,2, and 3.

Variable temperature lH NMR (700C-00C) was utilized to examine the
effects of platination on the oligomer structure. Formation of the
intrastrand platinum crossliink with the terminal guanine residues Fofces
the oligomer ends together, looping-out the core thymine bases. A
comparison of chemical shift values for the H-8 resonance of the
platinated guanine bases with published data made it possible to predict
the orientation about the guanosine glycosyl link. To relieve the
structural strain brought about by formation of the loop complexes, one
of the guanine bases appears to have flipped into a more syn-like
conformation. NOE experiments were carried out on these molecules,
however, the results were inconcliusive for accurate prediction of base
orientation. The overall deshielding of the thymine aromatic and methyl
protons indicated the disruption of any intrastrand base stacking. The
lack of chemical shift change as a function of temperature suggests that
the loop structure was rigid. This result was confirmed with the
examination of the exchangeable imino protons normally involved in base
pairing. For adducts containing either two or three thymines in the loop
region of the complex, the N(3)-H thymine imino proton was observed by
NMR at low temperature. Detection of the imino proton signal showed the
‘loop contained not only structural rigidity, but also the orientation of
the nucleotides in the loop was such that solvent access to the thymines
was restricted.

The formation of similar loop structures in longer synthetic deoxy

oligomers allowed the examination of intrastrand stacking effects on
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bases external to the platinum complexed region. Similar, to that
observed for the thymine bases within the loop region in the shorter
strands, bases external to the complex and immediately adjacent to the
platinated guanines exhibited an overall deshielding. For the two
platinated ol igomers cis-Pt(NH3)2[d(CTGGTC)-N7(3),N7(4)] and cis-
Pt(NH3)2[d(CTGTGTC)-N7(3),N7(5)], in temperatures below approximately
250C the strands exist either, in a slow equilibrium between different
conformational structures or, they undergo strand aggregation. The
longer octamer strand cis-Pt(NH3),[d(CTGTTGTC)-N7(3),N7(6)] did not
experience this effect.

Model duplex studies on fully, and partially complementary ol igomer
mixtures provided information on the stability and duplex structure of
these double helices before their interaction with cispliatin. The Ty
values for the complementary hexamer, heptamer, and octamer mixtures
increased with oligomer length, as would be expected. Observation of the
duplex to coil transition showed that the helices did not unwind
symmetrically from either end but rather exhibited a greater preference
for fraying from one end more than the other. This indicates the
importance of the direction of base stacking in stability of the duplex.

Mixing experiments were carried out on partially complementary
oligomers containing extra thymine residues in the core of the duplex.
The duplex to coil transition data indicated that the position of the
extra thymine residue in the dupiexed structure was dependant on the
ol igomer sequence.

For the heptamer-hexamer mixture d(CTGTGTC) + d(GACCAG), the central

thymine was found to exist looped out of the base stacking arrangement in



the duplex core. This was not surprising considering the poor stacking
nature of the thymine base. The remainder of the duplex structure more
closely resembled that of the compliementary hexamer duplex d(CTGGTC) +
d(GACCAG).

In a similar, partially complementary oligomer mixture with
d(CTGTTGTC) + d(GACACAG), again an extra thymine residue was present in
the centre of the duplex. In this mixture, the central adenine base of
the heptamer strand couild choose between the two centre thymine bases of
the octamer strand to form an A-T base pair. Results suggest that the
adenine did not choose but rather, was shared, oscillating between the
two thymine bases, holding them both inside the helix, base stacking
arrangement.

The helix to coil transition for these two partially complementary
mixtures differed from the perfect duplexes. In addition to the normal,
terminal base pair fraying leading to duplex unwinding, the unpaired,
extra bases in the core of the dupiexes provided a new point for base
pair instability. As well as unwinding from the external base pairs
towards the core of the duplex, unwinding also occurred from the core

outwards. This was reflected in the non-cooperative melting profiles of

the imperfect duplexes, suggesting an almost all or nothing existence for

the double helices formed. In an experiment between d(CTGTTGTC) and

d(GACCAG), two thymines in the centre of the octamer strand were without

a base pairing complement on the hexamer strand, duplex formation did not

occur.
Understanding the stability and helix to coil transition

characteristics of the perfect and imperfect duplexes provided a
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Foundation on which the effect of the cisplatin-DNA complex on duplex
stability could be bulit. Mixing experiments between the platinated
hexamer, cis-Pt(NH3),[d(CTGGTC)-N7(3),N7(4)] and its normal compliement,
d(GACCAG), did not result in duplex formation. The platinated oligomer
was dominated by the same strand aggregation or siow conformational
change observed in variable temperature results of the platinated strand
alone. Similar results were observed with mixing experiments involving
the platinated heptamer, cis-Pt(NH3),[d(CTGTGTC)-N7(3),N7(5)]. The
platinated octamer, cis-Pt(NH3)>[d(CTGTTGTC)-N7(3),N7(6)], did not
exhibit the aggregation or conformational change effects, however, duplex
formation with the partially complementary oligomer d(GACACAG) was not

observed.



Addendum

Investigators continue in their efforts to elucidate the biological
mechanism of cis-DDP as an anti-tumor compound. The generally accepted
view that celluar DNA is the main target of the drug remains unaltered.
The pathway by which cis-DDP is specifically delivered to the target
molecule is as yet unknown. Other possible reaction sites for the
platinum compound are blood proteins and peptides, RNA, and cell wall
components (Reedijk, 1987). Is cis-DDP, in some way, able to select
between tumor and normal cells or, are tumor cells more susceptible to
the drug as a result of rapid replication, and perhaps an inefficient
repair mechanism for the platinum-DNA lesion? These are just a few of
the unanswered questions in the study of platinum-DNA interactions.

Several groups are presently examining reaction kinetics of DNA with
cis-DDP and several of its analogues (Kieinwachter et al. 1988; Millar et

al. 1988; Eastman and Barry, 1987; Schaller et al. 1987). The initial

bimolecular reacton between DNA and the aguated platinum compound is the
rapid formation of a transient, monofunctionally bound adduct. This
initial reaction would appear to cause localized disruption of base
pairing resulting in single stranded regions in the DNA (Kleinwachter et
al. 1988). Both the biologically active cis and the inactive trans-DDP
compounds form similar monofunctional complexes, at similar rates, with
DNA. The remaining chioride ligand on the adduct hydrolyzes in

preparation for the formation of the complete, bifunctional piatinum-DNA
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adduct. The reaction paths of the cis and the trans isomers diverge at
this stage (Schaller et al. 1987).

For the cis isomer, the formation of the bifunctional, intrastrand
crosslink is accompanied by a structural rearrangement of the duplex.
The observed rearrangement has been attributed to the reannealing base
pairs, which were melted upon initial monofunctional binding
(Kleinwachter et al. 1988), as well as a kinking of the helix axis at the
site of platination (Millar et al. 1988). When the ratio of the platinum
drug to DNA base pairs was low (<0.01), only the rearranged dupiex
structure was observed. As the platinum to base pair ratio was
increased, there was a progressive disruption of the duplex structure.
The rate of formation of the bifunctional adduct was significantly
enhanced if the éexperiment was carried out with single stranded DNA.

The geometry of the monofunctionally bound trans isomer does not

allow the formation of 1,2-~intrastrand crossiinks, especially if the
adduct was formed on duplexed DNA., As with the cis isomer, formation of
the monofunctional adduct resuited in localized disruption of the DNA
duplex. The structural changes in the DNA, upon further reaction of the

monofunctional trans adduct, did not indicate kinking of the helix or

reanneal ing of the duplex, although less duplex disruption was reported
with the trans isomer when compared with the results from the cis compiex

(Miilar et al. 1988). The geometrical constraints imposed by the square

planar platinum atom negate intrastrand reaction. As a result,
hydrolysis of the remaining chloride ligand on the trans isomer opens the
adduct to reaction with nucleophiles in the surrounding medium i.e. the

formation of DNA-platinum-protein crossliinked complexes (Eastman and
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Barry 1987). These types of adducts may not be as stable as the
intrastrand DNA-platinum crosslinks because the trans conformation of the
ligands may labilize the DNA from the platinum as demonstrated through
attempts to trap the trans monofunctional adducts using thiourea.

The existance of the monofunctional adducts has been further
demonstrated with the formation of ternary complexes between cis-DDP,
DNA, and ethidium bromide (Malinge et al. 1987). Ethidium bromide is an
intercalator which reversibly binds to the duplexed form of nucleic
acids. Ethidium intercaltes between the base pairs in a duplex with the
exocyclic amino groups of the heterocycle projecting into the major
groove of the duplex. The position of the primary amino groups on the
intercalator with respect to guanine N7 allows the formation of the
platinum-G(N7) monofunctional adduct followed by reaction with the
intercaltor to form the ethidium-Pt-DNA ternary complex. There is little
reaction between ethidium and ¢is-DDP in the absence of duplexed DNA, and
the ternary complex was not observed when the trans isomer was used
(Malinge et al. 1987; Sundquist et al. 1988).

The effect of cis and trans-Pt(DNA) complexes on the activity of DNA
polymerase has been examined by Bernges and Holler (1988). This enzyme
may act as a synthetase and carry out DNA synthesis, or act as an
exonuclease repair enzyme. Interaction of the enzyme with DNA treated
with trans-DDP showed that the polymerase retained its exonuclease repair
activity. However, the DNA synthesis activity of the enzyme was lost.
The interaction of the enzyme with DNA containing monocadducts, formed

with either the cis or trans isomer, again showed the retention of

exonuciease activity with the nucleotide-monoadducts eventually excised
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from the strand. The formation of bifunctional adducts with the cis-DDP
compound resulted in the complete loss of enzyme activity. This led the
authors to suggest that DNA synthesis was stopped when a platinated site
on the DNA was encountered. At low platinum/base pair ratios, the loss
of activity was attributed to the formation of kinks in the duplex which
result in a decrease in the binding affinity of the platinated DNA for
the active site on the enzyme. At higher cis-DDP/base pair ratios, there
was melting of the template and the primer, and this led to compiete loss
of synthesis ability. Both of these conclusions are in agreement with
the previously mentioned mechanistic studies.

The importance of ¢is-DDP as a therapeutic agent has directed a
ma jor effort towards improving the platinum drug. Changes in the leaving
groups as well as the amine ligands, in addition to the oiidation state
of the platinum atom have been examined (Pasini and Zunino, 1987).
Physiologically, the substitution of different ligands on cis-DDP may:
increase the solubility of the compound, target the drug for a particular
organ using a tissue specific carrier molecule as a ligand, or, complexed
with other cytotoxic drugs as ligands obtain a combined chemotherapeutic
effect.

Investigations into the exchangeable ligands on the platinum have
indicated that the reactivity of the leaving groups must not be too
labile, i.e. nitrato, as they may be displaced before the drug reaches
the target molecule (Razaka et al. 1987). The increased reactivity not
only decreases the pharmacological effect but may also increase the

toxicity of the drug.
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The non-exchangeable amine 1igands appear to have several roles.
The ability of the amine ligand to form hydrogen bonds with either the
nucleobases or the phophate backbone, is important in the activity of the
drug. Platinum compounds containing ammonia and primary amines are the
most active while tertiary amines are inactive (Razaka et al. 1987).

Although the majority of the platinum drugs under investigation are
Pt(il), there are a few Pt(lV) complexes being studied. It is believed
that the Pt(IV) compounds are reduced to Pt(Il) after administratioﬁ and
only then do they become active (Pasini and Zunino, 1987).

Monoclonal antibodies have been isolated which specifically
recognize the Pt-DNA lesion created when adjacent purine bases complex
with the cis oriented platinum compound (Sundquist et al. 1987). The
antibody binds to both d(GpG) and d(ApG) platinated sites, as well as to
adducts which are formed when bulky amine groups are used as non-leaving
group ligands. These results led the authors to suggest that the
antibody recognizes the conformational structure resulting from the |,2-
bifunctional platinum binding to dupliexed DNA. The antibody will be
useful in the testing of new platinum analogues in that the monoclonal
will be able to determine if structurally similar DNA conformations are
formed with various adducts and this, in turn, may be equated with
biological activity.

Modeling Studies

Molecular mechanics modeling has been used in several studies to
further elucidate the structures of the various adducts formed through
the interaction between cis-DDP and DNA. Modeled structures reveal

subtleties in the platinum-DNA complex which may aid in the explanation



of experimental data. Taking advantage of this increased structural
understanding, resuits may be used in the design of alternative platinum
analogues. Models of the trimer duplex d(GCC):d(CGG)* with cis-platinum
complexes containing different amine 1igands have been examined (Hambley
1987). Results indicated that the bulk of the amine ligand did not
affect the binding interaction of the platinum compound, however, the
conformation of the amine ligand and the effect of conformation on the
hydrogen bonding ability of the ligand were important. For the duplex
containing the cis-DDP moiety, the structure was stablized through the
formation of two hydrogen bonds. One hydrogen bond between an ammine
ligand and the 5’-phosphate on the 5’ platinated guanine, and the second
between the second ammine ligand and the 0(6) site on the 3’ platinated
guanine. This result may be used to explain the structure-activity
relationship where the activity of the piatinum drug decreases in the
order: NH3 > NHpoR > NHRy, and drugs containing tertiary amine Iigands
being inactive. This decrease in activity correlates directly with the
decrease in hydrogen bonding ability of the amine ligand (Hambiey 1987).
An examination into the binding of cis-DDP to d(ApG) sequences, but

not d(GpA), by molecular mechanics modeling furthers the information

gained in the previous study. In the d(ApG) structure, the ammine 1igand

of the platinum moiety is again able to hydrogen bond to the 0(6) site of

the 3’ platinated guanine (Hambley 1988a). For the d(GpA) compliex, the
3’purine base no longer carries an oxygen on the C(6) position but rather
contains an NHy group. The presence of the adenine N(6) amino group
produces an unfavourable steric interaction with the cis-DDP ammine

ligand which destablizes the structure in comparison with the cis-
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DDP[d(APG)] complex. This interaction between the ammine 1igand and the
group at the 6-position purine was also shown to be the major factor in
determining the stucture of bis(amine)bis(purine)platinum(Il) models
(Hambley 1988b). The barrier to rotation between the head-to-head and
the head-to-tail isomers was shown to be primarily the result of the
interaction between the amine ligand and the group occupying the 6-
position of the purine. An oxygen at the 6-position produced a
favourablie interaction and allowed for easy rotation of the purine bases,
while an amino group at the 6-position of the purine produced an
unfavourable interaction which ultimately.hindered rotation of the purine
bases. These results suggest the importance of the amine ligand on the
platinum drug and that its interaction with DNA may strongly influence
the activity of the drug.

The work of Kozelka and co-workers (Kozelka et al. 1987) has modeled
the structures of both single stranded and duplexed oligomers after
reaction with cis-[Pt(NH3)21¥2, Models of cis-DDP with an A-DNA
structure illustrated how the difference in helix structure may alter the
interaction of the platinum drug. The major groove of the A-helix is
much deeper and narrower than that of the B-helix and as a result would
hinder the platinum interaction with the guanine N(7) site. In the B-DNA
structures, there was a disruption of the base-stacking interactions
between the 5’-platinated guanine in a cis-Pt(NH3),{d(GpG)] complex and
its 5’-nearest neighbour. The furanose ring of the 5’-platinated guanine
was shown to be most stable when the sugar pucker was in the N-type,
C(3’)-endo conformation. This repuckering of the furanose ring was shown

to stablize the structural strain resulting from platination primarily by
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shortening the hydrogen bond formed between an ammine ligand and the
phosphate group 5’ to the complex. For stuctures using single stranded
oligomers, a larger degree of flexiblity within the platinated complex
was seen. Again, the structures were shown to be stablized by a hydrogen
bond between the ammine ligand and the phosphate group 5’ to the
platinated complex. A second hydrogen bond was also observed between the
second ammine ligand and the 0(6) atom on the 3’'-platinated guanine. The
same hydrogen bonds were observed in modeling studies discussed in the
Hambley’s work (1987, 1988a,b).

Synthetic Oligonucleotide Studies

Studies which involve the use of short synthetic oligonucleotides
with both cis and trans-DOP remain of interest as researchers continue in
their attempts to further elucidate the mechanism and results of
platinum-DNA interactions.

The reaction of cis-DDP with d(pGpGpG) provided the opportunity for
the formation of three types of structures: cis-Pt{d(pGpGpG)-
N7(1),N7(2)], cis-Pt[d(pGpGpG)-N7(2),N7(3)], cis-Pt[d(pGpGpG)-
N7(1),N7(3)] (van der Veer et al. 1987). The major product isolated in
this work was the N7(1),N7(2) structure with a minor amount of the
N7(2),N7(3) complex. For both complexes, the basic structures were
determined by NMR and revealed that the furanose ring on the 5’-
platinated guanine was in the C3’'-endo conformation. There was no
indication for the formation of a complex containing an intervening
nucleotide, i.e. cis-Pt{d(GpXpG)-N7(1),N7(3)].

An intrastrand N7(1),N7(3) cross-}ink has been formed between the

biologically inactive trans-DDP isomer and d(GpCpG) (Gibson and Lippard,
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1987). The furanose ring on the 5’-platinated guanine was shown to be in
the N-type, C(3’)-endo conformation, similar to that in cis-Pt[d(-GpG-)]
structures. This is contrary to the results obtained for d(GpXpG)
structures formed with cis-DDP, where all of the furanose rings in the
complex remain in the normal S-type, (C2’)-endo conformation (den Hartog
et al. 1983). In the trans complex, the majority of the protons were
more desheilded than those in the cis complex, indicating even further
intrastrand destacking in the trans-Pt[d(GpXpG)] structures.

Results for the crystal structure of cis-Pt(NH3),[{d(CpGpG)-
N7(2),N7(3)] have been reported (Admiraal et al. 1987). The crystal
structure is compliex in that it contains three crystallographically
independent molecules in the unit cell. There are many intermolecular
interactions in the crystal which alter the conformation of the molecule
with respect to its solution structure (den Hartog et al. 1983). Two
intramolecular hydrogen bonds involving the ammine l|igands were found.
One ammine ligand forms a hydrogen bond with a phosphate group and the
second ammine with a guanine 0(6) site. Both of these interactions have
been predicted in the previously discussed modeling studies (Hambley
1987, 1988a,b; Kozelka et al. 1987). Intramolecular stacking
interactions between the cytosine(l) and the platinated guanine(2) were
not present. This result was inconclusive, however, and most likely
reflects the many intermolecular stacking and hydrogen bonding
interactions resulting from crystal packing.

The platinated adducts of d(ApGpGpCpCpT) with both cis (Caradonna

and Lippard 1988) and trans-DDP (Lepre et al. 1987) isomers have been

characterized. The reactions with the platinum isomers were carried. out
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under conditions such that the self-complementary oligomer was duplexed.
For the trans-DDP reaction, product analysis indicated that several
products were formed during the reaction. These included monofunctional
platinum-DNA adducts and interstrand platinum cross-1inked DNA complexes,
with the major product being the intrastrand bifunctional complex of
trans-Pt (NH3)2[d(AGGCCT)-N7-A(1),N7-G(3)]. Approximately 40% of the
starting oligomer was recovered unreacted. In the cis-DDP reaction, only
one majbr product was isolated from the reaction, cis-

Pt (NH3)2[d(AGGCCT)-N7-G(2),N7-G(3)], with no evidence for the formation
of the possible N7-A(1),N7-G(2) adduct.

Characterization of the trans adduct revealed that the furanose ring
of the platinated A(l) moiety had adopted a more N-type, C(3°)-endo
conformation, while the remaining furanose rings in the oligomer were in
the S-type B-DNA conformation of C(2°)-endo (Lepre et al. 1987). This
repuckering of sugar conformation has been observed with cis-DDP 1,2-
intrastrand cross-link adducts and with trans-Pt[d(GpCpG)-N7(1),N7(3)]
(Gibson and Lippard 1987), but was not observed with cis-DDP 1,3~
instrastrand complexes (Caradonna and Lippard, 1988).

Formation of cis-Pt(NH3)2[d(AGGCCT)-N7-G(2),N7-G(3)] from the self-
complementary hexamer duplex resulted in a single stranded platinated
adduct which would not participate in dupiex formation even after
unreacted d(AGGCCT) was added to the system. The platinated species
appear to have undergone aggregation below 35°C as indicated by severe
line broadening in the variable temperature !H NMR. The platinated
oligomer did not exhibit single stranded base stacking with the decrease

in temperature but rather remained destacked over the entire temperature
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range. The furanose ring of the 5'-platinated guanine, G(2), was in a
C(3’)-endo conformation, while the remaining nucleotides retained the
C(2’)-endo conformation.

31p NMR has been used for the investigation of platinum-DNA
complexes and characterization of the hydrogen-bonding relationship
between the platinum atom and backbone phosphate groups as a function of
phosphorous chemical shift. The phosphate group involved in the
phosphodiester 1inkage between the platinated guanines in a cis-
Pt[d(GpG)] type adduct was shown to be deshielded with respect to the
remaining phosphate groups on the oligomer (Spellmeyer Fouts et al.
1987). This result was shown to occur only with cis bifunctional
complexes, and only when the adduct was formed with adjacent guanines.
The exact chemical shift of the intervening phosphate was shown to have a
dependancy on the bulk, and hydrogen bonding ability of the non-leaving
amine ligand on the platinum, as well as the presence of either a
phosphate or nucleotide 5° to the platinum complex (Spelimeyer Fouts et
al. 1987,1988). The observed change in phosphorous chemical shift has
been attributed to an unwinding of the backbone, resulting in a
lengthening of this particular phosphodiester linkage. In addition to
conformational changes induced by platinum binding, a further backbone
elongation is suggested to result from hydrogen bonding between an amine
ligand and the phosphate group 5’ to the cis-Pt{d{(GpG)] complex. When
either the amine ligand was bulky or unable to participate in hydrogen
bonding, or the cis-Pt(d(GpG)] complex did not have a 5‘-phosphate
present, the deshielding of the intervening phosphate group was not as

strong. These results are consistant with the presence of a hvdrogen
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bond between the amine ligand and the phosphate group which is 5’ to the
platinated region of the oligomer and, are in agreement with the
predicted existance of such a hydrogen bond by moiecular modeling

calculations (Kolzeka et al. 1987, Hambley 1987) and crystal structure

data (Sherman et al. 1985).
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