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ABSTRACT
The determ ination of a structure-activity relationship for a series of m inor
groove binding agents based on the fram ew ork of distam ycin and which
conjugate an arom atic nitrogen m u stard is p resen ted .

The n itro g en

m ustard was either benzoic acid m ustard (BAM) or chlorambucil (CHL), and
w as located on the N -term inus of the lexitropsin. The heterocyclic units for
the lexitropsin in each family w ere either AT-recognising pyrroles or GCrecognising imidazoles. Each family contains conjugates of one, two, and
three heterocyclic units.

The cytotoxicity, DNA interstrand crosslinking,

and DNA sequence specificity of alkylation were determ ined for the series.
W ith one exception, each conjugate was m ore cytotoxic than the respective
p aren t nitrogen m ustard and the cytotoxicity increased for each increase in
the num ber of heterocyclic units. The BAM conjugates cross-linked isolated
DNA poorly, while the CHL conjugates cross-linked DNA m ore efficiently
than CHL. Cross-linking efficiency was not affected by the increase in the
nu m b er of heterocyclic units.

Interstrand cross-link form ation in cells

agreed w ith the studies in isolated DNA.

The sequence specificity of

alkylation for the conjugates was determ ined using m odified sequencing
techniques. The CHL conjugates were found to alkylate DNA w ith a similar
sequence specificity to that seen for CHL.

The m onoheterocyclic-BAM

conjugates retained the alkylation p attern of BAM, b u t additional m inor
groove sites w ere alkylated.

The di- and triheterocyclic-BAM conjugates

only alkylated selected sites in the m inor groove and the triheterocyclicBAM conjugates alkylated a subset of those sites alkylated by the mono- and
diheterocyclic conjugates, nam ely the sequence 5'-TTTTGPu. The BAM
conjugates show ed the greater increase in cytotoxicity and enhancem ent in
alkylation specificity com pared to the parent nitrogen m ustard, indicating
that the less reactive nitrogen m ustard was targeted by the lexitropsin more
efficiently. The findings have implications for the design of m inor groove
agents that conjugate reactive groups.
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CHAPTER ONE: INTRODUCTION

1.1

Cancer and Chem otherapy
A cancer represents a population of cells w ithin the body th at has

escaped from the norm al control m echanism s and continues to proliferate
until it leads to the death of the host (Priestman, 1989). In a m ature adult,
there is an intricate homeostasis whereby cell division only occurs to replace
lost cells. In recent years num erous and complex m echanism s that control
progression through the cell cycle have been discovered. It is a cell or cells
th at escape the norm al m echanism s of control that eventually lead to a
tu m o u r b urden.

The tw o im portant characteristics th at d istin g u ish a

m alignant grow th from a benign grow th are the invasion and destruction of
nearby norm al tissue, and the ability of some cancerous cells to metastasise.
M etastasis is defined as the process w hereby cancer cells detach from the
prim ary tum our mass and m igrate to distal parts of the body, attach and
subsequently divide to produce secondary tu m o u r grow ths.

It is the

phenom enon of m etastasis to w hich chem otherapy owes its im portance in
the treatm ent of cancer.

The tim ely detection of prim ary solid tum ours

allow s for efficacious treatm ent through surgical rem oval of the tum our
a n d /o r local radiation treatm ent, b u t the presence of clinically undetectable
m ic ro -m e ta s ta se s

lim its

th e

e ffe c tiv e n e ss

of

th e se

tre a tm e n ts .

Chem otherapy offers the only chance of a cure once m etastasis has occurred.
W hen cancer treatm ent fails, m etastasis is the prim ary cause of death
(Liotta, 1992).
C hem otherapy is defined as the utilisation of drugs th at broadly
interfere w ith cell division.

A lthough the five-year survival rate for all

cancers combined has only m odestly increased in the past 50 years, dram atic
increases in the cure-rate of some of the less com m on tum ours have been
achieved w ith chem otherapy (Pratt, et al., 1994). The threat of m étastasés
being present upon detection of a prim ary tum our introduced the idea of
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adjuvant therapy, or chem otherapy used in com bination w ith surgery or
radiotherapy.

C hem otherapeutic drugs are generally m ost useful against

those tum ours w ith a high proportion of dividing cells, b u t some norm al
tissues also have a high proportion of dividing cells. Differentiated cells are
m ostly unaffected by chem otherapy, bu t som e organs and the stem cell
p o p u latio n can be severely dam aged.

Dose lim iting toxicity is the

potentially lethal effect of cytotoxic drugs on norm al tissues and organs. All
cytotoxic drugs share the two common properties of being able to interfere
w ith cell division and being unable to discern betw een norm al dividing
cells and m alignant cells. Dose limiting toxicity and drug resistance are the
tw o problem s th at have prev en ted a m ore successful ap p licatio n of
chem otherapy. Drug resistance is defined as the ability of a sub population
of the m alignant cells to circum vent the effects of cytotoxic drugs and this
can occur by a variety of mechanisms. Drug resistance can be inherent or
acquired, such that after an initial response to treatm ent, a relapse occurs
and a tum our reappears w hich is refractory to the treatm ent.

A cquired

resistance is the m ost common reason for the failure of drug treatm ent in
cancer patients w ith initially sensitive tum ours (Pratt, et al., 1994). The
p h en o m en o n of resistance und erlies a fu n d am en tal questio n in our
knowledge of cancer that remains unansw ered, and that is w hy do different
tum our types respond differently to chem otherapy. Some tum our types are
extrem ely sensitive to, and even curable w ith, chem otherapy alone, while
some tum our types m ay initially be sensitive before resistance occurs, and
som e essentially do not respond to chem otherapy.

The first step in

approaching this question requires an introduction to the currently used
chem otherapeutic agents.

1.2

The Agents of Chem otherapy
The currently used clinical chem otherapeutic drugs can be grouped

into four broad categories; the alkylating agents (classical and non-classical).
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the antim itotic antibiotics, the antim etabolites, and p lant alkaloids.

The

classification is prim arily biochemical and in some cases implies a common
m echanism of action w ithin a group. Elucidating the m echanism of action
for an agent is critical for several reasons. Knowledge of the m echanism of
action for each agent allows for classification and discovery of novel agents
w ith unique mechanisms of action. An agent w ith a unique m echanism of
action m ay have a different spectrum of activity against various types of
tum ours.

Agents that possess different m echanism s of action m ay also

h av e d ifferent associated side effects, w hich has im p o rtan t clinical
im plications.

The clinical utilisation of com bination chem otherapy, using

several agents sim ultaneously, allows for the treatm ent of cancer w ith
several agents at their in d iv id u al m axim um dose w hile avoiding an
ad d itiv e effect on the dose related side effects.

The in tro d u ctio n of

com bination chem otherapy was a turning point in cancer chem otherapy
(Liotta, 1992).

1.2.1

Alkylating Agents (Classical and Non-Classical)
The first category, the alkylating agents, are historically interesting

because one of the group, m echloretham ine (HN2, nitrogen m ustard),
represents the first attem pt at chem otherapy in the treatm ent of cancer
(Gilman & Phillips, 1946). Studies of the victims of m ustard gas (Figure 1.1)
attacks during W orld W ar I and subsequent anim al studies revealed 'the
vulnerability of the blood-form ing organs and intestinal tract' and th at
'm ark ed effects on hem atopoiesis can be obtained w ith sublethal doses'
(Gilman & Phillips, 1946). The pathological progress in leukaem ia and the
lym phom as is excessive w hite blood cell form ation in the m arrow or
lym phatic system. There were suggestions as early as 1928 that m ustard gas
m ight offer benefit to the sufferers of the disease, b u t the severely toxic
effects of the agent precluded further study (Colvin & Chabner, 1990). A
renew ed m ilitary interest in toxic gases sparked by the second W orld W ar
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b rought about the synthesis of m ustard gas analogues, including nitrogencontaining agents such as m echlorethamine. After m ilitary declassification
of the w ork in 1946, the first studies of cytotoxic therapy for lym phom a,
leukaem ia and H odgkin's disease using m echloretham ine w ere reported
w ith encouraging results, particularly against H odgkin's disease (Gilman &
Phillips, 1946). W ith the initial results of this first alkylating agent m any
th o u san d s have subsequently been p rep ared for evaluation in cancer
treatm ent. Although fewer than a dozen are currently being used, this class
of com pound is still the m ainstay in the treatm ent of cancer due to their
broad spectrum of activity.

a
I
CH3

a

M echloretham ine

Mustard Gas

Cyclophospham ide

/s /
H O O C -C H — CH2 - / ” ^ N

HOOC— (C H 2 )3 -f

^

yN

N=/

^

NHz
Chlorambucil

M elphalan

M

M

o
KK
\

a
BC NU

a

V7
N

D^n-

p ~ n< ]

"

CCNU

/

0 - S —CH3

(CH2)4

\0-S-CH3
O

Thio-TEPA

B usulfan

Figure 1.1. Mustard gas and the classical alkylating agents.

M echlorethamine is part of the family of alkylating agents called the
nitrogen m ustards, discernible by the bis-(chloroethyl)am ino functionality
(Figure 1.1). M echloretham ine is still used clinically, b u t it causes severe
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vom iting and bone m arrow suppression, which is its dose lim iting toxicity
and w hich is characteristic of alkylating agents (Lewin, 1986). Subsequent
a g e n ts

in

th is

fam ily

now

u tilis e d

c lin ica lly

re ta in

th e

bis-

(ch lo ro eth y l)am in o fu n ctionality w hile the m eth y l g ro u p has been
substituted for m ore elaborate chemical groups. An example of this is the
agent cyclophospham ide, developed following the observation that tum our
tissu e c o n tain s relatively high con cen tratio n s of p h o sp h o ra m id a se s
(Priestm an, 1989). Cyclophospham ide and its analogue, ifosfam ide, have
p ro v en v ery valuable clinically in spite of the fact that the d rugs are
ineffective against tum our cells in vitro, and the m echanism of action first
requires an enzymatic activation in the liver (Pratt, et ah, 1994).
In the publication reporting the synthesis of chloram bucil (CHL,
Figure 1.1) the authors stated that "it is hoped to obtain com pounds of a
m o re

selec tiv e

action

on

n eo p lasm s

by

in c o rp o ra tin g

the

d i- 2 -

ch lo ro eth y lam in o -g ro u p into m olecules w hich have anionic, cationic,
lipophilic, or hydrophilic character (Evertt, et a l, 1953)." The study reports
the preparation of a series p-bis-(chloroethyl)amino aniline derivatives w ith
the alkyl side chain varying from zero to four m ethylene groups. Biological
ev alu atio n fou nd that the n=3 derivative (CHL) w as "outstanding" in
inhibiting the grow th of transplanted W alker rat carcinom a (Evertt, et a l,
1953).
M elphalan (L-phenylalanine-mustard, Figure 1.1) followed soon after
(Bergel & Stock, 1954).

The authors in this publication stated a grow ing

interest in a-am ino acid derivatives due to "the occurrence of such units in
the m olecules of antibiotics and to the discovery of antim etabolite effects
w ith analogues of essential amino acids." The L-isomer proved the m ost
active of the analogues prepared. There is no evidence that the presence of
the phenylalanine group alters the distribution of the drug, although the
d ru g enters cells via am ino acid tran sp o rt m echanism s (G oldenberg &
B egleiter, 1980).

M elphalan and chloram bucil have several clinical
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applications and one distinct advantage these have over m echloretham ine
is their oral availability due to their reduced reactivity (Colvin & Chabner,
1990). The DNA interactions of the nitrogen m ustards will be discussed in
section 1.5.
The nitrosoureas comprise a second family of alkylating agents. This
family arose out of a U nited States governm ent directive for a national co
operative cancer drug research program run by the newly form ed N ational
Cancer Institute. The first of the nitrosoureas, N ,N '-bis-(2-chloroethyl)-N n itro so u rea (BCNU, Figure 1.1), w as synthesised by M ontgom ery and
cow orkers at the Southern Research Institute (M ontgom ery, 1986).

The

nitrosoureas have found clinical application, especially in the m anagem ent
of brain tum ours due to their lipophilicity. U nfortunately, they can induce
a delayed bone m arrow toxicity (Priestm an, 1989).

The nitrosoureas'

m echanism of action will be briefly discussed in section 1.5.5.
Busulfan (Figure 1.1) is the only major clinical representative of the
alkyl alkane sulfonate family of alkylating agents, and is prim arily used
against chronic m yelogenous leukaem ia (Colvin & Chabner, 1990).

Thio-

TEPA (Figure 1.1) is the major clinical representative of the aziridine family
of alkylating agents and has been used in the treatm ent of breast and
ovarian carcinomas (Colvin & Chabner, 1990).
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Cisplatin

Carboplatin
Dacarbazine (DTIC)
Figure 1.2. Non-classical alkylating agents.

U nder the heading of non-classical alkylating agent w o u ld fall
cisplatin, a square planar platinum coordination complex w ith tw o am ino

21
and two chloride ligands in a cis configuration (Figure 1.2), The agent was
serendipitously discovered w hen it w as noticed that use of a platinum
electrode im peded the cell division of bacteria b u t not their grow th
(R osenberg,

et a/., 1965).

C isplatin has found clinical app licatio n ,

particularly against testicular cancer, but it can severely affect renal function
(Lewin, 1986). M any platinum analogues have been prepared and studied
in attem p t to retain the activity w ithout the side effects, b u t the only
analogue thus far to be utilised clinically is carboplatin (Figure 1.2).
The purine analogue dacarbazine (DTIC) is also considered a nonclassical alkylating agent.

A lthough it w as originally designed as an

antim etabolite, it first requires m etabolic activation and is presum ed to
interact directly w ith DNA (Montgomery, 1986). It still has a limited clinical
application and its dose lim iting cytotoxicity is bone m arrow suppression
(Priestm an, 1989). The term 'prodrug' generally applies to an agent that
requires activation in order to exhibit its biological properties and there
have been successful attem pts to develop related agents w hich are better
p ro d ru g s (Stevens & N ew lands, 1993).

These will briefly discussed in

section 1.5.7.
For each of the alkylating agents, their interaction w ith DNA is
p resu m ed to be their m echanism of action.

Each agent is capable of

producing various types of DNA dam age and, w ith the exception of DTIC,
each agent m entioned is capable of cross-linking DNA.

B ifunctional

alkylating agents can undergo two separate reactions and it is this property
that offers the potential for cross-link formation. There are three types of
cross-links th at can be produced ; DNA in te rstran d cross-links, DNA
in trastran d cross-links, and D N A -protein cross-links.

DNA interstran d

cross-links chemically connects the two DNA strands together, preventing
the strands from separating during replication. Reaction w ith tw o sites on
the same strand represents an intrastrand cross-link, and reaction w ith a site
on DNA and a site on a protein creates a DNA-protein cross-link. Because
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each of the alkylating agents are capable of producing a variety of DNA
dam age, determ ination of the specific lesions form ed is im p o rtan t in
assigning m echanism of action and this will be discussed in section 1.5.

1 .2.2

A ntim itotic Antibiotics
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Figure 1.3. Antimitotic antibiotics.

The antim itotic antibiotics arose o u t of the search for novel
antibiotics in the 1940's. It was observed that some of these new, naturally
occurring antibiotics isolated also had inhibitory effects on tum our cells. All
of the clinically useful antibiotics are produced by different strains of the soil
fu n g u s S tr e p to m y c e s .

The first to be introduced into the clinic w as
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actinom ycin D (Figure 1.3), for the treatm ent of W ilm's tum our in children
(Pratt, et ah, 1994). The dem onstration of the clinical effectiveness of this
agent led to the developm ent of m any other agents of this category. The
le a d

com pound

(d a u n o ru b ic in ),

of

th e

w h ich

a n th ra c y c lin e

sh o w ed

good

fam ily
a c tiv ity

w as

d a u n o m y c in

a g a in st

leu k aem ia.

A driam ycin (doxorubicin) only differs from daunom ycin by an extra
hydroxyl group on the aglycone ring (Figure 1.3), and yet it has a different
spectrum of activity, particularly against a range of solid tum ours. These
com pounds possess a potentially serious cardiotoxicity, how ever (Olson &
M ushlin, 1990), which has prom pted the search for analogues that retain the
activity w hile displaying a reduced toxicity.

A variety of biochem ical

activities have been dem onstrated for this family, some or all of w hich m ay
contribute to their m echanism of action. In m ost cases the interaction w ith
DNA is central.
The bleom ycins (Figure 1.3) are a family of glycopeptide antibiotics
isolated from Streptomyces verticillus (Natrajan & Hecht, 1994). There are
several variants of bleom ycin w ith m inor chem ical differences and the
clinical p rep a ratio n is, in fact, a m ixture.

Bleom ycin is used in the

treatm ent of m alignant lym phom as and some squam ous cell carcinom as
and w hile it has little if any m yelosuppressive effect it has a severe
p u lm o n a ry toxicity w ith accum ulative dosage (C habner, 1990).

The

m echanism of action for the bleomycins is presum ed to be a DNA dam aging
event.
The m itom ycins w ere isolated from the ferm entation b ro th of
Streptomyces caespitosus in the 1950's (Tomasz, 1994) and w ere found to

possess significant antitum our activity.
c lin ically

a g a in st

a ran g e

of solid

M itomycin C (Figure 1.3) is used
tu m o u rs , b u t

h as

a severe

m yelosuppression (Lewin, 1986). Mitomycin C, as pictured in Figure 1.3, is
u n reactiv e to w a rd s DNA and first req u ires chem ical or enzym atic
activation. Because of this property, it represents a class of agents know n as
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'bioreductive' agents. It is well know n that hypoxic cells, those that lack
sufficient blood supply, are a common feature of solid tum ours (Brown &
Giaccia, 1994).

Hypoxic activation is a possible explanation as to w hy

m itom ycin C has proven useful in the m anagem ent of solid tum ours.
Bioreductive agents and the specific DNA interactions of m itom ycin C will
be discussed in section 1.6.4 and 1.6.3.

1.2.3

A ntim etabolites
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Figure 1.4. Antimetabolites.

The antim etabolites w ere developed from observations that, before
mitosis can occur, a cell m ust build up large reserves of amino acids, nucleic
acid s,

and

o th e r

im p o rta n t m etab o lite s

(P riestm an ,

1989).

The

antim etabolites are sim ple chemical analogues of norm al m etabolites and
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can act either by the inhibition of critical enzymes in the synthetic pathw ays
of nucleic acids or by incorporation into m acrom olecules, consequently
disrupting norm al function. Because these agents do not directly interact
w ith DNA to exert their m echanism of action, this class w ill only be
represented w ith three specific and exhaustively studied examples.
Antifolates w ere the first antim etabolites to be introduced into the
clinic, w hen it was show n that am inopterin, an analogue of folic acid, could
p ro d u c e rem issions in ch ild h o o d acute leukaem ia (A llegra, 1990).
M ethotrexate is structurally similar to folic acid (Figure 1.4), but has a m uch
g reater b in ding affinity for the enzym e dihydrofolate reductase than
dihydrofolate, the reductase's natural substrate. Folic acid is essential in the
synthesis of purines and pyrim idines, and the enzym atic reduction step
perform ed by dihydrofolate reductase is critical to this pathw ay (Benkovic,
1980).
Fluorouracil was one of a series of fluorinated pyrim idine analogues
reported that were developed on the prem ise that "uracil m ay be utilised
preferentially for nucleic acid biosynthesis in tum ours" (Heidelberger, et ah,
1957) . Fluorouracil is a uracil analogue (Figure 1.4) that has an affinity a
h u n d red tim es greater than uracil for the enzym e thym idylate synthetase
(TS).

Fluorouracil covalently binds to the enzym e, form ing a ternary

complex, and is an example of suicide substrate inhibition. The conversion
of uracil to thym idylate by the TS enzym e is the de novo synthesis of
th y m in e an d the consequence of this in h ib itio n is refe rred to as
'thym ineless death' (Benkovic, 1980).
Cytosine arabinoside (ara-C, Figure 1.4) is sim ply an analogue of the
nucleoside deoxycytidine, but an arabinose has been substituted for the
deoxyribose sugar. Cytosine arabinoside is an competitive inhibitor of DNA
polym erases and can be incorporated into DNA during replication.

It is

incorporation into DNA that has been closely correlated w ith its cytotoxicity
(Kufe, et ah, 1980).
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1.2.4

Plant Derivatives

The plant alkaloids are agents derived from various plant species and
w ill be briefly m entioned here because the m echanism s of action are
different from the previous categories. The vinca alkaloid family, isolated
from the root of the periwinkle plant, were the earliest of this category to be
em ployed clinically. The target for the vinca alkaloids is tubulin, to which it
binds tightly. Tubulin polym erises to form m icrotubules and these play a
key role in cell division by form ing the cell spindle on w hich the
chrom atids are arranged du rin g m etaphase. Inhibition of m icrotubule
form ation leads to m etaphase arrest. It is interesting to note that, although
they have quite sim ilar structures, vincristine and vinblastine have a
different spectrum of clinical activity and different dose lim iting toxicities
(Priestman, 1989).
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Figure 1.5. Plant derivatives.

27
Taxol is a plant alkaloid that was isolated from the bark of the Pacific
Yew tree and was identified as a prom ising new agent in the NCI sponsored
program in w hich extracts of over 35,000 plant species were tested for anti
cancer activity betw een 1958 and 1980 (Borman, 1991). Its m echanism of
action differs from the vinca alkaloids in that it appears to bind to tubulin in
a m an n e r th a t stab ilises m icro tu b u le fo rm atio n , p re v e n tin g

th eir

depolym erization in anaphase. Taxol and taxotere, a closely related sem i
synthetic analogue, have show n prom ise in clinical trials against ovarian
and breast cancer (Workman, et a l, 1992; Long, 1994).
The epipodophyllotoxins are sem i-synthetic derivatives of the plant
alkaloid podophyllotoxin.

While podophyllotoxin w as found to interfere

w ith m icrotubule form ation, the epipodophyllotoxins are thought to act in
a different m anner. Two have recently found clinical application, etoposide
(VP-16) and teniposide (VM-26). These agents have been show n to interfere
and inhibit the function of the topoisomerase II enzyme. Topoisomerase II
is an im portant enzym e in the m aintenance of chrom osom al integrity.

It

essentially allows one section of DNA to "pass through" another by nicking
and then resealing both strands of one section.

The epipodophyllotoxins

bind to the topo II: DNA complex, stabilising the cleavage complex. This
leads to the production of double strand breaks in DNA.

D rugs that

interfere w ith the function of topo I, w hich nicks and reseals one strand
only, or topo II have recently emerged as a distinct family and represents the
ongoing discovery of new agents w ith novel m echanism s of action.

In

ad d itio n to the epipodophyllotoxins, the synthetic com pounds m-AMSA
an d

m ito z a n tro n e ,

cam p to th e cin , an d

also

the

above

m e n tio n ed

anthracyclines have been show n to interfere w ith the topoisom erases
(Ralph, et ah, 1994).
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1.3

Resistance M echanism s and Sources of Agents
The above sum m ary is certainly not m eant to be exhaustive. It serves

to introduce the spectrum and background of the currently em ployed
chem otherapeutics.

The sim ple problem w ith the chem otherapeutics

described above is that these are also cytotoxic to norm al proliferating cells.
These agents indiscrim inately interfere w ith m itosis and hence can have
adverse effects on the healthy tissues and organs. The clinical application of
these drugs is, in effect, trying to differently poison the tu m o u r before
p o iso n in g the patient.

As m entioned earlier, d ru g resistance is an

im portant problem in the successful application of chem otherapy. W hen a
patient treated w ith a regim en of chem otherapy has relapsed, that tum our
will m ost likely be resistant to the original regimen. Tum our types which
are inherently resistant to chem otherapy usually have very poor prognosis
(Pratt, et a l, 1994). Knowledge of resistance m echanisms is im portant in the
evaluation of an agent.

1.3.1

Drug Resistance
There are a variety of m echanism s by w hich m alignant cells become

m ore resistant to the killing effects of cytotoxic agents and these usually
involve up-regulation or alteration of norm al cellular functions. Cells that
develop m ulti-drug resistance (MDR) seem to undergo three major changes;
decreased accumulation of cytotoxic drugs, changes in activity or expression
of certain cellular proteins, and changes in the cellular physiology (Simon &
Schindler, 1994). U p-regulation of the enzym e dihydrofolate reductase has
been w ell-docum ented as one of several m echanism s in m ethotrexate
resistance.

O verproduction of the enzym e thym idylate synthetase and

production of an altered form that fluorouracil binds w ith a w eaker affinity
has been clearly docum ented in resistance to fluorouracil (Pratt, et a l, 1994).
In both cases, overproduction or alteration of the enzym e targeted by the
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chem otherapy leads to an increased tolerance of the drug and an increased
resistance to its cytotoxic effects.
There are several m echanism s of d rug resistance to the alkylating
agents.

These include alterations in drug uptake or transport, increased

repair of drug-induced DNA damage, failure to activate those drugs w hich
require activation, increased scavenging of drug species by non-essential
cellular nucleophiles, and increased enzym atic detoxification of the drugs
(Clapper & Tew, 1989). One example of a DNA dam age repair pathw ay is
the protein 06-alkyl guanine transferase (06-AGT), which acts by a unique
mechanism . The protein catalyses the transfer of an alkyl group from the
guanine-06 position onto an internal cysteine residue in a process that is
irreversible (Pegg, 1990). This protein has been found to be overexpressed in
some tum ours. The lesions produced by m ethylating and ethylating agents
such as DTIC and the nitrosoureas appear to be susceptible to this type of
repair and alkyl-transferase activity protects cells from the lethal effects of
the nitrosoureas (Pegg, 1990).
Agents such as mitomycin C or cyclophospham ide require activation
and a lack of activation results in little or no cytotoxic effect. G lutathione is
a ubiquitous cellular nucleophile that can react w ith and inactivate the
alk y latin g agents and o v erp ro d u ctio n of g lu tath io n e has been w ell
docum ented in some cell lines resistant to alkylating agents (Tew, 1994).
The glutathione-S-transferase enzym e fam ily also acts to inactivate both
hydrophobic and electrophilic drugs by conjugating them w ith glutathione
(Clapper & Tew, 1989). It is known that these enzymes are overproduced in
m any types of tum ours (Tew, 1994).
A variety of seemingly unrelated agents are susceptible to the activity
of a protein that acts as a cellular pum p. The m em brane protein, nam ed pglycoprotein, acts as an 'efflux pum p' that transports drugs out of the cell
cytoplasm and is the cause of MDR (Kartner & Ling, 1989). Agents which
are know n substrates for this protein include the anthracyclines, the vinca
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alkaloids, etoposide, actinom ycin D, m itom ycin C and m ethotrexate
(Kartner & Ling, 1989). Each of the examples lend further em phasis to the
need to develop novel agents which m ay not be susceptible to resistance
m echanism s. In addition to overcom ing inherently resistant cell subtypes,
an arsenal of agents w ith different m echanisms of action is useful in order
to combat the onset of acquired resistance if a relapse occurs.

1.3.2

Sources of Chem otherapeutic Agents
All of the agents m entioned here can be identified as originating

from one of three backgrounds. Observations of certain differences betw een
cancer cells or tum ours, and norm al cells or tissues, have led to the
developm ent of agents designed w ith the intention of exploiting those
differences. U nfortunately, the original prem ise does not alw ays correctly
explain a particular agent's activity, as in the case of cyclophosphamide. The
second origin is the screening of vast num bers of natural products.

This

ro u te p ro d u ced , am ong others, the antim itotic antibiotics and Taxol.
A lthough the approach lacks a testable rationale, it is still a useful w ay of
discovering agents w ith novel m echanism s of action.

The third origin is

the developm ent of closely related structural analogues of agents from one
of the first tw o groups in attem pt to reduce the p arent agent's toxic side
effects, while retaining antitum our efficacy. This area of research represents
a significant proportion of past and current anti-cancer drug design. In spite
of som e successes in develo p in g analogues from p a re n t agents, a
fu n d am en tal u n d e rstan d in g of how the chem ical changes on a d ru g
stru ctu re affects its antitum our efficacy and tu m o u r specificity has not
alw ays been possible. Even though some of the agents em ployed clinically
have been used for over 40 years and have been exhaustively studied, it is
still n o t clear exactly how such chem ically reactive drugs can produce
specific biological effects (Hartley, 1990). A sim ple enantiom eric difference
can equate to a com pletely different spectrum of activity, and w ith the

31
exam ple of cytosine arabinoside, the difference betw een an essential DNA
building block and a cellular poison. Structure-activity studies provide a
useful insight into the relationship betw een changes in drug structure and
biological activity.
The issue of m olecular recognition is rapidly becom ing one of great
im portance in all of medicine. It is now obvious that biological events are
the result of chemical interactions that occur specifically at the m olecular
level. For example, an enzyme will perform a specific catalytic function or
transform ation efficiently only if the correct substrate is in place and only if
allosteric sites are activated properly.

DNA is the carrier of genetic

inform ation in cells and gene expression (or lack thereof) th ro u g h the
selective binding of prom oters, suppressors and the transcription m achinery
is crucial to the cell and the organism.
The recent exponential grow th of research in the fields of cellular and
molecular biology has provided for a greater understanding of the processes
in v o lv ed

in cell sig n allin g , cell d iv isio n , a n d

m echanism s.

DN A m ain ten a n ce

M any of the processes are either aberrant or lacking in

m alignant cells and this concomitantly suggests that these m ight be targeted
by new , d esigned agents.

This includes top o iso m erase in h ib ito rs,

bioreductive agents that target the hypoxic conditions of solid tum ours, and
agents that target the MDR protein. Additionally, grow th factors and their
receptors and signal transduction pathw ays (Powis, 1993), positive and
negative checkpoints on cell cycle progression (H artw ell & Kastan, 1994),
and m etastasis/angiogenesis processes (W einstat & Steeg, 1994) have been
suggested as potential alternative targets.
The fact that all of the alkylating agents and antim itotic antibiotics
interact w ith DNA in some m anner suggests th at DNA is an im portant
chem otherapeutic target.

Because the different tum our types respond

differently to chem otherapy, the im plication is that som e tu m o u r types
m ust be p articularly susceptible to DNA dam age.

A dditionally, m ost
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differentiated cells are largely unaffected by the action of chem otherapeutic
agents. The suggestion is that DNA dam aging agents possessing a higher
specificity than those currently used can be developed that m ay be able to
exploit these differences.

The design of novel D N A -targeted agents first

requires an understanding of DNA structure and an understanding of the
specific DNA interactions of the currently em ployed chem otherapeutics.

1.4

DNA Structure and Drug: DNA Interactions

1.4.1

DNA Structure and M odes of Binding
In one of the sem inal discoveries of the 20th century, W atson and

Crick proposed a structure for DNA based on know ledge of the chemical
structures of each of the four bases and X-ray diffraction patterns (Watson &
Crick, 1953). It is the hydrogen bonding interactions that occur betw een
adenine and thymine, and betw een guanine and cytosine, that form the two
base pairs and the core of the DNA structure. The bases are connected to the
sugar phosphate backbone of the DNA through an N-glycosylic bond to the
CT position of deoxyribose. The 3'-position of each sugar is linked to the 5'p o sitio n of the next thro u g h a negatively charged p h o sp h ate group.
C o m p o sitio n of one stra n d is m atched by the o p p o site stra n d of
com plem entary bases, w here the sugar linkages from 5' to 3' ru n in the
opposite direction and together these form a double helix.

The sugars

assum e non-planar conform ations or 'puckers' in order to m inim ise steric
clashes (Blackburn, 1990). Because the strands are anti-parallel the sugars do
not diam etrically oppose one another and this results in tw o 'grooves' of
differing w idth, called the major and m inor grooves.

There are several

different types of conform ations DNA can adopt, each of w hich vary in
groove w id th and d ep th , according to state of h y d ra tio n an d salt
concentration. For the purposes of this discussion, a description will only
entail B-DNA, as it is the m ost com m only found structure of genom ic
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DNA. The major groove of canonical B-DNA is w ider (11.7 Â) and slightly
deeper (8.8 Â) than the m inor groove, w ith a w idth of 5.7 Â and depth of 7.5
Â. One complete turn of DNA consists of 10.5 base pairs w ith a rise of 3.3-3.4
Â per base pair (Blackburn, 1990). The w idth and shape of the grooves are
altered , how ever, d ep en d in g on the sequence com position.

AT-rich

sequences have a narrow m inor groove (Fratini, et a l, 1982; Nelson, et a l,
1987), w hereas GC-containing sequences are significantly w ider (Fagan &
W emmer, 1992; Neidle, 1992),
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Figure 1.6. The DNA base pairs and hydrogen bonding.

The base pairing composition provides a source of electron rich sites
and hydrogen bond donors and acceptors (Figure 1.6). The m ajor groove
contains m ore inform ation as defined by the num ber and discrim inatory
capacity of hydrogen bond accepting and donating sites. The m ajority of
proteins bind in the major groove, while certain polym erases operate via
the m inor groove and some proteins interact w ith both. M any xenobiotics
including antibiotics bind to the m inor groove.

Because the m ajority of

protein: DNA interactions occur in the m ajor groove, the m inor groove is
relatively unoccupied in com parison and this is presum ably the reason for
the evolution of m inor groove-binding antibiotics to attack the DNA of
com peting organisms (Town, 1990).
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In addition to major groove and m inor groove binding, intercalation
can also occur. Planar aromatic molecules can fit betw een the stacked base
pairs, and the overlap of k clouds between the drug and the base pairs offer a
stabilisation through binding. Stiffening and unw inding of the DNA helix
occurs to accom m odate intercalators.

Due to the interactions, how ever,

intercalators can only fit in between every other base pair, in w hat is know n
as nearest neighbour exclusion (Wilson, 1990). Because intercalators only
in teract w ith the im m ediate base p airs on. either side, the sequence
specificity of these agents is severely lim ited, although intercalators can be
linked by a flexible linker in w hat are term ed bis-intercalators (Wilson,
1990).

The classic exam ples of intercalators are the DNA stain ethidium

brom ide and the antimitotic antibiotic actinomycin D.
A fourth m ode of DNA binding that has been studied for possible
exploitation is triple helix form ation.

It is know n that polypyrim idine

oligodeoxynucleotide stran d s com posed of thym ines and p ro to n ated
cytosines can hydrogen bond w ith adenines and guanines, respectively, in
polypurine-containing duplex DNA in w hat is term ed H oogsteen base
p airin g (Blackburn, 1990).

The clear attraction to this approach is the

exquisite sequence specificity th a t can be a ttain e d by base p a irin g
com plem entation and there have been reported in vitro successes, b u t there
are serious draw backs in its biological application.

R ecognition of

pyrim idines in mixed DNA by triple helix form ing oligodeoxynucleotides
has

p ro v e n

m o re

d iffic u lt

to

a ch iev e

(G riffin ,

et ah,

1992),

oligodeoxynucleotides are extrem ely vulnerable to d eg rad atio n by the
various exo- and endonucleases (W ickstrom, 1986) and cellular penetration
is lim ited by the negatively charged backbone of the oligodeoxynucleotides
and a majority are trapped by endocytic vesicles (Helene, 1991). Lastly, there
are serious questions concerning the biological effects seen for DNA binding
and RNA b in d in g 'antisense' oligodeoxynucleotides and w h e th er the
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m echanism of action m ay be due to som e other cellular response not
associated w ith specific target binding (Gura, 1995).

1.4.2

Drug: DNA Interactions
The DNA interactions of the alkylating agents and the antim itotic

antibiotics appear to be crucial for the expression of their biological and
clinical activities. Elucidation of an agent's specific interactions w ith DNA
becomes im portant in the full characterisation of that agent's profile. There
are several levels of DNA interaction that can be explored.
u n d erstan d in g the non-covalent and covalent interactions.

The first is
N on-covalent

interactions are either one or a com bination of electrostatic, hydrogen
bonding, and van der W aals forces.

Covalent interaction describes the

form ation of a chemical bond betw een an agent and DNA. Because of the
confusion th at m ay arise, the term 'bind' w ill refer to non-covalent
interactions, and the term 'alkylate' will refer to covalent bond form ation,
even though this m ay not be strictly correct, as w ith cisplatin. Agents may
either interact through non-covalent or covalent interactions, or they m ay
possess non-covalent interactions that affect or direct ensuing covalent bond
form ation.
As m entioned above, each of the four DNA base p airs contain
electron rich groups and these can act as nucleophiles. Agents that possess
different electrophilic substituents can react w ith DNA nucleophiles w ith
varying rates. Identifying the specific position where an agent alkylates (i.e.,
guanine-N 7, adenine-N 3) helps determ ine in w hich groove the agent
preferentially alkylates.

An agent m ay possess a sequence specificity or

preferential reactivity for a base or base pair only w ithin a specific sequence
context.

The agent m ay require a recognition sequence' for optim al

interactions w ith DNA. Knowledge of the particular types of DNA lesions
form ed by an agent aids in determ ining w hich lesions are critical. It is well
know n that certain lesions are prim arily m utagenic, w hile some are toxic.
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and th at different types of DNA dam age are repaired by different repair
enzym es (Sancar & Sancar, 1988). Knowledge of the spectrum of different
lesions form ed an d rep a ired is essential for u n d e rs ta n d in g rep a ir
m echanism s involved in resistance.

Lastly, d eterm ination of the full

profile of an agent helps aid in the design of novel analogues. Knowledge
of the critical lesion form ed by an agent or its active m etabolite aids in the
design of novel analogues which preferentially form that lesion, or w hich
eliminate other types of lesions that could be detrimental.

1.5

M echanism of D N A Interaction for the A lkylating Agents

1.5.1

N itrogen Mustards and Chemical Reactivity

Nu:

R—

9

.

Nuy
Figure 1.7. Aziridinium formation by a nitrogen mustard.
Nu: = Nucleophile.

The m echanism of action for the alkylating agents is now generally
assum ed to be DNA alkylation and, in the case of bifunctional agents, the
form ation of interstran d cross-links w hich p rev en t replication.

The 13-

m ethylenes of the nitrogen m ustards are electrophilic due to the presence of
the electronegative chlorine, which is a good leaving group. The presence
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of the nitrogen (3 to the electrophilic carbon m eans th at the nitro g en
m ustards can undergo a cyclisation reaction whereby the nitrogen lone pair
attacks a p-m ethylene carbon and, w ith loss of chloride, produces the
positively charged aziridinium interm ediate (Figure 1.7) (W illiam son &
W itten, 1967). The m ethylenes in the aziridinium cation are highly reactive
and susceptible to attack by nucleophiles.

The rate-lim iting step is the

aziridinium form ation, which depends on the electronic influence of the Rg ro u p

s u b s titu te d

on

the n itro g e n

(P a n th an a n ic k al, et al., 1978).

M echloretham ine possesses an electron-donating m ethyl group on the
nitro g en th at accelerates aziridinium form ation, w hile m elphalan and
chlorambucil possess an electron-withdrawing aromatic ring and these react
m ore slowly (Wilman & Connors, 1983). DNA possesses several oxygens
and n itro g en s th at can act as nucleophiles.

If DN A p ro v id es the

nucleophile in the reaction, nucleophilic attack and ring opening produces a
m o noalkylation on the DNA.

The second chloroethyl arm can also

undergo cyclisation to form an aziridinium ion. If simple hydrolysis occurs,
then the lesion will m ost likely rem ain a m onoalkylation.

If the second

nucleophile is on the opposite strand of DNA, then an interstrand cross
link has been completed (Figure 1.7).

1.5.2

DNA A lkylation and Cross-Linking by the N itrogen M ustards
Because of the highly electrophilic nature of the aziridinium ion, a

variety of cellular nucleophiles could potentially react w ith the nitrogen
m ustards.

Early studies on alkylating agents, and the nitrogen m ustard

family in particular, found that bifunctional agents generally exerted a more
pow erful cytotoxic action than the corresponding m onofunctional agents
(H addow , et ah, 1948; Loveless, 1951). It was hypothesised that this was
probably the result of the ability to cross-link m acromolecules, particularly
those involved in duplication of the chrom osomes (Goldacre, et ah, 1949).
The first proposal that m echloretham ine form ed DNA interstrand cross-
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links stem m ed from the observation that m echloretham ine-treated DNA
did not denature norm ally (Geiduschek, 1961). Each of the DNA bases have
oxygens and nitrogens that could potentially act as nucleophiles in reaction
w ith an aziridinium , b u t the m ost nucleophilic position is the guanine-N 7
position. A study using radio-labelled m ustard gas dem onstrated reaction
w ith nucleic acids that identified the target as guanines, specifically the N7
p o sitio n of g u an in e

(Brookes & L aw ley, 1960).

F u rth e r stu d ie s

d e m o n stra te d th a t m o nofunctional analogues of m u sta rd

gas and

m echloretham ine p ro d u ced guan-7-yl ad d u cts, b u t m u stard gas and
m echloretham ine p ro d u ced di(guan-7-yl) ad d u cts, in a d d itio n to the
m onofunctional adducts (Brookes & Lawley, 1961). It was also show n that
th e b ifu n ctio n a l d e riv a tiv e s w ere m uch m ore cytotoxic th a n

the

m onofunctional derivatives. The authors hypothesised that the increase in
cytotoxicity was due to the ability of the bifunctional agents to form DNA
interstrand cross-links and it was proposed that this occurred via opposite
guanines in a 5'-CG sequence (Brookes & Lawley, 1961). The hypothesis that
the nitrogen m ustards form interstrand cross-links through the N7 position
of guanines on opposite strands has now been broadly accepted, albeit now
m odified w ith the advent of sequencing m ethodologies (see below).
Direct dem onstrations of DNA cross-linking began to su p p o rt the
h y p o th esis of cross-linking as the biological m echanism of action
(Geiduschek, 1961; Kohn, et al, 1966; Lawley & Brookes, 1967), but evidence
of cross-linking in cells at pharm acologically reasonable doses did not to
come u ntil the advent of the technique of alkaline elution (Kohn, et al.,
1976). The distinct advantage of the technique w as that it did not require
p rio r isolation of the genom ic DNA, w hich can subject the DNA to
extensive and uncontrolled fragm entation. The technique proved sensitive
enough to detect cross-links in cellular DNA after treatm ent w ith drug
doses am ounting to a log kill or less (Ewig & Kohn, 1977; Ross, et a l, 1978).
M echloretham ine, at sub-toxic doses, rapidly form ed cross-links betw een
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one and two hours after a 30 m inute exposure to drug (Ewig & Kohn, 1977).
The cross-links were then removed by a process that was virtually complete
by 24 hours (Ewig & Kohn, 1977). Com parison of the time course of cross
link form ation and rem oval by m echloretham ine and m elphalan found
very different rates (Ross, et ah, 1978).

In contrast to m echloretham ine,

cross-link form ation by m elphalan occurred rapidly betw een one and two
hours after drug exposure, but then continued to gradually rise u p to ten
hours.

Cross-link rem oval for m elphalan was m uch m ore gradual and a

significant am ount of cross-links rem ained after 24 hours (Ross, et ah, 1978).
The study did not distinguish betw een DNA interstrand and DNA: protein
cross-linking.
A stu dy on several cell lines that w ere m ade resistant to either
C isplatin or m elphalan found a correlation betw een in terstran d crosslinking and cytotoxicity.

Com parisons betw een paren t and resistant cell

lines found a reduction in cross-linking of sim ilar p ro p o rtio n to the
increase in survival (Zwelling, et ah, 1981). W here cross-resistance occurred
there w as also a reduction in the am ount of interstrand cross-linking.

A

strong correlation betw een the cytotoxicity and the total area u n d e r the
curve for interstrand DNA cross-linking was found for m echloretham ine
and m elphalan, indicating that both the form ation and rate of rem oval of
the in terstrand cross-links was im portant for the cytotoxic effects of the
bifunctional alkylating agents (Hansson, et ah, 1987). Interstrand cross-link
form ation was found to correlate well w ith loss of colony survival, w hereas
DNA: p ro tein cross-links did not correlate (O 'C onnor & K ohn, 1990).
Exam ination of lymphocytes from untreated, treated sensitive, and treated
re sista n t p a tie n ts, found no difference in m e lp h ala n tra n s p o rt or
intracellular concentration of m elphalan b u t greater cross-linking in the
untreated and treated sensitive samples indicating cross-link rem oval was a
possible m echanism of resistance (Panasci, et ah, 1988).

C om parison

betw een the arom atic nitrogen m ustards m elphalan, chloram bucil and
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benzoic acid m ustard found that cytotoxicity correlated better w ith DNA
cross-linking ability in isolated and cellular DNA than w ith hydrolysis rates
(Sunters, et a l, 1992).

For a series of m onofunctional and bifunctional

am inoacridine nitrogen m ustards, the bifunctional analogues w ere m ore
cytotoxic than the m onofunctional analogues (Kohn, et a l, 1994).

1.5.3

DNA Sequence Preference of the N itrogen M ustards
The introduction of DNA chemical sequencing m ethodologies was

an im portant advance that allowed for the determ ination of the sequence
specificity of d ru g s th at in teract w ith DNA, in clu d in g the n itro g en
m ustards.

Briefly, the Maxam and Gilbert m ethod relies upon a series of

chem ical reactions that degrade the DNA (Maxam & Gilbert, 1980).

The

specific chemical reactions produce strand breaks at one or more of the four
base pairs. Performing four different chemical reactions separately on singly
end-labelled DNA fragm ent sam ples and subsequent electrophoresis on a
denaturing polyacrylam ide gel produces a lad d er' of DNA strands differing
in length by single nucleotides. The sequence of the DNA can be readily
determ ined from the ladders.
In the sequencing reaction for guanines, dim ethylsulfate (DMS) is
u sed to m ethylate the N7 position.

Subsequent treatm en t w ith hot

piperidine leads to a strand break. DNA that has been alkylated at the N7
position of guanine by an alkylating agent such as a nitrogen m ustard can
also undergo the same treatm ent to produce a strand break (Figure 1.8)
(Mattes, et a l, 1986b). Incubation of a singly end-labelled DNA fragm ent
w ith an alkylating agent, followed by hot piperidine treatm ent allows for
determ ination of the exact guanine alkylated. If the drug dose used equates
to single hit kinetics, then a m ajority of the DNA fragm ent rem ains
u n d am ag ed and there should only be one alkylation on the dam aged
stra n d s.

This allow s for a d e te rm in a tio n of w h ich g u a n in es are

preferentially alkylated in a given sequence (Mattes, et a l, 1986b).
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Figure 1.8. Piperidine-induced cleavage of guanine-N7 alkylated DNA.

It w as show n th at nitrogen m ustards did not alkylate all guanines
w ith equal intensity, b u t preferentially alkylated guanines w ithin runs of
guanines and less preference was seen for isolated guanines (Mattes, et al,
1986a). The electrostatic potential of guanine located w ithin various triplet
base p airs, d eterm ined theoretically (Pullm an & Pullm an, 1981), w as
co m p a red

w ith

the

alk y latio n p a tte rn s

for m ec h lo re th am in e

and
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m elphalan.

A lthough the correlation w as not perfect, m echloretham ine

and m elp h alan reacted preferen tially w ith the m ost electronegative
guanines, w hile the m ethylating agent DMS show ed little sequence
preference and a poor correlation w ith electrostatic potential (Kohn, et ah,
1987). Quinacrine m ustard and uracil m ustard possessed different sequence
preferences, nam ely 5'-G (G /T)Pu and 5'-PyGC, respectively (Mattes, et ah,
1986a). It was hypothesised that quinacrine m ustard favourably intercalated
into its sequence before alkylation occurred, and a stabilising hydrogen bond
could occur betw een the cytosine-4-NH2 group of the 3'-C and the carbonyl
group of uracil m ustard (Kohn, et ah, 1987). The effect of ionic strength and
the presence of different cationic DNA binding agents on the sequence
specificity of alkylation for several nitrogen m ustards has been studied
(H artley, et ah, 1990). The alkylation pattern for quinacrine m ustard and
uracil m u stard w ere significantly affected by the m inor groove binders
n etro p sin and distam ycin, b u t the alkylation p attern of m elphalan w as
affected to a lesser extent.

The discovery of the sequence specificity of

alkylation for the nitrogen m ustards led to a hypothesis that these agents
m ay im p art their biological effects because they target GC-rich regions
(H artley, et ah, 1988a; M attes, et ah, 1988). C ertain regions of the hum an
genome including the regulatory regions of oncogenes (e.g. c-Ha-ras, c-sis)
(M attes, et ah, 1988) and the 3-Kb units of the Epstein Barr virus genome
(Karlin, 1986) have an unusually high (>80%) GC content.
It has also been show n that the sequence specificity of alkylation for
three different nitrogen m ustards is retained in treated cells (Hartley, et ah,
1992).

Sites of guanine-N 7 alkylation w ere exam ined in h u m an alpha

DNA, a highly repetitive 340 base pair sequence com prising 1% of the
h u m an genom e.

The sequence preferences of m echloretham ine, uracil

m ustard, and quinacrine m ustard, w hen the DNA from drug-treated cells
and isolated DNA treated w ith the drugs were com pared, were found to be
essentially identical.
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A m ore recent and im portant discovery w as th at the sequence
specificity for cross-linking by m echloretham ine is betw een opposing
guanine-N7 positions in the sequence 5-GN C and not 5-CG (Ojwang, et al,
1989; M illard, et a l, 1990; G rueneberg, et a l, 1991; Rink, et a l, 1993). This
w ould not be predicted by molecular m odelling studies utilising a canonical
B-DNA structure.

A m odelling stu d y of phosphoram ide m u stard , the

active m etabolite of cyclophosphamide, predicted the sequence 5 -GC to be
m ore favourable for cross-linking than the previously hypothesised 5'-CG
(H ausheer, et a l, 1989).

The distance betw een the opposing guanine-N 7

positions separated by an intervening base pair in canonical B-DNA is 8.9

A,

b u t the constraints of the m echloretham ine structure dictate that the drug
structure could not span a distance greater than 7.5

A.

It is now clear,

however, that DNA cross-linked by m echloretham ine assum es a bent shape
in o rd er to accom m odate the interstrand cross-link, and this has been
show n theoretically and experimentally (Rink & Hopkins, 1995).

1.5.4

A denine-N 3 A lkylation by the Nitrogen Mustards

It should also be noted that adenine-N3 alkylation by some nitrogen
m u stard s has been docum ented by several groups.

A tran scrip tio n

term in atio n assay using RNA polym erase found th at the p red o m in an t
transcription term ination sites occurred at adenines for m elphalan, and
certain AG and GA repeats for CHL (Pieper, et al, 1989). It was proposed that
CHL and m elphalan could form adenine-adenine intrastrand cross-links in
the m inor groove (Pieper & Erickson, 1990). The predom inant m utations
induced by m elphalan in an SV-40 based shuttle vector replicated in hum an
cells w ere surprisingly found to be A.T to T.A transversions, although the
m u tatio n s induced by m echloretham ine and the active m etabolite of
cyclophospham ide w ere not (W ang, et a l, 1990).

The sites of frequent

tran sv ersio n w ere also p ro m in en t sites for therm olabile adenine-N 3
alkylation and the adenine adduct formation for CHL was nearly identical to
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that seen for m elphalan (Wang, et ah, 1991). The introduction of the m inor
groove and A T -binding distam ycin su p p re ssed the ad en in e a d d u c t
form ation and m utation caused by CHL (Wang, et ah, 1994). A study w ith
^^C labelled CHL and HPLC isolation of the adducts found that the ratio of
guanine to adenine adducts was 3:1 (Bank, 1992) and a recent HPLC isolation
of m echloretham ine adducts found a guanine to adenine adduct ratio of
86:14 (Osborne, et ah, 1995).

1.5.5

N

M echanism of Action of the Nitrosoureas
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Figure 1.9. Cross-linking by the decomposition product of BCNU.
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decom pose further to other products (M ontgom ery, 1986). The various
decom position products can react w ith DNA at several nucleophilic sites,
b u t the m ajority of the alkylation occurs at the guanine-N 7 position
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(Gibson, et al., 1985). The sequence specificity of guanine-N7 alkylation was
show n to be guanines w ithin runs of guanines and this correlates w ith the
higher electronegativity of guanines flanked by guanines (H artley, et ah,
1986).

The prim ary m echanism of action, how ever, is th o u g h t to be

in terstran d cross-link form ation, w hich is th o u g h t to be initiated by a
different alkylation event. Chloroethylation of the guanine-06 position by
2-chloroethanediazohydroxide, followed by an internal cyclisation w ith the
N1 position and nucleophilic attack by an opposing cytosine-N3 forms a
covalent cross-link betw een the guanine-N l and cytosine-N3 positions of
the com plem entary strands (Figure 1.9) (Tong, et al., 1982). The hypothesis
is supported by alkaline elution data that show ed cross-linking increased up
until approxim ately 6 hours after drug rem oval (Ewig & Kohn, 1977). Cells
proficient in 06-AGT activity (term ed Mer+) accum ulate few er cross-links
an d are m ore resistant to BCNU than cells deficient in 06-A G T activity
(Mer"), indicating that cells which repair guanine-06 alkylation are m ore
resistant to the cytotoxic effects of the nitrosoureas (Erickson, et al., 1980).
This evidence supports the hypothesis that interstrand cross-link formation,
in itiated by guanine-06 alkylation, is the m echanism of action for the
nitrosoureas.

1.5.6

Cisplatin

C isp la tin

p ro d u c e s

a

v a rie ty

of

DNA

le sio n s,

in c lu d in g

m onofunctional lesions, interstrand and in trastran d cross-links.

These

lesions have been determ ined utilising a variety of m ethods including
alkaline elution, HPLC, atomic absorption spectroscopy (AAS), and enzymelinked im m unosorbant assay (ELISA) techniques (Reed & Kohn, 1990). It is
now generally accepted that intrastrand cross-links at 6 G (65%) and AG
(25%) sequences account for the m ajority of DNA platination (Eastm an,
1986).

The prim ary m ethods for determ ining the sequence specificity of

cisplatin have been enzym atic, via exonuclease digestion or polym erase
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inhibition, and this has been show n to be prim arily guanines w ithin runs of
guanines and at AG sites (Comess & Lippard, 1993). The sequence specificity
of cisplatin has also been studied in the single copy n-Ras gene in cells
(Grim aldi, et al., 1994). A lesion at the sequence 5'-TACT was seen in cells
that did not occur on DNA treated w ith cisplatin.
The specific m echanism of action for cisplatin, w ith regards to the
critical lesion, has been debated for some time. It is generally presum ed that
in te rstra n d cross-links account for no m ore th an 5% of to tal DNA
platination (Comess & Lippard, 1993). DNA interstrand and D N A -protein
cross-linking has been correlated w ith cytotoxicity by alkaline elution
(Zwelling, et al., 1981). Correlation of intrastrand cross-link form ation w ith
cytotoxicity has proven m ore difficult to establish.
show n th at

It has recently been

several high m obility group (HMG) proteins bind to the

cisplatin: DNA intrastrand cross-links w ith an extremely high affinity, and
it has been proposed that the intrastrand cross-links act as m olecular decoys
for transcription factors, called transcription factor hijacking (Treiber, et al,
1994).
Studies utilising short oligodeoxynucleotide duplexes found that
in terstran d cross-linking occurred preferentially at the sequence 5 -GC
(H o p k in s, et al., 1991) and m odelling studies of the cisplatin: DNA
interstrand cross-link indicate that the DNA bends significantly tow ards the
major groove in order to accomm odate the cross-link (Huang, et al., 1995).
M ost recently, the stru ctu re of an oligodeoxynucleotide containing a
cisplatin GG intrastrand cross-link was solved by X-ray crystallography, and
the DNA w as show n to be significantly bent tow ards the m ajor groove
(Takahara, et ah, 1995).

1.5.7

Triazenes and Im idazotetrazinones

DTIC belongs to the triazene family of agents. It has been show n that
DTIC requires oxidative dém éthylation by liver microsomes, producing an
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u n sta b le

form , w hich

(M o n tg o m ery,

lead s

1986).

to

the

D iazo m eth an e

p ro d u c tio n
is h ig h ly

of d ia z o m e th a n e
reactiv e

to w a rd s

nucleophiles, including those on DNA and it is believed th at DNA
m éthylation is ultim ately responsible for the activity of DTIC (Montgomery,
1986). The chloroethylating com pound BIG is sim ilar structurally to DTIC
but was not pursued because of disappointing clinical trials.

N=N

R
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O

DTIC, R=CHg

Tem ozolom ide, R=CHg

BIC, R=(CH2)2C1

M itozolom ide, RzzICH^lgCl

decom position ^
MTIC

Figure 1.10. Triazenes, imidazotetrazinones, and the decomposition of MTIC to form
the reactive diazomethane species.

M itozolom ide and tem ozolom ide are im idazotetrazinones designed
as prodrugs that do not require metabolic activation, but rely on acid or base
catalysis to form the DNA-reactive species (Figure 1.10) (Stevens, et a l, 1984;
Stevens, et a l, 1987). Pre-clinical studies on m itozolom ide found that Mer"
cells w ere significantly m ore sensitive than Mer+ cells, and interstrand
cross-links w ere produced in Mer" cells bu t not Mer+ cells, indicating a
chloroethylation reaction sim ilar to the nitrosoureas (Gibson, et a l, 1985).
M itozolom ide w as the first of the im idazotetrazinones to enter clinical
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trials, b u t the dose lim iting toxicity, throm bocytopenia, w as found to be
u n p red ictab le (Stevens & N ew lands, 1993).

Tem ozolom ide lacks the

chloroethyl arm of m itozolom ide, thereby elim inating chloroethylation
reactions and presum ably the associated side effects and susceptibility to
repair by 06-AGT (Stevens & Newlands, 1993). Temozolomide undergoes a
base-catalysed decom position to form MTIC (Figure 1.10), which alkylates
the guanine-N7 position w ith a strong preference for guanines w ithin runs
of guanines (Hartley, et ah, 1988b). MTIC decom poses to form the reactive
d iazo m eth an e species (Figure 1.10) (D enny, et a l , 1994a).

Clinical

evaluation of tem ozolom ide against prim ary brain tu m o u rs has been
encouraging (O'Reilly, et a l, 1993).

1.6

DNA Interactions for Clinical and Pre-Clinical Antibiotics

1.6.1

A nthracyclines
Several possible m odes of action have been identified for the

anthracyclines.

The drugs' aglycone fused ring system can intercalate

betw een the base pairs of DNA and inhibit DNA and RNA synthesis
(Priestm an, 1989). The drugs have been show n to bind to the m em brane
protein w hich is responsible for calcium transportation and there are two
potential paths for producing free radicals which are know n to cause DNA
dam age (Olson & M ushlin, 1990).

The aglycone contains a sem iquinone

system that can be enzym atically reduced via one electron reduction to a
sem iquinone free radical.

A lternatively, the agents can chelate several

metals and oxygen free radicals m ay be generated non-enzym atically by the
reaction of the ferric ion and molecular oxygen chelated to the anthracycline
ring. As m entioned earlier, the anthracyclines have been show n to inhibit
topoisom erase II by stabilising the

cleavable com plex' (C apranico &

Zunino, 1990) and this causes DNA double-stranded breaks. Very recently it
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has also been show n that adriam ycin can cross-link DNA under extended
incubation times (Cullinane, et al., 1994).

1.6.2

Bleom ycins

The m echanism of action is now generally assum ed to be a catalytic,
oxidative destruction of DNA that is oxygen and m etal ion d ep en d en t
(Natrajan & Hecht, 1994). The drug possesses a bithiazole moiety which acts
as DNA binding dom ain, a m etal chelating and oxygen binding dom ain,
and a disaccharide group whose function rem ains unclear, although it has
recently been show n that the first carbohydrate of the disaccharide m ay
greatly influence the cleaving efficiency (Boger, et a l, 1995). The interaction
of the bithiazole DNA b in d in g p o rtio n ap p ears to be p rim a rily by
intercalation (M anderville, et al., 1995) and the strand breaks produced by
bleom ycin occur preferentially at 5'-GC and 5-G T sequences (D'A ndrea &
Haseltine, 1978).

1.6.3

M itom ycin C

An early and influential study proposed a reduction of the quinone of
m itom ycin, activating two 'm asked' functionalities, the aziridine and the
carbam ate.

These w ere proposed to react w ith tw o nucleophiles on the

o pposite stran d s of DNA (Iyer & Szybalski, 1964).

Isolation of the

m itom ycin C: DNA adducts were carried out by enzymatic digestion of calf
thym us DNA and HPLC analysis, b u t the drug: DNA incubation conditions
p ro v ed im p o rtan t in identifying the lesions.

Enzym atic or chem ical

reduction in aerobic conditions led to the form ation of a m onofunctional
m itom ycin: guanine-2-N H 2 adduct (Tomasz, et al., 1986), b u t anaerobic
chemical reduction led to the isolation of the mitomycin: (guanine-2-NH2)2
cross-link (Figure 1.11) (Tomasz, et al., 1987).
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r
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Figure 1.11. Mitomycin C: (guanine-2-NH2)2 cross-link.

The sequence specificity of cross-linking for m itom ycin C w as
dem onstrated by several groups to be exclusively at the 5'-CG sequence
(Teng, et al., 1989; W eidner, et a l, 1989; Borowy-Borowski, et a l, 1990).
Exam ination of the specificity of the m onoalkylation step by several groups
found 5'-CG sequences to be the predom inant site of alkylation, followed by
less frequent alkylation at 5 -GG sequences (Li & Kohn, 1991; Kumar, et a l,
1992).

1.6.4

Bioreductive Agents

As m entioned earlier, it is well know n that insufficient blood flow in
solid tu m o u rs results in conditions of hypoxia.

The field originally

developed from the hope that agents could be developed that w ould target
hypoxia and sensitise tum ours to the effects of radiotherapy (Adam s &
Stratford, 1986).

The initial clinical studies on the first 'radiosensitizer',

m iso n id azo le, p ro v ed d isap p o in tin g , b u t hypoxia has rem ain ed an
attractive target (Adams & Stratford, 1994; Hay, et a l, 1994). Developm ent of
D N A -dam aging agents th at first require reductive activation has been
explored more recently. The different types of DNA-dam aging bioreductive
agents include the diaziridinyl benzoquinones (Hartley, et a l, 1991a) and
quinone-containing com pounds sim ilar to m itom ycin (Islam, et a l, 1991;
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W orkm an, et al., 1992; H uang, et ah, 1994), and nitroanilines (Palmer, et ah,
1992).
The diaziridinyl benzoquinones alkylate the guanine-N 7 position
w ith a preference for runs of guanines and cross-link in sim ilar m anner to
the nitrogen m ustards. The quinone moiety, however, can be chemically or
enzym atically reduced to the hydroquinone, w hich facilitates aziridine ring
opening. The cross-linking ability for the reduced form of 2,5-diaziridinyl1,4-benzoquinone (DZQ) is increased by over 10-fold and the sequence
specificity of alkylation is enhanced, such that a strong preference for the
sequence 5'-TG.C is exhibited (H artley, et ah, 1991a).

In addition, the

sequence specificity of cross-linking for the oxidised form of DZQ was
show n to be 5'-GNC, while the reduced form of DZQ preferentially crosslinked at 5'-GC (Berardini, et ah, 1993).

1.6.5

CC-1065 and Related Agents

The cyclopropylpyrroloindole (CPI)-containing antibiotic (+)-CC-1065
(Figure 1.12) w as discovered by scientists at the U pjohn C om pany in
ferm entation broths of Streptomyces zelensis (Hanka, et ah, 1978). It was
found to be extrem ely potent in vitro, and exam ined by the NCI d rug
screening program as an investigative drug.

In vivo studies, how ever,

revealed a delayed lethality in mice at sub-therapeutic doses that precluded
it from fu rther developm ent (H urley & D raves, 1993).

Isolation and

identification of the (+)-CC-1065: adenine-N 3 a d d u c t p ro v id ed direct
evidence for its covalent interaction w ith DNA (H urley, et ah, 1984).
Analysis of the sequence specificity was carried out by therm ally inducing
strand breaks at sites of adenine-N3 alkylation and revealed a preference for
the 3'-adenine in the sequences 5-AAAAA and 5'-PuNTTA.

Space-filling

m odelling studies revealed a rem arkably snug fit of the banana-shaped drug
in the m inor groove of DNA (Reynolds, et ah, 1985).
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Cyclopropyl group

OH

OH

C-ring

A -ring
“ V -------------

B-ring
Figure 1.12. (+)-CC-1065.

A series of tru n cated analogues w ere synthesised in o rd e r to
determ ine the molecular basis for the sequence specificity and it w as found
that the cyclopropyl-containing A-ring alkylated in a sim ilar p attern to the
ABC analogue, leading the authors to postulate that the A-ring w as the
determ inant of the alkylation specificity, while the B- and C-rings facilitated
no n -co v alen t interactions (H urley, et al., 1988).

These results proved

controversial, how ever, and conflicting w ork has been published.

W ork

from another group show ed that the AB and ABC com pounds recognised a
subset of those alkylated by the A-ring analogue, and it was declared that,
"the non-covalent binding selectivity of the agents m ay restrict the num ber
of available DNA alkylation sites" (Boger, et al., 1991).

W ork on the

unnatural (-) enantiom ers has also proved conflicting. Publication by Boger
et al. of w ork on the unnatural enantiom er (-)-CC-1065 indicated th at the

com pound only alkylated a subset of those alkylated by the truncated (-) Aring analogue (Boger, et ah, 1990). Publication by H urley et al. of (-) A-ring
analogues found that this com pound reacted detectably only at the same
sites selected by (+)-CC-1065 (Hurley, et al., 1990). Both groups agree that the
(+) analogues are oriented in the 3'-5' direction, while the (-) analogues are
oriented in the reverse 5'-3' direction. More recent w ork on various and
num erous analogues has produced the hypothesis that the 'snugness' of the
fit into the m inor groove or the depth to w hich the drug can penetrate into

53
the groove is the determ inant of the alkylation specificity (Boger, et al.,
1994). This w ork has been expanded to include the duocarm ycin family,
w hich have a sim ilar cyclopropyl-pyrroloindole A-ring (Boger & Johnson,
1995a), and the hypothesis is further su p p o rted by the synthesis and
determ ination of the alkylation specificity for an ABC analogue w ith the
cyclopropyl group on the C-ring (Boger & Johnson, 1995b).

H

ji.

Carzelesin

Adozelesin

H

^

H

H

H

Bizelesin
Figure 1.13. Synthetic CPI analogues of CC-1065.

The Upjohn Com pany produced a series of CPI analogues based upon
the repeating pyrroloindole units, some of w hich retained an antitum our
efficacy w ithout the delayed lethality seen w ith CC-1065. The three m ost
p rom ising agents, adozelesin, carzelesin and bizelesin, are now being
evaluated in clinical trials
1992).

(Figure 1.13) (Li, et ah, 1991; W orkm an, et ah,

Carzelesin was designed as a p ro drug that requires tw o steps for

activation; hydrolysis of the phenylurethane substituent and ring closure to
form the cyclopropyl group on the A-ring (Li, et ah, 1992). Bizelesin is a
designed m inor groove cross-linker which has been show n to efficiently
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form cross-links in vitro (Lee & Gibson, 1991).

Each of the analogues,

how ever, appear to be susceptible to MDR (Zsido, et al., 1992). The DNA
alkylation specificity of adozelesin and bizelesin has been exam ined in cells
using the technique of ligation-m ediated PGR and it was found th at the
alkylation patterns w ere sim ilar b u t not identical to that seen in isolated
DNA (Lee, et al, 1994). It has been suggested that the agents possessing the
greatest stability of the cyclopropyl group m ay be expected to exhibit the
m ost p otent cytotoxic activity (Boger & Johnson, 1995a).

A relationship

betw een solvolysis stability and biological potency w as observed w ith both
sim ple and complex analogues of the CC-1065 and duocarm ycin families
(Boger & Johnson, 1995a).

1.6.6

The PBDs
OH

CH3O

NH2

Tom aym ycin

A nthram ycin

OCH3

CH3O

O

O
DSB-120

Figure 1.14. Pyrrolobenzodiazepines.

Agents w ith a com m on pyrrolobenzodiazepine structure, to which
anthram ycin and tom aym ycin belong (Figure 1.14), have been explored as
p otential antitum our agents.

These agents w ere also isolated from the

ferm entation broths of a Streptomyces species.

Clinical application was
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im peded by severe dose lim iting toxicities, b u t other natural and designed
agents of this class are being developed. The agents were found to bind in
the m inor groove, covalently bonding to the guanine-2-N H 2 position
(H urley & Petrusek, 1979; H urley, et ah, 1980), and they preferentially
alkylate at 5'-PuG Pu sequences (Hertzberg, et al., 1986). Designed m inor
groove cross-linking agents have been developed by linking two PBD units
to g eth er (Bose, et ah, 1992).

The linked PBDs are extrem ely toxic and

produce cross-links in the m inor groove that are not repaired (Smellie, et
ah, 1994). Crosslinking by the agent DSB-120 occurred at the sequence 5'-

GATC, which was predicted by molecular m odelling (Jenkins, et ah, 1994a).

1.6.7

Enediynes
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Me^ X
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Figure 1.15. Enediyne-containing antibiotics.
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The enediyne family is w orth m entioning briefly because of their
unique m echanism of action.
com m on

an

e n e d iy n e

c y c lo aro m atiza tio n

via

The diverse natural products each have in
fu n c tio n a lity

a h ig h ly

w h ic h

reactiv e

can

u n d e rg o

1,4-benzenoid

a

d ira d ic a l

interm ediate (Nicolaou, et al, 1993). Once the drugs have bound DNA, the
diradical species efficiently catalyses double stran d ed breaks th ro u g h
hydrogen abstraction from the sugar backbone. These natural products are
some of the m ost toxic com pounds know n to m an and there is now great
interest in attem pting to exploit their unique biological properties.

1.7

N on-Covalent M inor Groove Binders
N etropsin and distam ycin are the two exhaustively studied m em bers

of a general grouping of non-covalent m inor groove binders that includes
H oechst 33258, DAPI, berenil, SN-6999, and pen tam ad in e (Zim m er &
W ahnert, 1986; G ilbert & Feigon, 1991; N eilson, 1991; K rugh, 1994;
Geierstanger & W emmer, 1995). Each have in comm on the general features
of a cationic or dicationic nature that provides for an initial attraction to
DNA and a shape that m irrors the convex shape of the m inor groove.

.OH

Hoechst 33258

NH
NHz
DAPI

Pentamidine, R= OICH^lgO
Berenil, R= N=N-NH

Figure 1.16a. Non-covalent minor groove binders.
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Figure 1,16b. Non-covalent minor groove binders.

1 .7 .1

N e tr o p s in a n d D is ta m y c in

N etro p sin , the first of the p y rro le-am id in e antib io tics to be
discovered, w as isolated from Streptomyces netropsis (Finlay, et al., 1951).
D istam ycin, isolated from Streptomyces distallicus, w as discovered by
Arcam one and cow orkers and was experim entally tested as an antiviral
agent (Arcamone, 1993). It was the antiviral activity that suggested a strong
interaction w ith DNA for both agents.

NMR and X-ray crystal studies

exam ining the structures of distam ycin and n etropsin show ed th a t the
m olecules possess a concave shape which can m irror the shape of DNA
(Berman, et al., 1979). The concave shape also aligns the potential hydrogen
bond donating amido groups on the face of the concave side.
In itial c h arac terisa tio n of the in te rac tio n s of n e tro p s in

and

distam y cin w ith DNA em ployed biophysical techniques such as UV
absorption, circular dichroism (CD), therm al m elting and viscosity studies.
CD, in particular, provided useful information. Briefly, circular dichroism
relies on the differential absorption of circular polarised light by chiral
molecules. Differential absorption of the light gives rise to an ellipticity that
is represented in m illidegrees in a positive or negative direction.

These
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interactions are term ed Cotton effects and DNA exhibits a characteristic CD
spectrum that differs for the A-, B-, and Z-forms. The interaction of drug
m olecules w ith DNA can cause changes in the CD spectrum , such as the
ap p earan ce of drug -in d u ced bands a n d /o r alteratio n in the original
spectrum . Achiral drugs do not exhibit CD spectra, so changes induced in
the DNA's spectrum can be attributed to the interaction of the drug w ith the
DNA(Zim m er & W ahnert, 1986).
The interaction of netropsin w ith various synthetic dA .dT and
natural AT-rich DNA clearly indicated a high specificity for AT base pairs,
whereas little or no interaction w ith GC-rich DNA was seen (Zasedatelev, et
ah, 1974; Zimmer, et al., 1979). In addition, strong interactions are seen w ith

dl.dC containing duplexes. This strongly implicated that the 2-amino group
of guanine m ust have an inhibitory effect on the b inding to GC-rich
sequences (W artell, et al., 1974). Distamycin show ed a strong interaction
w ith AT-rich DNA, b u t it also show ed a weak induced CD spectrum w ith
GC-rich DNA, w hich was attributed to weak binding to GC-rich sequences
(Luck, et ah, 1977). A series of distamycin analogues w ith dansyl groups on
the N -term inus and w ith one, two, or three pyrrole units w ere studied for
their DNA binding affinity (Gursky, et al., 1982). It was found that the
m onopyrrole analogue had a poor bin d in g constant, and the di- and
tripyrrole analogues had binding constants which w ere over an order and
three orders of m agnitude stronger, respectively (Gursky, et al., 1982).
The tech n iq u e of

fo o tp rin tin g ' is the m ost com m only u sed

technique for determ ining the precise sequence specificity of a protein or
drug. Briefly, a drug or protein is pre-incubated w ith a singly end-labelled
DNA fragm ent, and then exposed to a chem ical or enzym atic cleaving
agent, w hich should cleave the DNA w ith m inim um sequence preference.
At sites w here the drug or protein is bound, cleavage is suppressed because
the cleaving agent cannot readily access the DNA.

W here cleavage is

suppressed due to d ru g /p ro te in binding, bands do not appear on a DNA
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sequencing gel.

The gaps which appear on a sequencing gel are term ed

'footprints' and the nucleotide sequence of the d ru g /p ro te in binding site
can be determined.
D evelopm ent of the technique closely followed the introduction of
the M axam and Gilbert chemical sequencing m ethodologies. The original
study utilised DNase I as the cleaving agent and studied the binding of the
lac repressor to the lac operator (Galas & Schmitz, 1978). It quickly became
an im portant m ethod for determ ining the sequence specificity of

DNA-

binding drugs. The study utilised the DNA cleaving ability of DNase I to
show that netropsin bound to AT sequences of four base pairs, in agreem ent
w ith the biophysical data (Lane, et ah, 1983). An independent study reported
by Van Dyke and Dervan utilised a designed chemical cleaving agent. The
agent, called MPE, has an EDTA group linked to the intercalator m ethidium
(H ertzberg & Dervan, 1982).

The m ethidium group intercalates betw een

base pairs via the m inor groove, placing the EDTA group in proxim ity to
the sugar phosphate backbone of DNA. The EDTA group can chelate an
Fe(II) cation that coordinates oxygen m olecules and produces diffusible
hydroxyl radicals, in w hat is know n as Eenton chem istry (H ertzberg &
D ervan, 1984). The addition of a reducing agent such as dithiothreitol or
ascorbate greatly enhances the reaction.

H ydroxyl radicals are generally

know n to produce single stranded breaks on the backbone of DNA via
hydrogen abstraction from the deoxyribose.
The footprinting studies on n etro p sin using MPE as the DNA
cleaving agent revealed a strong affinity for AT sequences of four base pairs
in length (Van Dyke, et ah, 1982). Distamycin dem onstrated binding to AT
sites five base pairs in length, w ith tolerance for a GC base pair in the
binding site (Van Dyke, et ah, 1982; H arshm an & D ervan, 1985).

These

results were corroborated by independent groups utilising different cleaving
agents (Fox & W aring, 1984; Portugal & W aring, 1987). Footprinting has
also been utilised to determ ine the DNA sequence specificity of a host of
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other agents, including actinomycin, m ithram ycin, echinomycin, and all of
the above listed non-covalent m inor groove binders.

The technique has

proven valuable for determ ination of sequence specificity, b u t does not
elucidate the specific interactions that occur betw een a drug and the base
pairs of its recognition sequence.
C o c ry s ta lliz a tio n

of

n e tro p s in

and

th e

dodecam er

5'-

CGCGAATT^J^CGCG and solution by X-ray crystallography p rovided a
detailed exam ination of the specific atomic interactions that occur betw een
netropsin and DNA (Kopka, et a l, 1985). The drug was found to 'fit snugly
into the m inor groove of the DNA spanning the four AT base pairs.' The
cationic ends of netropsin were found to be centered at the bottom of the
groove, in proxim ity to the adenine-N 3 positions at either end of the
binding site, and not involved w ith the phosphates. The distances betw een
the am ido groups on the concave face of netropsin and the electron-rich
sites on the floor of the m inor groove, although long by classical hydrogen
bond criteria, w ere proposed to contribute to stabilising the drug: DNA
complex. Close contacts were also proposed to occur betw een the hydrogens
of the p yrrole rings and the m ethylene groups of n etro p sin an d the
hydrogens in the m inor groove of DNA.

It w as proposed th at the AT

specificity seen for netropsin arose from an avoidance' of GC base pairs, due
to a steric clash which w ould occur betw een the protruding guanine- 2 -N H 2
group and the pyrrole C3 hydrogen.

A concise description of netropsin

binding to DNA is as follows. The electrostatic attraction of the dicationic
d rug for the negatively charged DNA provides for the initial interaction. A
com bination of hydrogen bonding and van der W aals forces provide the
strength of binding by positioning the drug optim ally in the groove. The
binding that occurs in the m inor groove for netropsin is enthalpy driven
and this is due to the pyrrole-am ide backbone, not the cationic ends
(Breslauer, et al, 1988).
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1.7.2

Lexitropsins

The X-ray crystal study described above also predicted the possibility
of d e sig n in g co m p o u n d s w hich could

'recognise' GC base pairs.

R eplacem ent of the pyrrole units w ith heterocycles such as im idazoles
elim inates the steric clash caused by the protruding guanine- 2 -N H 2 group
and these com pounds w ere coined 'lexitropsins', or 'inform ation reading
oligopeptides' (Kopka, et al, 1985). In addition to relieving the steric clash,
the hydrogen-bond accepting nitrogen is placed in proxim ity to the guanine2 -N H 2

hydrogens in the m inor groove.
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Figure 1.17. Generations of lexitropsins.
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A novel synthetic route to distam ycin and n etro p sin (Lown &
Krowicki, 1985) proved adaptable to the preparation of analogues which
contained imidazoles (Lown, et al, 1986; Krowicki & Lown, 1987), thiazoles
(Rao, et a l, 1990; Rao, et a l, 1990), furans (Lee, et a l, 1989), and triazoles
(Rao, et a l, 1991).

The first generation lexitropsins contained im idazoles

w hile retaining the positively charged N -term inal guanidinium and Cterm inal am idinium groups (1 , la , lb . Figure 1.17) (Lown, et a l, 1986). The
first generation lexitropsins, w hen studied by footprinting, w ere found to
have an increased tolerance of GC-base pairs, but still bound to m any of the
AT-rich sites in sim ilar m anner to netropsin.

It a p p eared th at the

lexitropsins retained a preference or 'm em ory' for AT-rich sequences.
Theoretical studies on the electrostatic potentials of the m inor groove of
DNA had show n that AT-rich regions possess greater negative potential
than GC-rich sequences (Lavery & Pullman, 1985). It was postulated that the
dicationic nature was predisposing the lexitropsins for AT-rich sequences
and it follow ed that a reduction in the cationic n ature of the m olecules
could be beneficial.

Replacem ent of the N -term inal guanidinium group

w ith a form am ido group, such as on the N -term inus of distam ycin,
produced the form am ido-diim idazole lexitropsin (2, Figure 1.17) and it was
found by footprinting studies to bind to the sequence 5'-CCGT (Kissinger, et
al., 1987).

NMR studies of 2 b o u n d

to

the

o lig o d e o x y n u cle o tid e

d[C A T G G C C A T G ] 2 confirm ed placem ent of the lexitropsin in the m inor
groove over 5'-CCAT w ith the N -term inal dom ain oriented in the 5'direction and the C-terminal am idinium group oriented over the 3'-T (Lee,
et a l, 1988a).

This NMR study and an NMR stu d y of

1

bo u n d to the

oligodeoxynucleotide d[CGCAATTGCG ]2 (Lee, et a l, 1988) offered insight
into the recognition of the 3 -T in the binding sequence. It was argued that
the hydrogens of the methylenes on the am inidium group provided a steric
clash w ith the protruding G-2 -NH 2 group of a GC base pair, resulting in a
recognition of the 3 -AT base pair by default. A truncated lexitropsin 3 was
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synthesised and its binding to the oligodeoxynucleotide d[CGCAATTGCG ]2
studied by NMR (Lee, et ah, 1988b). It was found that the lexitropsin 3 had
shifted one base pair, from the sequence AATT to the sequence ATTG,
indicating that rem oval of the m ethylene group allowed for recognition of a
GC base pair at the C-terminus of this lexitropsin (Lee, et ah, 1988b).
There have been m ore recent studies evaluating m odifications to
lex itro p sin s.

F orm am ido-im idazole lex itro p sin s th a t in co rp o ra te a

d im e th y la m in o e th y l g ro u p on the C -term in u s w ere d e sig n ed and
synthesised (Figure 1.17) (Lee, et ah, 1993c). The series of lexitropsins Imi_4 ,
containing one to four im idazole units, w ere evaluated for their DNA
binding properties. The Im i analogue dem onstrated poor interactions w ith
DNA. The Im 2 and Img analogues, w hen studied by circular dichroism ,
d e m o n stra te d significant D N A -induced ellipticities th a t w ere m ore
p ronounced for poly(dG .dC) than for poly(dA .dT) DNA.

F ootprinting

studies revealed the consensus recognition sequence for Im 2 to be the four
base p air site 5'-(G.C)s(A.T).

A lthough differing from Im 2 by only one

im idazole unit, Img clearly recognised different sequences and its prim ary
recognition sequence was 5'-TCGGGCT (Lee, et ah, 1993c).
Very recently a rationally designed lexitropsin overcam e the 3'term in al recognition of an AT base pair and b o u n d to GC-exclusive
sequences. The lexitropsin 4 (Figure 1.17) contains a com pletely truncated
am ido C-term inus and a dim ethylam inoethyl group is attached to the first
im idazole via the N1 position.

The diim idazole analogue footprinted

weakly at pure GC sites, predom inantly at the sequence 5 -CGCC (Lee, et ah,
1994).

1.7.3

Linking Lexitropsins

A unique non-repeating sequence in the h u m an genom e w ould
theoretically comprise 16-20 base pairs, although there are suspicions that
lengths of 30-50 bases may be required for true uniqueness (Anderson, 1992).
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More specifically, w ithin the constraints of the AT and GC com plem entary
n ature of double helical DNA, for a binding size of n base pairs there are
(4^)/2 distinguishable sequences for odd n and for even n, there are (4^)/2 +
(4 ^)/2 (Dervan, 1986). The repeating pyrrole-am ide units of netropsin and
distam ycin hinted at the possibility of recognising longer sequences by
synthesising analogues w ith increasing num bers of the repeating units.
Such a study was published on a series of distam ycin analogues containing
four to seven pyrrole units (Youngquist & Dervan, 1985). The increase in
the num ber of pyrrole-am ide units provided an increase in the binding site
size th at corresponded to "n+ 1 " num ber of base pairs recognised for every
"n" am ido group on the concave face of the drug m olecule (Dervan, 1986).
M ore im portantly, how ever, the binding becam e less favourable w ith the
increase in the num ber of pyrrole units beyond four, indicating th at the
analogues of higher pyrrole-am ide unit num ber did not interact w ith the
DNA efficiently (Youngquist & Dervan, 1985).
A theoretical m odelling study provided an interesting assessm ent of
the structural aspects of ligands which bind to the m inor groove of DNA
(Goodsell & Dickerson, 1986). The m inor groove distances betw een the base
pairs of canonical B-DNA were com pared w ith the repeat distances betw een
the cyclic units of netropsin and other m inor groove binding ligands. It was
found that "the pyrrole-am ide repeat of netropsin was inherently too long
for perfect registration w ith B-DNA (Goodsell & Dickerson, 1986)." For each
increase in the n um ber of pyrrole-am ide u n its in the DNA b in d in g
molecule, the im portant interactions betw een the drug and the base pairs of
the m inor groove become more out of phase' and less optim al.
C u rv ature is another im portant aspect of m inor groove-binding
ligands. In an early attem pt at addressing curvature, tw o analogues w ere
synthesised that had a p-alanine linker in place of either the central or Cterm inal pyrrole.

The analogues, w hich possessed the sam e num ber of

am ido groups but one less pyrrole than distam ycin bound to DNA w ith a
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weaker affinity than distamycin, as determ ined by UV and CD (Dasgupta, et
a l, 1987). The binding affinities of benzyl-containing analogues decreased as

the curvature decreased compared to distamycin (Rao, et al, 1988).
The above m entioned w ork carried out on the form am ido-im idazole
lexitropsins containing one to four imidazole units addressed the aspect of
curvature for these lexitropsins (Lee, et a l, 1993c). The Im^ analogue, w hen
studied by CD, dem onstrated DNA-induced ellipticities th at w ere not as
great as those seen for Im 2 or Img, and additionally, Im^ did not footprint.
M odelling studies com paring the interactions of Ims and Im^ w ith DNA
in d icated th at the cu rv atu re of the m olecules played a role in the
recognition. W hen aligned in the minor groove, Img closely fit the shape of
the groove, but Im^ was too curved to allow for a snug fit. W hen docked'
into the m inor groove, the two central im idazoles of Im^ w ere too distant
for interactions w ith the floor of the m inor groove (Lee, et a l, 1993c). The
curvature m easured for netropsin and distam ycin was found to m atch well
w ith the curvature of an A 4 tract (Cory, et a l, 1992).
The concept of linking together binding units has been explored by
several groups. The earliest example was a report of the synthesis and DNA
binding properties of a group of head to tail, head to head, and tail to tail
linked "bis-netropsin" com pounds (Gursky, et a l, 1982). Each of the bisnetropsin analogues possessed significant binding constants, estim ated to be
greater than 10^ M“l, and the data from CD studies provided an estim ation
of binding sites of 10 to 11 base pairs. Three tetrapyrrole units w ere linked
w ith p-alanine linkers to produce an agent which bound a 16 base pair ATrich site (Youngquist & Dervan, 1987). There have been num erous other
stu d ies on linked lexitropsins, in w hich the p yrrole units have been
connected by various linkers such as different num bers of m ethylene
groups, and the units have been connected by the linkers in head to head
and head to tail orientations (Lown, et al, 1989; Kissinger, et a l, 1990; Rao, et
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al., 1991).

This has also been accom plished w ith im idazole-containing

com pounds (Lee, et al, 1994b; Wyatt, et al, 1994b).

1.7.4

Groove W idth and Lexitropsin Binding

Although m any of the X-ray and NMR studies of distam ycin show a
single d ru g m olecule occupying the n arro w m inor groove of AT-rich
binding sites, there has been high-field NMR evidence that two distam ycin
m olecules can bind in an antiparallel, side by side dimeric m otif at higher
drug: DNA ratios (Pelton & W emmer, 1989; Fagan & W emmer, 1992). The
w ork offered a rationale for the previously unexplained binding properties
of several analogues synthesised and studied by D ervan and coworkers.
Pyridine-2-carboxam ide-netropsin (2-PyN, Figure 1.18), bound tw o very
different sites, 5'-TTTTT and 5 -TGTCA (Wade & Dervan, 1987).

It was

found that 2-PyN bound the 5 -TTTTT site in a 1:1 complex, while the w ider
5 -TGTCA site could favourably accomm odate a 2:1 complex (Wade, et al,
1992).

The analogue l-m ethylim idazole-2-carboxam ide-netropsin (2-ImN,

Figure 1.18) preferentially bound in a dim eric m otif at the sequence 5'TGTCA (Mrksich, et al, 1992; Wade, et a l, 1992). Groove w idth proved to be
the key factor in both this exam ple and reports of dim eric binding by
distam ycin, where the m inor groove of T tracts are m uch more narrow than
those of mixed sequence.
These findings offered insight into the poten tial recognition of
sequences of mixed A T /G C com position by designed oligopeptides that
could bind in a dimeric motif. A series of 2-PyN linked dim er analogues
(Figure 1.18) w ere synthesised that w ere covalently linked thro u g h the
central p y rro le-N l positions by m ethylene linkers (Dwyer, et a l, 1993;
M rksich & Dervan, 1993b). Covalently linking the peptides increased the
binding affinity for the dimeric site 5-TGTCA, relative to the m onom eric
site 5-TTTTT, by over 25-fold.
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Figure 1.18 Designed dimeric-binding peptides.

It was also discovered that a tripyrrole distam ycin analogue and the
above m entioned 2-ImN bound the sequence 5-TGTTA in an antiparallel
heterodim eric fashion (Mrksich & Dervan, 1993a). Covalently linking the 2Im N and distam ycin analogue via a m ethylene linker produced a peptide
heterodim er that bound the 5'-TGTTA site w ith a 3-fold higher affinity than
the 5'-TGTCA site (Mrksich & Dervan, 1994). Covalent heterodim ers have
also been designed and synthesised that are linked in a head to tail fashion
and bind as antiparallel dim ers in a "hairpin" m otif (Mrksich, et ah, 1994).
The recognition of a GC-rich sequence has also been accom plished w ith a
peptide designed to bind in a dimeric motif.

The alternating Im Pylm Py
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analogue (Figure 1.18) was found to bind as an antiparallel dim er in the
m inor groove of the six base pair site 5'-(A.T)GCGC(A.T)-3' (Geierstanger, et
ah, 1994b; Mrksich & B., 1995).

1.8

Lexitropsin Derivatives as DNA Vectors for Reactive G roups
There are num erous exam ples in the literature of agents w hich

utilise the fram ew ork of distam ycin as a DNA binding vector, to w hich a
further group or groups can be attached. Examples of such groups include
differen t types of DNA cleaving and alkylating g roups (see below ),
intercalating groups such as ellipticine and acridines (Bailly & H enichart,
1994), the metal chelating dom ain of bleomycin (Owa, et ah, 1992; H uang, et
ah, 1995), enediyne groups (Xie, et ah, 1993; W ittm an, et ah, 1995), o-

carborane groups designed for use in Boron n eu tro n capture therapy
(Yamamoto, et ah, 1995), photoactivatible groups such as psoralens (Lee, et
ah, 1994a; Rao, et ah, 1994), coumarins (Hartley, et ah, 1994; Lee, et ah, 1994a),

isoalloxazine (Herfeld, et ah, 1994), and pyrene (Hartley, et ah, 1995), and
hypoxia-selective and radiosensitising groups such as nitroarenes and
nitroim idazole (Parrick & Porssa, 1993; Jenkins, et ah, 1994b). These have
been utilised variously as probes for DNA structure, DNA binding, and
m any have been screened as potential anti-cancer agents.
A ttachm ent of an EDTA group onto distam ycin analogues (Figure
1.19) creates an agent capable of producing strand breaks via the generation
of hydroxyl radicals at sites of dru g binding, in sim ilar m anner to that
described for MPE. The first example of these 'affinity cleaving' agents were
tripyrrole analogues possessing an EDTA group at either the N -term inus or
C -term inus and the results from stu d y in g the affinity cleaving agents
com plem ented the footprinting studies (Taylor, et ah, 1984).
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Figure 1.19. Diazene-lexitropsin, bromoacetyl-distamycin,
and Fe(II)-EDTA-distamydn.

A sim ple electrophilic analogue, N-brom oacetyl distam ycin (Figure
1.19), w as show n to bind non-covalently to several AT sequences on a 157
base pair fragm ent identically to distamycin (Baker & Dervan, 1985; Baker &
Dervan, 1989).

Alkylation, how ever, occurred slow ly in only one of the

sites, at the adenine opposite the 3'-T in the sequence 5'-AGTTTA. More
recently, a diazene-lexitropsin derivative has been show n to cleave DNA
specifically at the preferred sites of netropsin binding, upon photoactivation
(Bregant, et a l, 1994).
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Figure 1.20. Tallimustine.

M any of the alkylating derivatives of distam ycin analogues have
been screened for antitum our activity. Tallimustine (FCE 24517, Figure 1.20)
is a benzoic acid m ustard derivative of distam ycin, and w as the m ost
prom ising of several developed (Arcamone, et al., 1989; D'Alessio, et a l,
1994). Studies on its mechanism of action revealed alkylation in the m inor
groove at selected adenines while show ing no m ajor groove guanine-N 7
alk y latio n (Broggini, et a l, 1991).

A footprinting stu d y d em onstrated

identical binding sites to distam ycin, which indicates that tallim ustine has
retained the preference for AT-rich sequences (Broggini, et a l, 1989). It is
n o t c ro ss-re sistan t w ith c o n v en tio n al n itro g e n m u sta rd s, su ch as
m elphalan, b ut show ed a cross-resistance w ith doxorubicin, indicating that
it m ay possibly be susceptible to MDR (Pezzoni, et a l, 1991; Geroni, et a l,
1993).

It has been show n to interfere w ith h u m an ligase activity

(M ontecucco, et a l, 1991) and slowly forms covalent adducts at longer
incubation tim es (Fontana, et a l, 1992).

Recently, determ ination of the

sequence specificity of alkylation using a therm al cleavage assay found that
tallim ustine only alkylated the 3'-adenine w ithin the sequence 5'-TTTTPuA
an d a single base p a ir change in the consensus sequence p rev en ted
alkylation (Broggini, et a l, 1995). Tallim ustine and distam ycin have also
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been show n to interfere w ith TATA box p ro tein binding and in vitro
transcription (Bellorini, et a l, 1995). Phase I clinical trials have now been
reported (Sessa, et al, 1994).
C yclopropylcarbonyl, m ono-, di-, and trichloroacetyl groups have
been linked to netropsin units, b u t the resulting analogues dem onstrated
only weak cytotoxic activity and no analysis of the DNA sequence specificity
of the analogues w as perform ed (Krowicki, et a l, 1988).

A bispyrazole

analogue tethering a benzoyl nitrogen m ustard (Figure 1.21) was synthesised
and possessed activity in vitro, b u t was chem ically unstable (Lee, et a l,
1991b). Dipyrrole lexitropsins w ere used to tether an N -(2-chloroethyl)-N nitrosourea group (Figure 1.21), b u t the m ajority of the alkylation for the
conjugates corresponded to that seen for the untethered CCNU (Church, et
a l , 1990).

The com pounds also proved to be less toxic th an the paren t

n itro so u reas (Chen, et a l, 1993).

M ore recently u ncharged dipyrrole

lexitropsins tethering sulfonate ester groups were reported (Figure 1.21)
w hich show ed m éthylation at adenine sites in AT tracts (Zhang, et a l, 1993).
The sites of m éthylation corresponded to the non-covalently bound sites of
the drugs, as determ ined by footprinting.

A bis-hydroxym ethyl-pyrrole-

oligopeptide conjugate (Figure 1.21) was show n to efficiently crosslink an
oligodeoxynucleotide containing the core sequence CGAATTGC at the
guanine-2-N H 2 positions (Sigurdsson, et a l, 1993) and was show n to have a
com parable cytotoxicity to cisplatin in L1210 cells (Sigurdsson & Hopkins,
1994).
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Figure 1.21. Alkylating lexitropsins.

Di- and triheterocyclic lexitropsins w ith m ixed p y rro le/im id az o le
units and an N -term inal bis-(chloroethyl)am ino group have recently been
reported (Xie, et al, 1995). However, all but one of the com pounds w ere less
active than distamycin. An analysis of the sequence specificity was reported,
b u t the therm al cleavage assay and the piperidine cleavage assay w ere
curiously com bined into single experim ents, consequently obscuring the
results because there could be no discrim ination betw een major groove and
m inor groove alkylation at adenines or guanines.

Most recently, a novel

linked bis-(dipyrrole benzoic acid m ustard) lexitropsin has been reported,
b u t the dim er was not as potent as the m onomer (Chen, et al, 1995).
A nalogues of the Im 2 lexitropsin w ith various reactive groups were
sy n th esised and ev alu ated for cytotoxicity (Lee, et a l, 1993a).

The

d iim id az o le analo g u es p o ssessin g eith er cy clopropyl, chloroacetyl,
brom oacetyl groups were found to be relatively non-cytotoxic (Lee, et al,
1993a).

H ow ever, a benzoic acid m u stard derivative w as found to be

cytotoxic, and ad ditionally, a triim idazole and benzoic-acid m u stard
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d eriv ativ e w as synthesised and found to be m ore cytotoxic th an the
diim idazole derivative (Lee, et ah, 1993a) (Chapter Two).

1,9

Aim s of the Experim ental W ork
Previous w ork w ith the nitrogen m ustards has im plicated the DNA

in te rstra n d cross-link as the critical lesion in th eir m echanism of
cytotoxicity. Cross-link form ation and subsequent rem oval has been show n
to correlate w ith cell survival. The nitrogen m ustards have a poor affinity
for DNA and a sequence preference which is limited. Because of the w eak
affinity for DNA and the lack of sequence specificity, it was reasoned that
teth erin g a nitrogen m ustard functionality to a m inor groove b in d in g
vector could prove beneficial.

The vector could efficiently deliver the

nitrogen m ustard to the m inor groove of DNA. The approach of utilising
lexitropsins as DNA binding vectors has been attem pted w ith several types
of alkylating groups.

T allim ustine's advance to clinical evaluation has

dem o n strated that the approach can be exploited.

In all of the above

m entioned studies, however, the effect of the lexitropsin on the alkylating
functionality and the effect of the alkylating functionality on the lexitropsin
w ere not examined in thorough detail.
The aim s of the experim ental w ork w ere to elucidate a structureactivity relationship for a series of m inor groove binding lexitropsins w hich
conjugate an arom atic n itro g en -m u stard .

C om parison b etw een tw o

arom atic nitrogen m ustard groups that possess different reactivities should
perm it analysis of the effect of a lexitropsin portion on the reactivity and
specificity of the nitrogen m ustard.

The heterocyclic units chosen for the

lexitropsin portion in each family w ere either AT-recognising pyrroles or
GC-recognising imidazoles. The effect of targeting different regions of DNA
can thus be examined. Each family of conjugates contains a mono-, di-, and
triheterocyclic conjugate.

By exam ining conjugates w hich possess DNA

binding vectors of increasing DNA affinity and binding site size, the effect of
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targeting the nitrogen m ustard in a more sequence-specific m anner can be
exam ined.

In addition, the increase in the reading fram e portion of the

lexitropsin should allow for exam ination of the effect of the nitro g en
m ustard group on the binding specificity of the lexitropsin portion. Lastly, a
half-m ustard triim idazole conjugate was prepared for evaluation, in order
to determ ine the im portance of the second chloroethyl arm of nitrogen
m ustards w hen tethered to lexitropsins.
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CHAPTER TWO: CYTOTOXICITY AN D D N A CROSS-LINKING IN
PLASMID A N D CELLULAR D N A FOR THE NITROGEN MUSTARD
CONIUGATES
2.1

Introduction

The lexitropsins tethering arom atic nitrogen-m ustards are presented
in Figure 2.1.

The nitrogen-m ustard chosen w as either benzoic acid

m ustard (BAM) or chlorambucil (CHL), and was located on the N-term inus
of the lexitropsin. CHL is the m ore reactive of the two m ustards, form ing
cross-links more efficiently and being more cytotoxic than BAM (Sunters, et
al., 1992). CHL possesses an electron donating alkyl substituent para on the

aniline to the nitrogen.

BAM, how ever, has an electron w ith d raw in g

carboxam ido group in the para position.

In addition, the carboxam ido

linkage of BAM holds the benzoyl group approxim ately plan ar to the
lexitropsin portion, while the chloram bucil m oiety has a flexible (CH 2 )s
linker.
The heterocyclic units chosen for the lexitropsin portio n in each
fam ily w ere either AT-recognising pyrroles or GC-recognising imidazoles.
As m entioned earlier, the pyrrole-am ide fram ework of distam ycin provides
for an AT-sequence specificity due to an avoidance of GC base pairs. The
im id azo le fram ew ork, how ever, allow s for reco g n itio n of G C -rich
sequences. Targeting AT- or GC-rich regions m ay have separate advantages
or disadvantages, such as m odulating transcription factor: DNA interactions
(Broggini & DTncalci, 1994), including interfering w ith the proteins that
bind to prom oter regions such as the TATA box (Chiang, et a l, 1994), or GCrich regions, such as those in oncogenes (Hartley, et ah, 1988a; Mattes, et ah,
1988). The pyrrole and imidazole lexitropsins have a dim ethylam ino group
on the C -term inus, in place of the am idinium group of n etropsin and
distam ycin.

This change was incorporated in order to facilitate synthetic

preparation of the lexitropsin conjugates, because the precursors are soluble
in organic solvents. The amino functionality has a pKa value of 9.3, so the
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drugs rem ain cationic at a pH of 7. A tripyrrole distam ycin analogue that
p o ssesses the C -term inal d im ethylam ino g ro u p su b stitu te d for the
am idinium group footprinted at the same AT-rich sequences as distam ycin
(Wade, et ah, 1993).
Each fam ily contains a m ono-, di-, and triheterocyclic conjugate.
P reviously stu d ied m onoheterocyclic analogues possessed p o o r DNA
affinities com pared to di- and triheterocyclic lexitropsins, w hich occupied
binding sites of four and five base pairs, respectively (Gursky, et al., 1982;
Lee, et al., 1993c).

By exam ining conjugates that possess DNA b inding

vectors of increasing DNA affinity and binding site size, the effect of
targeting the nitrogen m ustard can be closely examined.
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Figure 2.1. The nitrogen-mustard lexitropsin conjugates.
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One additional structural feature is to be examined. A half-m ustard
triim idazole conjugate was prepared for evaluation (Figure 2.2). The half
m ustard triim idazole conjugate consists of a chloroethylam ino benzam ido
group on the N-term inus of the triim idazole vector. Evaluation of the half
m ustard conjugate should allow for an exam ination of the im portance of
bifunctionality for the nitrogen m ustard group w hen conjugated to m inor
groove binding vectors.
The initial characterisation of the profiles for the series of conjugates,
p resen ted in this C hapter, w as the d eterm ination of cytotoxicity and
interstrand cross-linking, in plasm id and cellular DNA.

The cytotoxicity

was evaluated using the MTT assay (Carmichael, et a l, 1987; Twenty m an &
Luscombe, 1987).

The cross-linking ability of the conjugates in plasm id

DNA was determ ined by a neutral agarose gel assay (Hartley, et al, 1991b).
DNA cross-linking in cells was determ ined by the technique of alkaline
elution (Kohn, et al., 1981).

2.2

M aterials and M ethods

2.2.1

M aterials

Drugs.
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D rugs w ere kindly provided by Dr. Moses Lee, D epartm ent of Chem istry,
F u rm a n

U n iv e rsity ,

G reen v ille

SC,

USA.

The

s y n th e sis

an d

characterisation of the drugs have been reported (Lee, et ah, 1993a; Lee, et ah,
1993b; H artley, et ah, 1994; W yatt, et ah, 1994a). Drugs, of a m inim um of 1
mg, w ere dissolved in DMSO and 1 m olar equivalent HCl at a 10 mM stock
concentration and stored at -20° C until im m ediately prior to use.

Drug

dilutions in the appropriate buffer for each experim ent w ere prepared fresh
for each experiment.
Plasmid D N A.

Plasm id pBR322 (260 p g /m l) DNA w as obtained from N o rth u m b ria
Biologicals (NBL) and was stored in 10 mM Tris-HCl (pH 7.8), 1 mM EDTA
a t -20° C.
Radioisotopes.

The

fo llo w in g

In tern a tio n al:

ra d io is o to p e s

w ere

p u rc h a s e d

from

A m e rsh a m

[y_32p] ATP (5000 C i/m m o l, 10 m C i/m l) a n d

[2-

^^CjThymidine: (53 m C i/m m ol, 50 pC i/m l).
Chemicals.

T ris -h y d ro x y m e th y l-m e th y la m in e

(T ris)

and

tris -h y d ro x y m e th y l-

m ethylam ine hydrochloride salt (Tris-HCl) w ere purchased from Sigma.
T riethanolam ine, MTT, and sodium h y d ro x id e (NaOH) pellets w ere
p u rc h a se d from A ldrich.

E th y len ed iam in etetraacetic acid (EDTA),

ethylenediam inetetraacetic acid disodium salt (N a 2 EDTA), concentrated
hydrochloric acid (HCl, 12 M), glacial acetic acid and dim ethyl sulfoxide
(DMSO) were purchased from BDH. Phosphate buffered saline tablets were
purchased from Oxoid. U ltrapure agarose was purchased from Bethesda
Research Laboratories (BRL).
Enzym es.

Bam H I: 8-12 u n its /p i in 50 mM Tris-HCl (pH 7.5), 200 mM KCl, 0.5 mM
EGTA, 1 mM DTT, 0.5 m g /m l BSA, 50% (v /v ) glycerol, 0.1% w /v ) Triton X100. Purchased from BRL.
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T4 polynucleotide kinase (PNK): 5 u n its/p i in 50 mM Tris-HCl (pH 7.5), 25
mM KCl, 5 mM DTT, 0.1 pM ATP, 50% v / v glycerol, 0.2 m g /m l BSA.
Purchased from BRL.
Bacterial alkaline phosphatase (BAP): 100 u n its /p i in 10 mM Tris-HCl (pH
8.0), 0.12 M N a C l, 50% v / v glycerol. Purchased from BRL.
Buffers.

Bam H I (lOx) buffer: 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2 , 100 mM NaCl.
BAP (5x) buffer: 50 mM Tris-HCl (pH 8.0), 600 mM NaCl.
F orw ard reaction (5x) buffer:

200 mM Tris-HCl (pH 8.0), 75 mM 2-

m ercaptoethanol, 50 mM MgCl2 , 1.65 pM ATP.
Stop Solution: 0.6 M sodium acetate, 20 mM N a 2 EDTA, 100 p g /m l tRNA.
TEOA buffer: 25 mM triethanolam ine, 1 mM N a 2 EDTA, pH 7.2.
TAE agarose gel running buffer: 40 mM Tris, 20 mM acetic acid, 2 mM
Na2EDTA, pH 8.1.
Strand separation buffer: 30% DMSO, 1 mM N a 2 EDTA, 0.04% brom ophenol
blue and 0.04% xylene cyanol in distilled and deionized water.
Sucrose loading buffer: 0.6% sucrose, 0.04% brom ophenol blue, and 0.04%
xylene cyanol in distilled and deionized water.
M aterials for Alkaline Elution:
Polycarbonate filters, 2 pM pore size, 25 m m diam eter w ere obtained from
Costar Nucleopore.
Sarcosyl-(N-laurylsarcosine), proteinase K and sodium chloride (NaCl) were
purchased from Sigma.

Tetraethylam m onium hydroxide (40%, wt.) was

purchased from Aldrich.
Scintillation fluid:

Ecoscint A was purchased from N ational Diagnostics

and, before use, glacial acetic acid w as added for a final concentration of
0.7%, to prevent chemiluminescence in the alkaline solutions.
Sarcosyl lysis buffer: 0.2% sarcosyl(N-lauryl sarcosine), 2 M NaCl , 0.04 M
N a 2 EDTA, (pH 10.0). The solution was filtered before use.
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A lkaline elution buffer:

5.84 g EDTA w as dissolved in 35-40 m l 40%

tetraethylam m onium hydroxide and diluted w ith w ater to a final volum e
of one litre. The pH was adjusted to 12.1 by addition of sm all volum es of
tetraethylam m onium hydroxide. The solution was filtered before use.

2.2.2

Cell Culture

The K562 hum an myeloid leukaem ia cell line (Andersson, et ah, 1979) was
used for all experim ents carried out in vitro.

The cells w ere grow n in

suspension culture in RPMI 1640 m edium supplem ented w ith 5% foetal calf
serum and 2 mM glutam ine. The cells w ere kept at 37° C in a 5% CO 2
atm osphere in the dark and m aintained at a concentration of betw een 5 X
10"^ and 1 X 10&, w ithin log phase growth.

The cells w ere harvested by

centrifugation for five m inutes at 300g, 37° C, the supernatant poured off
and discarded and the cells resuspended in the appropriate am ount of
m edium for the experiment.

M ycoplasm screening was perform ed every

two m onths.
Labelling of the Cells with

Thymidine for Alkaline Elution.

Cells w ere counted prior to labelling to ensure logarithm ic grow th.

Cells

w ere labelled w ith ^^C thym idine (5 p l/m l of a 3.3 p C i/m l w orking stock)
eighteen hours before drug treatm ent.

One hour before d ru g treatm ent,

cells

in

w ere

sp u n

an d

re su sp e n d e d

fresh

m ed iu m

to

rem ove

unincorporated label.
Drug Treatment for Alkaline Elution.

Cells, at a concentration of 3.3-4 X 10^/m l, w ere treated w ith d ru g in a
volum e of 8 ml for one hour at 37° C in the dark. Cells were then spun and
resuspended in drug free m edium and incubated for four hours at 37° C.
Irradiation for Alkaline Elution.

The cells were then placed on ice and single strand breaks introduced to the
a p p ro p riate sam ples by

X-ray irradiation (4 Gy) at 0° C.

irradiation, the cells were diluted in 10 ml sterile, ice cold PBS.

Follow ing
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2.2.3

MTT Cytotoxicity Assay

Cells were counted 24 hours and just prior to use to ensure cells were
in logarithmic growth. The proper volum e of cells for a final cell density of
1

X 10^ cells per well w ere spun and the supernatant poured off. The cells

w ere resuspended in fresh m edium

(2 1

ml per plate), and distributed in

2

ml aliquots per tube. Drug was then added, the tubes inverted to mix the
d ru g and cells and left to incubate for one ho u r in the dark at 37° C.
Following the incubation, the cells w ere spun at 300g for five m inutes, and
the m edium removed. The cells w ere resuspended in 2 ml fresh m edium ,
then plated out in a 96-well round bottom plate,

8

wells per sam ple, 200 |il

per well. The plates w ere left to incubate for three days in the dark at 37° C
in a hum idified atm osphere. After three days, 20 pi of a 5 m g /m l solution
of MTT in sterile PBS was added to each well and the plates w ere left to
incubate at 37° C for a further five hours. The plates w ere spun at 300g for
five m inutes to pellet the dye at the bottom of the well. The m edium was
rem oved w ith care being taken not to disturb the pellet and leaving

10

to

20

pi in the well. DMSO (200 pi) was added to each well and the pellet w as
carefully and completely dissolved in the solvent, so that there w ere no air
bubbles in the wells. The absorption spectra of the wells were collected on a
Dynatech MR 700 Microplate Reader. The absorbance readings, an average
of the eight wells per sam ple, w ere then plotted as percentage of control
untreated cells to determ ine the IC50 for each drug.

2.2.4

Plasm id D N A Preparation

Linearization of plasmid pBR322 DNA.

The closed circular plasm id pBR322 DNA (20 pg) was linearised w ith Bam
H I in its buffer for one hour at 37° C. Following the incubation the DNA
was precipitated by addition of one tenths volume 3 M sodium acetate and 3
volum es of 95% ethanol.

The sam ples w ere chilled in a dry ice/eth an o l
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b ath for ten m inutes and then spun in a microfuge for ten m inutes at 13000
rpm .

After centrifugation, the supernatant w as rem oved and the DNA

pellet lyophilised to remove all ethanol. The DNA pellet was resuspended
in distilled and deionized w ater (40 jil).
Dephosphorylation of the linear D N A.

The DNA (20 jig) was dephosphorylated w ith bacterial alkaline phosphatase
for one h o u r at 65° C in its buffer, and in a final volum e of 100 jil.
Follow ing the incubation, one volum e of phenol w as ad d ed , vortexed
thoroughly and spun for five m inutes at 13000 rpm in a m icrofuge.

The

organic layer was removed, and the aqueous layer w ashed twice w ith 100 jil
aliquots of 24:1 chloroform /isoam yl alcohol. The organic layers w ere back
extracted w ith a 50 jil aliquot of distilled w ater, the aqueous layers were
combined and the DNA precipitated as described above.
5 '-end labelling of the dephosphorylated D N A with [y-^^P]ATP.

The DNA was 5'-end labelled w ith T4 polynucleotide kinase, [y-32p]ATP (10
jiCi), and forw ard reaction buffer (20 jil final volum e) at 37° C for 30
m inutes.

Follow ing incubation, the DNA w as precip itated w ith one

volum e of 7.5 M am m onium acetate and three volum es 95% ethanol. The
DNA w as chilled and spun as described above. The su p ern atan t was
rem oved and the DNA pellet resu sp en d ed in 50 jil of distilled

and

deionized water. The DNA was precipitated w ith 5 jil of 3 M sodium acetate
and 165 jil 95% ethanol, then chilled and spun.

A fter rem oving the

supernatant, the pellet was dried by lyophilisation.

2.2.5

Agarose Gel Cross-Link Assay

Drug: D N A reactions.

A p p ro x im ately 100 ng of 5'-end labelled DN A w as u sed for each
experim ental point. D rug dilutions from the stock w ere in TEOA buffer.
Reactions w ith drug were perform ed in TEOA buffer at 37° C for the times
given and term inated by addition of an equal volum e of stop solution.
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followed by three volum es of 95% ethanol. The sam ples w ere chilled and
spun, the supernatant was rem oved, and 75 |il of 70% ethanol added. The
sam ples w ere spun for another ten m inutes, the supernatant rem oved and
the DNA pellets dried by lyophilisation. Samples were resuspended in 10 |il
of stran d separation buffer, then heated to 90° C for tw o m inutes and
im m ediately placed on ice. The non-denatured control was taken up in 10
|il of sucrose loading buffer and not heated.
Electrophoresis and Quantitation.

The sam ples w ere loaded onto a 0.8% agarose gel (25 x 20 x 1 cm) and
electrophoresed for 15 hours at 40 volts. After electrophoresis the gel w as
placed onto a sheet of W hatm an filter paper and a sheet of 3 m m filter
paper.

The gels w ere dried on a BioRad 5850 gel dryer and X-ray film

(hyperfilm, Amersham) exposed to the gel. D ensitom etry w as carried out
on a BioRad GS-670 densitometer interfaced w ith a 7100/60 PowerPC.

2.2.6

A lkaline Elution

Barrel

Filter
Chamber

Peristaltic
Pump

Fraction Collector

Figure 2.3. Schematic representation of the alkaline elution apparatus.
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Elution preparation.

The filters were m ounted in the filter cham bers and, w ith the funnel
in place on a vacuum flask, 10 ml of ice cold PBS w as added to the barrel
(Figure 2.3). The air from the filter chamber was evacuated by filling it w ith
solution using a 1 ml pipette. W hen half of the PBS had flowed through,
the vacuum was stopped and the cells w ere added.

The num ber of cells

loaded onto each filter was approxim ately 0.6-0.8 X 10&. The funnels w ere
protected from light and the solution w as allow ed to drip u n d er gravity
until the flow had stopped. The cells were lysed w ith 5 ml of lysis buffer by
very carefully adding the first 2 ml directly to the filter cham ber w ith a 1 ml
pipette.

The filters w ere protected from light and the lysis solution w as

allow ed to drip by gravity into 20 ml polypropylene scintillation vials
(L.I.P.). The tubes from the pum p w ere then connected to the needle. A
ProK solution of 2 ml (0.5 m g /m l in elution buffer) was very carefully added
to the filter chamber, followed by addition of 40 m l of the alkaline elution
buffer to the barrel.
Elution and workup.

Elution occurred over fifteen hours, w ith the pum ps calibrated to
elute through 2 ml an hour, and fractions of 6 ml w ere collected every three
hours.

W hen the elution w as com plete fractions w ere tran sferred to

scintillation vials. After fifteen hours, the elution buffer rem aining in each
funnel was discarded and the pum p run to collect the solution rem aining in
the line and filter cham ber in a new fraction.

The filters w ere then

rem oved and placed in scintillation vials to w hich 0.4 ml 1 N HCl w as
added. The vials were sealed and heated in an oven at 60° C for 1 hour to
depurinate the DNA. At the end of the hour, 2.5 ml 0.4 M NaOH was added
and the vials left to cool for 1 hour.

The line tubing and funnels w ere

w ashed through w ith 10 ml 0.4 M NaOH, which was collected as a separate
fraction.
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A 2 ml aliquot of the lysis solution, 2.5 ml of the w ash and all of the
o th e r fractions collected w ere tran sfe rred to 20 m l p o ly p ro p y le n e
scintillation vials. W ater was added to the lysis solution, the w ash and the
filters to give a final volume of 6 ml.

The fractions were then m ixed w ith

10 m l Ecoscint A scintillation fluid and the radioactivity counted on a
Beckman LS1800 scintillation counter. The values w ere plotted as fraction
of DNA rem aining on a log scale versus tim e to produce the elution
profiles.

The cross-link index for the drugs at the doses stu d ied w ere

calculated using the formula
XLI=

V[(l-Ro)/(l-R)]

-1

w here Rq and R are the relative retention values at 12 hours for the control
and drug samples, respectively.

2.3

Results

2.3.1

Cytotoxicity
The cytotoxicity of each conjugate w as determ ined on the K562

h u m an m yeloid leukaem ia cell line for a one h o u r exposure to drug.
Following drug exposure, the cells w ere resuspended in drug-free m edium
and allowed to grow for three days, at the end of which the MTT was added.
F ollow ing a five h o u r incubation p erio d to allow the MTT to be
metabolised, the dye was pelleted and the supernatant removed. The pellets
were dissolved in DMSO and the absorbance m easured. The absorbance, an
average of eight wells per lane, was plotted as a percentage of the absorbance
of the control untreated lane. A representative plot of percent absorbance
versus concentration is show n for BAM and

CH L

in Figure 2.4. The

IC 5 0 values are extrapolated from the plots where the absorbance percentage
has been reduced by half. The IC 50 values for the BAM and CHL conjugates
are show n in Table 2.1 and 2.2, and are an average of three independent
experim ents for each drug.

Distamycin and the Img lexitropsin show ed

little cytotoxicity at concentrations up to 600 |iM and 500 jiM, respectively.
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under these conditions. In agreem ent w ith previous studies on distam ycin,
an alkylating functionality is required for appreciable cytotoxicity w ith this
class of m inor groove-binding agent.
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Figure 2.4. Plot of the absorbance as a fraction of the control versus the drug
concentration on a log scale for BAM and CHL.
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The B A M Conjugates.

U nder these conditions, BAM had an IC5 0 value of 500 |xM (Table 2.1).
The BAM conjugates w ere m ore cytotoxic than BAM and show ed a clear
increase in cytotoxicity for each increase in the num ber of pyrrole or
im id azo le units.

The m onoim idazole conjugate show ed a m o d est

im provem ent over BAM of approxim ately 3.5-fold, while the m onopyrrole
c o n ju g a te 's

IC 5 0 value w as 10-fold low er th an BAM.

The di- and

triheterocyclic conjugates were significantly more cytotoxic than BAM or the
m onoheterocyclic conjugates.

The dipyrrole conjugate w as 25-fold m ore

cytotoxic than BAM and the diim idazole conjugate was over 40-fold m ore
cytotoxic.

The triheterocyclic analogues w ere the m ost cytotoxic in each

family. The tripyrrole conjugate was over 50-fold more cytotoxic than BAM
and the triim idazole conjugate was approxim ately 500-fold m ore cytotoxic
than BAM. Com parison between the imidazole and pyrrole families reveal
th at, w hile the m onopyrrole conjugate w as m ore cytotoxic th an the
m onoim idazole conjugate, the di- and triim idazole conjugates w ere m ore
cytotoxic th an their corresponding pyrrole conjugates.

The triim idazole

conjugate w as the m ost cytotoxic of all the BAM conjugates.

The

cytotoxicity of tallim ustine (FCE 24517) w as determ ined u n d er identical
conditions, and its IC 50 value was 5 pM (Table 2.1). This value was slightly
low er than the tripyrrole-BAM conjugate, from w hich it only differs in the
substitution of the dim ethylam inopropyl group instead of the am idinium
g ro u p on the C -term inus.

The half-m ustard im idazole conjugate w as

inactive in the dose range studied, up to 100 pM (Table 2.1).
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C om pound

IC 50 ( |LiM)

C om pound

IC50 ( |liM )

BAM

500

BAM-(Py)i

50(±5)

BAM-(Im)i

140(±20)

BAM-(Py )2

2 0 (±2 )

BAM-(Im )2

1 2 (±1 )

BAM-(Py )3

9(±0.5)

BAM-(Im )3

1 (±2 )

FCE 24517

5(±1)

Half-(Im )3

>100

Table 2.1. The IC5 0 values for BAM and the BAM conjugates determined on the K562
cell line following a one hour exposure to drug. Errors represent the average of three
independent experiments.

C om pound

IC 50 ( \lM)

13(±2)

CHL-(Im)i

>150

CHL-(Py )2

6 (±2 )

CHL-(Im )2

2 1 (±2 )

CHL-(Py )3

5(±1)

CHL-(Im )3

9(±1)

C om pound

IC50 ( M-M)

CHL

70(±10)

CHL-(Py)i

Table 2.2. IC5 0 values for CHL and the CHL conjugates determined on the K562 cell
line following a one hour exposure to drug. Errors represent the average of three
independent experiments.
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The CHL Conjugates.

The cytotoxicity values for the CHL conjugates w ere determ ined
utilising the procedure described above and are presented in Table 2.2.
U nder these conditions, the parent m ustard CHL had an IC 5 0 value of 70
)llM.

The CHL conjugates were m ore cytotoxic than the p aren t m ustard,

w ith the exception of the m onoim idazole conjugate. For each increase in
the num ber of heterocyclic units there was an increase in the cytotoxicity.
These differences, however, were not as m arked as those seen for the BAM
conjugates. The m onoim idazole conjugate show ed no activity at the highest
dose studied of 150 fiM, but the di- and triim idazole conjugates w ere more
cytotoxic th an the parent m ustard, by approxim ately 3-fold and 7-fold,
respectively. Each of the pyrrole conjugates were m ore cytotoxic than CHL
itself and the differences were not as great w ith each increase from one to
three pyrrole units, betw een 5-fold and 14-fold. C om parison betw een the
imidazole and pyrrole families shows that the pyrrole conjugates were more
cytotoxic th an the corresponding im idazole conjugates.

The tripyrrole

conjugate was the m ost cytotoxic of the CHL conjugates.

2.3.2

Interstrand Cross-Linking in Plasmid D N A

The DNA cross-linking ability of each analogue was evaluated using
an agarose gel cross-link assay. The presence of a cross-link betw een the two
DN A

stra n d s p re v e n ts

com plete se p a ra tio n of the stra n d s

upon

dénaturation such that the cross-linked DNA reanneals in a neutral agarose
gel to ru n as double-stranded (Hartley, et a l, 1991b). Q uantitation of the
am o u n t of the do u b le-stran d ed versus single-stranded DNA gives a
m easure of the extent of cross-linking in a given DNA sample. The drug:
DNA incubations w ere for two hours at 37° C and a representative gel is
show n in Figure 2.5. In the gel shown, a dose dependent increase in the
cross-linking by CHL is evident (lanes c-e), such that at 100 pM (lane e), a
significant portion of the DNA is cross-linked and runs as double-stranded.
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The cross-linking results for all of the conjugates are sum m arised in Tables
2.3 and 2.4. The tables show the cross-linking for each of the analogues at a
dose range of 1,10, and 100 |LlM.

abode

SS —

Figure 2.5. Agarose gel showing the dose-dependent cross-link formation by CHL
following a two hour exposure to drug at 37° C. Lane a, double stranded control; lane
b, denatured control; lane c, CHL, 1 pM; lane d, CHL, 10 pM; lane e, CHL, 100 pM.
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The B A M Conjugates.

The BAM conjugates cross-linked DNA poorly, even at doses as high
as 100 |iM (Table 2.3). This is in agreem ent w ith BAM, which also cross
links DNA poorly.

Furtherm ore, the cross-linking ability of the BAM

conjugates did not im prove w ith the increase in num ber of heterocyclic
units. The monopyrrole-BAM conjugate show ed an elevated cross-linking
ability com pared to BAM and the dipyrrole- and tripyrrole-BAM conjugates
at the highest dose.

The di- and tripyrrole conjugates, how ever, show ed

only a slight im provem ent com pared to BAM and very low level of cross
link form ation overall. The pattern of results was seen w ith the im idazole
conjugates. The monoimidazole-BAM conjugate show ed significant crosslinking at the highest dose used, b u t the di- and triim idazole conjugates
show ed a very low level of cross-linking at the doses studied. The gel in
Figure 2.6 show s the cross-linking efficiency for the tripyrrole-BAM and
tripyrrole-CHL conjugates at doses of 0.1, 1, and 10 pM for two hours. The
tripyrrole-C H L conjugate clearly show s cross-link form ation w hile the
tripyrrole-BAM conjugate shows little evidence of cross-link formation.
The effect of increasing the incubation tim e on the cross-linking
ability of the mono-, di-, and tripyrrole-BAM conjugates was studied and at
a dose of 5 jiM, the cross-linking ability w as not

affected by incubation

times of up to five hours. It should be noted that the concentration of 5 |xM
and incubation conditions of five hours at 37° C w ere those used to
determ ine the sequence specificity of alkylation, presented in C hapter Three.
It appears that the increase in the DNA binding portion does not offer an
increase in cross-linking ability for the BAM conjugates.
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C om pound

Cross-linking (%)
1 pM_____________10 pM____________100 |iM__________

BAM

0

0

Oa

BAM-(Py)i

0

0

24

BAM-(Py)2

0

9

5

BAM-(Py)3

0

7

2

BAM-(Im)i

0

12

53

BAM-(Im )2

0

0

5

BAM-(Im )3

0_______________ 0________________5________________

Table 2.3 Percent cross-linking for the BAM conjugates at the doses listed following a
two hour exposure to drug at 37° C. apittle cross-linking was seen for BAM at doses
as high as 1 mM.

a b c d e f
DS —
88

gh
—

— ►

M

Figure 2.6 Agarose gel showing the cross-link formation for the tripyrrole-BAM and
tripyrrole-CHL conjugates. Lane a, double-stranded control; lane b, single-stranded
control; lanes c-e, BAM-(Py) 3 , 0.1 |iM, 1 pM, 10 pM;
lanes f-h, CHL-(Py)3 , 0.1 pM, 1 pM, 10 pM.
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The CHL Conjugates.

CHL dem onstrates an im proved cross-linking ability com pared to
BAM. This is presum ably a result of its higher reactivity. It is clear from the
data in Table 2.4 th at each of the m ono-, di-, and triheterocyclic-CH L
conjugates show ed an increased cross-linking ability in com parison to the
p a re n t m u stard CHL.

This difference w as m ore pronounced w ith the

pyrrole conjugates, w here the dose required to induce cross-linking w as
greater th an 10-fold low er than that required by CHL.

The im idazole

conjugates show a slight increase in the efficiency of cross-linking w ith each
increase in the num ber of imidazole units, but the pyrrole conjugates show
little difference in cross-linking ability. An agarose cross-link gel show ing
the tim e course of cross-link form ation for the tripyrrole and triim idazoleCHL conjugates is show n in Figure 2.7. It appears that the cross-linking for
the tripyrrole-CH L conjugate occurs rapidly, while the cross-linking for the
triimidazole-CHL conjugate rises at a more steady rate (Figure 2.8).

C om pound

Cross-linking (%)
1 |XM

10 |xM

100 pM

CHL

0

15

45

CHL-(Py)i

24

100

100

CHL-(Py)2

28

100

100

CHL-(Py)3

23

100

100

CHL-(Im)i

nd

36

100

CHL-(Im )2

4

43

100

CHL-(Im )3

17

64

100

Table 2.4. Percent cross-linking for the CHL conjugates at the doses listed following a
two hour exposure to drug at 37° C. nd= not determined.
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a b c d e f

g hi

j

DS

88
Figure 2.7. Agarose cross-link gel showing the time course of cross-link formation for
the triimidazole- and tripyrrole-CHL conjugates. Reactions were carried out at 37° C
for the times listed. Lane a, double-stranded control; lane b, single-stranded control;
lanes c-f, CHL-(Py)3 , 2.5 |iM, and lanes g-j, CHL-(Im)3 , 5 pM; 20, 40, 60, and 120
minutes, respectively.
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Figure 2.8. Plot of the percent cross-linked DNA versus time for the triimidazole- and
tripyrrole-CHL conjugates, taken from the gel in Figure 2.7. Square represents the
CHL-(Im)3 conjugate and circle represents the CHL-(Py)3 conjugate.
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2.3.3

D N A Interstrand Cross-linking in Cells

The conjugates were exam ined for their DNA cross-linking ability in
cells by the m ethod of alkaline elution. The cells w ere labelled w ith
thym idine prior to drug treatm ent, and the d rug incubation w as for one
hour followed by a four h our post-incubation period. The cells w ere then
placed on ice and strand breaks were introduced to half of the sam ples
through X-ray irradiation. The sam ples w ere lysed on tw o m icron filters,
and the DNA eluted w ith an alkaline buffer w hich denatures the DNA.
U nirradiated DNA is m ostly retained on the filter, while DNA containing
random strand breaks elutes through the filters m ore rapidly and at a
constant rate.

The presence of DNA interstrand cross-links in irradiated

sam ples, how ever, retards the DNA in com parison to the irrad iated
controls.

All eluted fractions are collected, recorded by scintillation

counting, and the num bers, two averaged per data point, plotted on a log
scale of percentage of DNA retained on filter versus elution time.

The

graph for the unirradiated control should show little decrease versus time,
while the graph for the irradiated controls should show a steady decrease. If
there are cross-links present in the irradiated, drug-treated sam ples, then
there should be an increase in the graph relative to the irradiated controls.
If the d rug induces strand breaks, then the graph of the unirradiated, drugtreated sam ples should show a decrease relative to the u n irra d ia te d
controls. The time point at 12 hours w as used to determ ine the cross-link
index for each drug.

The B A M Conjugates.

The alkaline elution profile for the m onopyrrole-BA M conjugate,
show n in Figure 2.9, show s that at a dose of 50 pM , its IC 5 0 value, no
evidence of cross-link form ation w as seen.

The graph for the tripyrrole-

BAM conjugate (Figure 2.10a) does not show any cross-link form ation at
either a 5 pM dose or a 50 pM dose, greater than five times its IC 5 0 value.
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The triimidazole-BAM conjugate (Figure 2.10b), at a dose of 3 |iM (three
times its IC 5 0 value), does not show cross-link formation. The p attern was
the sam e w ith the diheterocyclic conjugates, w ith neither the pyrrole or
imidazole conjugate showing any evidence of cross-linking at doses equal to
or greater than their IC 5 0 values.

The results are in agreem ent w ith the

studies in plasm id DNA, in that the BAM conjugates do not dem onstrate a
significant cross-linking ability.

It should also be noted that the BAM

conjugates did not appear to produce strand breaks, as evidenced by the
sim ilar elution profiles for the u n irrad iated control and d ru g treated
sam ples.
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Figure 2.9. Alkaline elution profile for the monopyrrole-BAM conjugate. Drug
treatment was for one hour, followed by a four hour post-incubation period in drugfree medium. Unirradiated control (■), irradiated control (□), BAM-(Py)i, 50 )iM
dose, unirradiated ( • ) and irradiated (O).
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Figure 2.10a. Elution profile for the tripyrrole-BAM conjugate. Drug treatment was
for one hour, followed by a four hour incubation period in drug-free medium.
Unirradiated control (■), irradiated control (□), BAM-(Py)3 , 5 |iM dose, unirradiated
( • ) and irradiated (O), BAM-(Py)3 , 50 |iM dose, unirradiated (A) and irradiated (A).
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Figure 2.10b. Alkaline elution profile of the triimidazole-BAM conjugate. Drug
treatment was for one hour, followed by a four hour incubation period in drug-free
medium. Unirradiated control (■), irradiated control (□), BAM-(Im)3 , 3
unirradiated (#) and irradiated (O).
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The CHL Conjugates.

The plot for the diimidazole- and dipyrrole-CHL conjugates is show n
in Figure 2.11. At a dose of 10 |xM, both conjugates clearly induce significant
cross-linking.

The pattern was sim ilar for the triheterocyclic conjugates,

show n in Figure 2.12a and 2.12b. The plot for the tripyrrole-CHL conjugate
(Figure 2.12a) shows clear evidence of cross-link form ation at a dose of 5 |iM,
its IC 50 value. A dose of 3 pM for the triimidazole-CHL conjugate, one third
its IC 5 0 value, produced significant cross-linking (Figure 2.12b).

The

crosslinking indices for the di- and triheterocyclic conjugates are show n in
Table 2.5.
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Figure 2 .1 1 . Alkaline elution profile of the diimidazole- and dipyrrole-CHL conjugate.
Drug treatments were for one hour, followed by a four hour incubation period in drugfree medium. Unirradiated control (■), irradiated control (□), CHL-(Im)2,10 pM
dose, unirradiated (#) and irradiated (O), CHL-(Py)2,1 0 pM dose, irradiated

(A ).

99

u_
O)

.01
0

3

6

9

12

15

Time (h)
Figure 2.12a. Alkaline elution profile of the tripyrrole-CHL conjugate. Drug treatment
was for one hour, followed by a four hour incubation period in drug-free medium.
Unirradiated control (■), irradiated control (□), CHL-(Py)3 , 5 pM dose, unirradiated
(•) and irradiated (O).
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Figure 2.12b. Alkaline elution profile of the triimidazole-CHL conjugate. Drug
treatment was for one hour, followed by a four hour post-incubation period in drugfree medium. Unirradiated control (■), irradiated control (□), CHL-(Im)3 , 3 |iM dose,
unirradiated (•) and irradiated (O).

100

Drug

IC 50 Value (\iM)

Drug Dose (pM)

Cross-link Index

BAM-(Py )2

20

40

0 .0

BAM-(Im )2

12

10

0 .0

BAM-(Py )3

5

5

0 .0

BAM-(Im )3

1

3

0 .0

CHL-(Py)2

6

10

0.49

CHL-(Im )2

21

10

0.31

CHL-(Py)3

6

5

0 .1 2

CHL-(Im )3

9

3

0 .2 0

Table 2.5. The cross-link indices, calculated using the formula listed in Materials and
Methods, for the di- and triheterocyclic conjugates at the doses listed for the alkaline
elution experiments.

101
2.4

Discussion
It is clear that tethering nitrogen m ustards to m inor groove binding

vectors produces conjugates w hich are m ore cytotoxic th an the p a re n t
m ustards.

The vectors them selves are essentially inactive, indicating that

the DNA alkylating functionality is necessary for cytotoxic activity. This is
in agreem ent w ith previous studies on distam ycin and on n e tro p sin
derivatives that did not contain DNA-reactive groups (Dehart, et ah, 1989).
W ith the exception of the m onoim idazole-CHL conjugate, each conjugate
offered an im provem ent in cytotoxicity com pared to the respective paren t
m ustard. As discussed in the introduction, CHL cross-links DNA at lower
doses and is more cytotoxic than BAM. Examination of the structure of CHL
reveals th at an electron donating alkyl su b stitu en t is para to the bis(chloroethyl) nitrogen on the aniline.

BAM, how ever, has an electron

w ithdraw ing carboxylic acid group para to the bis-(chloroethyl) nitrogen on
the aniline group. The presence of a net-electron w ithdraw ing group para
to th e n itro g en w ould destabilise the form ation of the a zirid in iu m
interm ediate, and presum ably decelerate DNA alkylation and cross-link
form ation.

The presence of a net-electron donating group para to the

nitro g en w ould stabilise the aziridinium form ation, and thus accelerate
DNA alkylation and cross-link form ation (Wilman & Connors, 1983).
The CHL and BAM conjugates have propyl and carboxam ido groups,
respectively, in the para position.

It is presum ed that sim ilar electronic

influences exist for the bis-(chloroethyl) nitrogen in each conjugate as those
that act on the nitrogen of the parent nitrogen m ustards. The cross-linking
abilities of the conjugates resem ble the p aren t m ustards' cross-linking
abilities, in that the CHL conjugates cross-link DNA at m uch low er doses
than the BAM conjugates. The im provem ents in cytotoxicity in reference to
the parent m ustards, however, are greater for the BAM conjugates than for
the CHL conjugates.

A ssum ing the chem ical reactivity of the nitrogen

m u stard group in the conjugates has not been altered in an unexpected
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m anner, the lexitropsin portions m ust be exerting their influence via the
delivery of the nitrogen m ustard groups to the DNA.
The im provem ent in cytotoxicity the triheterocyclic conjugates
offered over the corresponding parent m ustards was significant. W ith the
exception of the pyrrole-CHL family, the triheterocyclic conjugates w ere the
m ost cytotoxic for each family. The trend in the cytotoxicity seen w ithin
each fam ily corresponded to the increase from one to three heterocyclic
units. This was clearly evident for the BAM conjugates. The increase in the
num ber of im idazole units from one to three in the previously m entioned
form am id o -im idazole lexitropsins p ro v id ed an increase in the noncovalent DNA binding affinity (Lee, et al., 1993c). Know ledge concerning
the non-covalent DNA bin d in g affinities for each of the conjugates,
therefore, is helpful in determ ining the im portance of the lexitropsin
portion and its affinity for DNA.
The non-covalent DNA binding affinities for each of the conjugates
w ere determ ined by Moses Lee and cow orkers at Furm an U niversity,
utilising an ethidium displacem ent assay and have been published (Lee, et
al., 1993a; Lee, et al, 1993b; W yatt, et a l, 1994a). The principle feature of the

assay is the m easurem ent of the fluorescence of ethidium brom ide, which is
enhanced approxim ately 25-fold w hen intercalated into DNA (M organ, et
a l , 1979).

D isplacem ent of the ethidium by another d ru g 's binding will

lower the fluorescence. The binding constants of the titrated drugs can be
estim ated and com pared by m easuring the loss of ethidium fluorescence as
a function of the added drug. The drug concentration which produces a 50%
reduction of fluorescence is approxim ately inversely proportional to the
a p p aren t b inding constant (Debart, et a l, 1989).

The ap p aren t binding

constant provides an indication of the non-covalent binding affinity.
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C o m pound

DNA
Calf Thymus

T4

poly(dA.dT)

poly(dG.dC)

Distam ycin

7.7

6.5

350

2.0

BAM-(Py)i

2.4

4.7

3.1

1.5

BAM-(Py)2

15

33

71

11

BAM-(Py)3

37

87

71

26

CHL-(Py)i

3.5

5.7

2.8

1.9

CHL-(Py)2

47

nd

40

26

CHL-(Py)3

21

58

25

21

Table 2.6. Estimated DNA binding constants for distamycin and the pyrrole conjugates (K^pp,
±0.5X10^M‘^). nd= not determined.

DNA

C om p o u n d
Calf Thymus

T4

poly(dA.dT)

poly(dC.dC)

Im3

7.7

3.3

4.8

5.3

BAM -(Im)i

4.6

2.4

4.8

4.6

BAM-(Im )2

4.6

2.4

4.8

4.6

BAM-(Im )3

5.9

1.7

9.5

5.0

Half-(Im )3

23

39

5.5

9.0

CHL-(Im)i

0.11

0.05

0.06

0.06

CHL-(Im )2

0.11

0.13

0.11

0.13

CHL-(Im )3

0.22

0.19

0.13

0.16

Table 2.7. Estimated DNA binding constants for the Img lexitropsin and the imidazole
conjugates (K^pp, ±0.5X1
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The binding constants for the conjugates are presented in Table 2.6
and 2.7.

The binding affinities for each d ru g w ere determ ined on four

rep resen tativ e DNAs: calf thym us DNA, T4 DNA, and the synthetic
poly(dA .dT) and poly(dG.dC) DNA.

T4 DNA has an obstructed m ajor

groove due to the a-glycosylation of the cytosines and interaction w ith this
DNA infers m inor groove binding. Each of the conjugates show ed a level
of in teractio n w ith T4 DNA.

It is clear from the table th a t the

m onoheterocyclic conjugates have poorer non-covalent affinities than their
corresponding di- an triheterocyclic analogues.
Generally, there is an increase in binding affinities w ith each increase
in n um ber of heterocyclic units.

The pyrrole conjugates dem onstrated

stronger affinities for poly(dA.dT) than poly(dG.dC), indicating th at the
pyrrole conjugates have retained the preference for AT-rich sequences,
although the m agnitude was significantly less than that seen for distamycin.
The pyrrole conjugates possessed higher non-covalent affinities th an the
im idazole conjugates.

The im idazole conjugates possessed sim ilar or

greater affinities to poly(dG.dC) than to poly(dA.dT), w hich indicates an
increased tolerance of GC base pairs. There appears to be little difference in
the n o n -co v alen t affinities for the pyrrole-B A M an d p yrrole-C H L
conjugates, b u t the im idazole-CHL conjugates had significantly w eaker
b inding affinities than the imidazole-BAM conjugates.

Lastly, the half

m u stard im idazole conjugate d em onstrated a significant non-covalent
interaction, indicating that it non-covalently bound DNA at least as strongly
as the triimidazole-BAM conjugate.
Circular dichroism studies carried out at Furm an U niversity on the
di- and triheterocyclic conjugates supported the results found w ith the
ethidium displacem ent assay. The induced ellipticities seen for the pyrrole
conjugates indicated strong interaction w ith calf thym us D N A and
poly(dA.dT) b u t little or no interaction w ith poly(dG .dC) (W yatt, et al.,
1994a). The imidazole conjugates dem onstrated greater induced ellipticities
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for poly(dG.dC) than for poly(dA.dT) (Lee, et ah, 1993a; Lee, et ah, 1993b).
Com parison betw een the BAM and CHL conjugates revealed that the BAM
conjugates had greater induced ellipticities than the CHL conjugates.
As m entioned previously, m onopyrrole lexitropsins did not interact
appreciably w ith DNA w hen m easured by circular dichroism (Gursky, et ah,
1982),

and

the

fo rm am id o -m o n o im id a zo le

a n a lo g u e

Im i did not

dem onstrate m easurable interactions w ith DNA w hen studied by circular
d ich ro ism and fo o tp rin tin g (Lee, et ah, 1993c).

The reason th at the

m onoheterocyclic conjugates possess poor b u t m easurable non-covalent
in teractio n s m ay be due to the ad d itio n of the n itro g e n m u stard
functionality. In agreem ent w ith previous work on lexitropsins, the di- and
triheterocyclic conjugates possess higher non-covalent affinities th an the
m onoheterocyclic conjugates.

The ethidium displacem ent and circular

dichroism studies provide an estim ation of the relative strength of noncovalent DNA binding for the conjugates.
The CHL conjugates showed an im proved DNA cross-linking ability
in com parison to CHL itself, while the BAM conjugates did not cross-link
DNA efficiently. The appraisal of the cross-linking ability for each conjugate
in plasm id DNA proved to be an accurate prediction of cross-linking ability
in cells, as was show n for m elphalan, CHL and BAM (Sunters, et ah, 1992).
The di- and triheterocyclic-CHL conjugates dem onstrated significant cross
link form ation in cells at doses equal to or below their IC 5 0 values. The
BAM conjugates consistently did not show evidence for interstrand cross
link form ation in cells at doses in excess of their IC 50 values. It is interesting
to note that the cross-linking ability in plasm id DNA was not significantly
affected by the num ber of heterocyclic units.

The m onoheterocyclic

conjugates in each fam ily cross-linked DNA just as effectively, or better
than, the corresponding di- and triheterocyclic analogues.

N on-covalent

DNA b in d in g affinity does not affect the cross-linking ability for these
n itro g en m u stard containing conjugates.

As previously described, an

106
increase in cross-linking ability for conventional n itro g e n m u sta rd s
corresponds to an increase in cytotoxicity (Sunters, et al., 1992). This does
not hold true, however, for nitrogen m ustards tethered to m inor groovebinding vectors, and cross-linking is not a good indication of cytotoxicity in
this case.
The CHL conjugates are more cytotoxic than the parent m ustard and
this is probably due to the ability of the lexitropsin portion to efficiently
d eliv er the nitro g en m u stard functionality to the DNA.

The CHL

conjugates produce cross-links in plasm id DNA at doses low er than that
required by CHL. The lexitropsin portion contains a dim ethylam ino group
which, as discussed in the introduction, w ould be protonated at a p H of 7.
Cationic DNA binding agents have a natural affinity for the negatively
charged DNA structure. The significant cross-linking seen in cells for the
CHL conjugates indicates th at DNA in te rstran d cross-linking is the
m echanism of action for these analogues.
It seems possible that the pyrrole-CHL conjugates are m ore cytotoxic
than their corresponding imidazole conjugates due to their increased DNA
binding affinities, which are on average over an order of m agnitude higher
th an the im idazole conjugates.

Cross-link form ation in plasm id DNA

occurs at low er doses for the pyrrole conjugates than for the im idazole
conjugates. This explanation does not, however, exclude other possibilities,
including drug uptake and the repair of these lesions.
The considerations are som ew hat different for the BAM conjugates.
It is obvious that tethering BAM to the m inor groove bin d in g vectors
p ro d u ces conjugates w hich are m uch m ore cytotoxic th an the p a re n t
m ustard. This increase in cytotoxicity cannot be explained by an increase in
cross-linking ability. The lack of cross-linking in cells indicates that crosslinking is not the m echanism of action for the BAM conjugates. In light of
the knowledge concerning lexitropsin derivatives lacking alkylating groups,
it seems certain that a DNA alkylation event is occurring. The lexitropsin
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portion, therefore, is both efficiently delivering the BAM p ortion to the
DNA, b u t m ay be directing the BAM portion away from its natural target in
the major groove. It w ould appear that the BAM conjugates are producing
specific and highly cytotoxic m onoalkylations in the m inor groove, w here
the lexitropsin portion preferentially binds (see Chapter Three).
The half-m ustard im idazole conjugate w as not cytotoxic at the dose
range studied, which implies that the second chloroethyl arm of the benzoic
acid-m ustard portion is im portant for the BAM conjugates.
several possibilities to consider.

There are

The aziridinium form ation could be

affected by the replacem ent of the second chloroethyl arm w ith a hydrogen.
There m ay be other lesions form ed by the triim idazole-BAM conjugate,
such as D N A -protein or DNA intrastrand cross-links.

A lternatively, the

DNA sequence specificity of alkylation for the half-m ustard im idazole
conjugate may be different from that of the triim idazole conjugate. These
considerations will be addressed in Chapter Three.
It is attractive to speculate that the differences seen in cytotoxicity
betw een the imidazole- and pyrrole-BAM conjugates could be due to the
targeting of different regions of DNA. The triim idazole conjugate proved to
be the m ost cytotoxic of the all the conjugates, in spite of its poorer noncovalent DNA b inding affinity in com parison to the tripyrrole-B A M
conjugate and the half-m ustard imidazole conjugate.
In order to determ ine the types of DNA lesions and the sequence
specificity of alkylation for the conjugates, a. Taq stop assay and several
m odified sequencing techniques w ere utilised.

These studies allow ed for

the determ ination of the effect of the lexitropsin portion on the reactivity
and sequence specificity of the nitrogen m ustard functionality.

These

stu d ies also allow ed for an exam ination of the effect of the n itro g en
m ustard functionality on the sequence specificity of the lexitropsin portion.
The next chapter presents the results of this work.
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CHAPTER 3: SEQUENCE SPECIFICITY OF ALKYLATION
3.1

Introduction
A stu d y of the sequence specificity of alkylation for the p aren t

m ustards and each family of the conjugates was undertaken to evaluate the
influence of the lexitropsin portion on the reactivity and specificity of the
nitrogen m ustard functionality, and the influence of the m ustard group on
the DNA b inding properties of the lexitropsin group.

The technique

initially used to identify the sequence specificity of alkylation w as the Taq
stop assay (Ponti, et a l, 1991). This technique has the flexibility to examine
several regions of DNA and detect different types of alkylation dam age.
Two m odified sequencing techniques were utilised to confirm the specific
lesions detected by the Taq polym erase stop assay. The piperidine cleavage
assay was used to examine the sequence specificity of alkylation for guanineN7 lesions (Mattes, et a l, 1986b). The therm al cleavage assay w as used to
determ ine the sequence specificity of alkylation for adenine-N3 or guanineN3 lesions (Reynolds, et a l, 1985; Mitchell, et a l, 1993). The technique of
MPE fo o tp rinting w as used to determ ine non-covalent DNA bin d in g
specificity (Van Dyke, et al, 1982).

3.2

M aterials and M ethods

3.2.1

M aterials

The regions of pBR322 DNA (Chapter Two m aterials) are referred to by
sequence num ber as listed (Figure 3.1) (Maniatis, et a l, 1982). The GC-rich
Bam H I/S a l 1 region (375-651) is 276 base pairs long w ith a GC content of
65% and 18 tracts of four or more GC base pairs. The 213 base pair region
defined betw een base pair num ber 3090 and 3303 has a GC content of 36%
and 11 tracts of four or more AT base pairs.
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EcoRI 4361,
amHI 375
.GC-rich region
Seal 3846.
lall 651
BS Primer

pBR322
^

SRM Primer

4363 bp

AT-rich regioi
SCA Primer

PvuII 2066

Figure 3.1. Plasmid map of pBR322 DNA, including labelling of the AT- and GCregions, cutting sites of the restriction enzymes utilised, and the binding locations of
the primers used for the Taq polymerase stop assay.

Chemicals.

Boric acid w as p urchased from BDH.

A m m onium p ersu lfate (APS),

p ip erid in e, dithiothreitol, am m onium iron(II) sulfate hexahydrate, and
tetram ethylethylenediam ene (TEMED) w ere purchased from Aldrich. The
Sequagel kit including lOX buffer, concentrate (acrylamide), and diluent (8
M urea) w ere purchased from N ational D iagnostics.

X-ray film w as

purchased from Am ersham (hyperfilm) or Kodak (bluefilm). Low m elting
p o in t (LMP) agarose w as purchased from BRL.

Sodium citrate w as

purchased from BDH. M ethidium propy 1-EDTA w as a gift from Professor
Peter Dervan, California Institute of Technology.
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3.2.2

Taq Polymerase Stop Assay

E nzym es.

Bam H I: as described in Chapter 2.
Pvu II: 8-12 U /p I in 20 mM Tris-HCl, pH 7.4, 50 mM KCl, 0.1 mM EDTA, 1.0
mM DTT, 200 p g /m l BSA, 50% (v/v) glycerol. Purchased from N orthunbria
Biologicals Ltd (NBL).
Sea I: 8-12 U /p l in 20 mM Tris-HCI, pH 7.4, 50 mM KCl, 0.1 mM EDTA, 1.0
mM DTT, 200 |ig /m l BSA, 50% (v/v) glycerol, purchased from NBL.
Taq polymerase: 5 U /p l , purchased from Advanced Biotechnologies.

Red h o t T a q

polym erase:

5 U / |i l

, p u rc h a se d

from

A dvanced

Biotechnologies.
Buffers.

Pvu II (lOx) buffer: 10 mM Tris-HCI, pH 7.8, 50 mM NaCI, 10 mM MgCl2 , 1
mM DTT, purchased from NBL.
Sea I (lOx) buffer: 50 mM Tris-HCI, pH 7.8, 100 mM NaCl, 10 mM MgCl2 , 1
mM DTT, purchased from NBL.
TEOA buffer as described in Chapter 2.
Stop Solution as described in Chapter 2.
Taq polym erase (lOX) reaction buffer IV: 20 mM (NH 4 )2 S0 4 , 75 mM Tris-

HCI pH 9.0, 0.01% Tween, and separate stock solution of 25 mM M gC h were
purchased from Advanced Biotechnologies.
Deoxynucleoside triphosphates (dNTPs): U ltrapure 100 mM solutions of the
dNTPs were purchased from Pharmacia Biotech.
Synthetic oligodeoxynucleotide primers.

The synthetic prim er 5'-TATGCGACTCCTGCATTAGG-3', identified as BS,
binds to the sequence 640-621 and was used to examine dam age to the top
stran d of the GC-rich Bam H I/S a l 1 region.

The synthetic p rim er 5'-

GCAGCAGATTACGCGCAGAA-3', id en tified as SCA, b in d s to the
com plem entary strand at position 3090-3109 and w as used to exam ine
alkylation on the bottom strand of the AT-rich region.

The prim er 5'-

Ill
GCATTGGTAACTGTCAGACC-3', identified as SRM, binds to the sequence
3303-3284 and was used to examine the top strand of the AT-rich region.
Drug: D N A reactions.

Before the drug: DNA incubations, the plasm id w as linearised w ith an
appropriate restriction enzyme, in order to provide a dow nstream block for
the Taq polym erase.

For exam ination of the top strand of the GC-rich

region, the plasm id was restricted w ith Bam H I, as described in C hapter 2.
Extension by the Taq polym erase results in a 265 base pair full length
fragm ent.

For exam ination of the top strand of the AT-rich region, the

DNA w as linearised w ith PVU II (2 units per pg of DNA) in its buffer for
one h o u r at 37° C, precipitated and then resuspended in 40 pi water. For
exam ination of the bottom strand of the AT-rich region, the plasm id w as
linearised w ith Sea I (2 units per pg of DNA) in its buffer for one hour at 37°
C, precipitated and then resuspended in 40 pi water. Approxim ately 500 ng
DNA w as used for each experim ental point and drug reactions w ere in a
total volum e of 50 pi TEOA buffer. Incubations were for either tw o or five
hours at 37° C, followed by precipitation w ith stop solution and 95% ethanol
as described in Chapter 2. Samples w ere w ashed w ith 70% ethanol, then
dried by lyophilisation.
5'-End labelling of the primers.

The o lig o d eo x y n u cleo tid e p rim e rs w ere 5 '-e n d

lab elled

u sin g

T4

polynucleotide kinase and [y-^^pj^TP, as described in Chapter 2, in a final
volum e of 25 pi. At the end of the 30 m inute incubation, 30 pi of distilled
w ater was added and the 55 pi was gently loaded onto the top of the BioSpin
column. The Bio-Rad BioSpin columns w ere prepared just prior to use by
sp in n in g to pack the colum n and rem ove the storage buffer and then
eluting through 250 pi of distilled water. The samples were loaded onto the
dry colum ns and the colum n was spun for four m inutes at 1200g to collect
the prim er in the eluent. The prim er was then aliquoted directly into the
prim er extension mixture.

112
Primer Extension.

The dried, control or drug-treated, DNA samples were resuspended in 50 |xl
of w ater. The prim er extension of each DNA sam ple was carried out in a
total volum e of 100 pL containing 0.5 pg tem plate DNA, 5 pm oles labelled
prim er, 125 pM of each dNTP, 1 U Taq polym erase, reaction buffer IV, 2.5
mM MgCl 2 , 0.05% gelatine. The dNTP, MgCl2 , gelatine, and reaction buffer
IV solutions w ere all stored as lOX stocks at 4° C until use.

The Taq

polym erase, stored at -20° C, was diluted im m ediately prior to use.

The

cycling conditions, carried out using a PTC-100 Program m able T herm al
Cycler (MJ Research, inc.), consisted of an initial four m inute dénaturation
step at 94° C, followed by a cycle of one m inute at 94° C, one m inute at 60° C
and one m inute at 72° C, for a total of 30 cycles. After prim er extension the
sam ples w ere precipitated w ith three volum es 95% ethanol and w ashed
w ith 70% ethanol. Samples were dried by lyophilisation and then taken up
in 3 pi of formamide loading dye prior to polyacrylam ide electrophoresis.

3.2.3

Preparation of S'-Singly End-Labelled Fragments

Buffers.

TAB: as described in Chapter 2.
Sucrose loading buffer: as described in Chapter 2.
50X GELase™ buffer: (Epicentre Technologies).
Enzymes:
GELase™ : (Epicentre Technologies).
For the GC-rich region.

DNA was linearised w ith Bam H I, dephosphorylated and 5'-end labelled as
described in Chapter 2. The DNA was subjected to a second restriction digest
w ith Sal 1, w hich cuts at a single site 276 base pairs dow nstream from the
Bam H I restriction site. After incubation the DNA was precipitated w ith
sodium acetate and ethanol, dried by lyophilisation, and then taken up in
sucrose loading buffer (Chapter 2). Samples were loaded onto a 1.0% LMP
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agarose gel containing ethidium brom ide (5 |il/100 ml of gel of a 10 m g /m l
solution) and electrophoresed for 90 m inutes at 75 V in TAE buffer. After
electrophoresis, the bands were visualised by UV fluorescence. The slice of
gel containing the 276 base pair fragm ent was excised and collected in a 1.5
ml eppendorf, along w ith the appropriate am ount of G ELase™ 50X buffer.
The gel slice was then m elted in a 65° C w ater bath for 10 to 15 m inutes and
then placed in a 45° C bath for 10 minutes. The GELase™ w as added and
allowed to digest the agarose for 3 hours. At the end of the digestion, one
volum e of 5 M am m onium acetate and 3 volum es of 95% ethanol w ere
ad d ed and the sam ples spun in a microfuge for 30 m inutes at 13000 rpm .
The supernatant was rem oved and the DNA pellet dried by lyophilisation.
The

p e lle t

w as

re s u s p e n d e d

in
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|i l

w a te r,

w ash ed

chloroform /isoam yl alcohol (24:1), and then precipitated and dried.

w ith
The

DNA pellet was then taken up in the buffer required by the experim ent and
stored at -20° C until use.
For the AT-rich region.

Preparation of 5'-singly end-labelled fragm ents for the AT-rich region w as
carried out by exponential amplification of the strands w ith one of the two
prim ers labelled. The plasm id pBR322 DNA was restricted w ith the enzym e
Ban I, in its buffer for one hour at 50° C. Restriction w ith Ban I produces 10
fragm ents, the longest of which is 2024 base pairs long and contains the ATregion of interest. The cut plasm id was run dow n a 1.0% LMP gel and the
fragm ent of interest isolated and purified via G E L ase™ d ig estio n as
described above.

This fragm ent p rovided a tem plate for exponential

amplification w ith the SCA and SRM prim ers described above. Exponential
am plification of each DNA sample was carried out in a total volum e of 100
pL containing 0.2 pg tem plate DNA, 50 pm oles each of SCA and SRM
prim er, 125 pM of each dNTP, 1 U Taq polym erase, reaction buffer IV, 2.5
mM M gCl 2 , 0.05% gelatine. The cycling conditions consisted of an initial
four m inute dénaturation step at 94° C, followed by a cycle of one m inute at
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94° C, one m inute at 60° C and one m inute at 72° C, for a total of 30 cycles.
After amplification the sam ples were precipitated w ith three volum es 95%
e th a n o l an d w ash ed w ith 70% ethanol.
lyophilisation.

Sam ples w ere d rie d by

An aliquot of resulting DNA from this am plification w as

subsequently used as a tem plate for a second round of exponential PCR,
w ith one of the prim ers 5'-end labelled. The PCR conditions w ere identical
to those described for the first round of exponential amplification. In order
to examine the top strand, the SCA prim er was 5'-end labelled prior to PCR,
as described for the Taq stop assay. For the bottom strand, the SRM prim er
w as 5'-end labelled prior to PCR, as described for the Taq stop assay. The
resulting product from the PCR was precipitated and run dow n a 1.0% LMP
gel, the band excised and purified as described above.

The lyophilised

fragm ent was taken up in the buffer required by the experim ent and stored
at -20° C until use.

3.2.4

Piperidine Cleavage Assay

The 5'-singly end-labelled DNA, prepared as described above, and drugs
were incubated in a TEOA buffer solution (final volume of 50 pi) at 37° C for
either two or five hours, as described in C hapter 2. Following incubation,
the DNA w as precipitated w ith sodium acetate and ethanol and dried by
lyophilisation.

The DNA pellet w as resuspended in 100 p i of a freshly

diluted and chilled 10% piperidine solution and incubated at 90° C for 15
m inutes to quantitatively convert sites of guanine-N7 alkylation into strand
breaks (Mattes, et a l, 1986b). Samples w ere then im m ediately snap frozen
w ith a dry ice/eth an o l bath and lyophilised to dryness.

Sam ples w ere

lyophilised w ith tw o additional 20 pi aliquots of w ater to rem ove all
piperidine, w ashed w ith 70% ethanol and dried by lyophilisation. Samples
w ere taken up in 3 pi of form am ide loading dye, heated to 90° C for two
m inutes, then placed on ice before loading onto the polyacrylam ide gel.
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3.2.5

Therm al Cleavage Assay

Buffers.

Sodium citrate buffer: 1.5 mM sodium citrate, 15 mM NaCl, pH 7.2.

The 5'-singly end-labelled DNA, prepared as described above, and drugs
were incubated in a TEOA buffer solution (final volume of 50 pi) at 37° C for
either tw o or five hours, as described in Chapter 2, followed by precipitation
w ith sodium acetate and ethanol.

Samples were taken up in 100 p i of a

sodium citrate buffer (pH 7.2) and heated to 90° C for 30 m inutes, as
described previously (Reynolds, et a l, 1985). Following heat treatm ent, the
sam ples w ere chilled in an ice bath, precipitated w ith sodium acetate and
ethanol, and then dried.

Samples w ere taken up in 3 pi of form am ide

loading dye, heated to 90° C for two m inutes, then placed on ice before
loading onto the gel.

3.2.6

M ethidium propyl-ED TA Footprinting

Buffers.

Footprinting buffer: 10 mM Tris, 50 mM NaCl, pH 7.6.

The 5'-singly end-labelled fragment, prepared as described above, and drugs
were incubated at room tem perature for two hours in footprinting buffer
w ith 3 pg of calf thym us DNA, in a total volume of 30 pi. Im m ediately prior
to the end of the incubation, the following solutions w ere m ade up fresh
and kept on ice: 100 pM solution of ferrous am m onium sulfate, 100 pM
solution of the MPF. A 35.8 mM stock solution of DTT was thaw ed and kept
on ice. At the end of the incubation, 6 pi of a 1:1 mix of the Fe(II) solution
and MPF solution w as added to the drug: DNA solution.

After a gentle

mixing, 2 pi of the DTT solution was added, the samples gently mixed again
and allow ed to react at room tem perature for fifteen m inutes.

Samples

were then snap frozen, lyophilised and then w ashed w ith 70% ethanol.
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3.2.7

Polyacrylamide Gel Electrophoresis

Buffers.

Tris-boric acid buffer: 90 mM Tris-HCI, 90 mM boric acid, 2 mM EDTA, pH
8.3.
Form am ide loading dye: 0.04% brom ophenol blue, 0.04% xylene cyanol, 98%
deionised formamide.

Electrophoresis was carried out on a BioRad Sequi-Gen sequencing gel
ap p aratu s and the gel size w as 80 cm x 40 cm x 0.4 m m.

The 6%

polyacrylam ide denaturing sequencing gels were prepared using a National
D iagnostics Sequagel kit consisting of concentrate (19:1 acrylam ide:
bisacrylamide), diluent (8 M urea), and buffer (lOX TBE buffer). For each gel,
the concentrate (24 ml), diluent (66 ml) and buffer (10 ml) w ere mixed fresh.
The base of the gels w ere sealed w ith 15 ml of the mix to w hich 75 pi of
TEMED and 105 pi of the APS solution (0.25 m g /m l) was added. After the
base w as sealed, 39 pi of TEMED and 337 pi of APS solution w ere added to
the rem ainder of the mix and the gels were poured. Each gel w as preru n
w ith TBE buffer for approxim ately 30 m inutes in o rder to b rin g the
tem perature of the gel up to approxim ately 50° C.

Once sam ples w ere

loaded, electrophoresis conditions varied betw een 2500 and 3000 V, in order
to m aintain a gel tem perature of between 50 and 60° C. Each electrophoresis
ru n w as term inated w hen the brom ophenol blue m arker had m igrated
approxim ately 70 cm. The gels were rem oved from the plate using a sheet
of W hatm an paper, and a sheet of 3mm p aper w as placed betw een the
W hatm an sheet and the porous gel drying support. Gels w ere dried for 2
hours at 80° C, and X-ray film was exposed to each gel. Exposure tim es for
the gels varied, depending on the am ount of radioactivity captured on the
filter paper, b ut were on average overnight for the gels from the polym erase
stop assay, and one week for the gels from the other assays, w ithout screens.
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O vernight exposures for the gels from the other assays were obtained using
an intensifying screen and by storing the cassette containing the gel, film
and screen at -70° C. Densitometry of the autoradiogram s was carried out on
a BioRad GS-670 densitom eter interfaced w ith a Power PC.

3.3

R esults

3.3.1

BAM and the Pyrrole-BAM Conjugates

GC-Rich Region.

Initially the drugs were examined on a 265 base pair GC-rich region of
pBR322 DNA (375-640) using the Taq polym erase stop assay. BAM, at a
concentration of 500 pM (its IC5 0 value), produced a p attern of alkylation
consistent w ith that seen for other conventional nitrogen m ustards (Ponti,
et a l, 1991). The predom inant sites of alkylation were guanines w ithin runs

of guanines and in the sequence 5 -TGG (Figure 3.2, lane d). A lthough the
p a tte rn w as quantitatively sim ilar to that seen for other conventional
n itro g en m u stards, the dose of BAM required to pro d u ce detectable
am ounts of dam age was higher and indicates that the drug is significantly
less reactive.

The inclusion of equim olar am ounts of distam ycin did not

significantly alter the alkylation p a ttern of BAM (Figure 3.2, lane f).
Distamycin (lane b) did not produce any blockages to the Taq polym erase
and this is presum ably because it does not form covalent adducts w ith DNA
and is displaced during the precipitation and w ash steps prior to prim er
extension.
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Figure 3.2. Taq polymerase gel examining damage to the top strand of the GC-rich
region (defined in materials and methods) caused by BAM alone or in the
presence of distamycin. Lane a, control; lane h, distamycin 500 pM; lane c, BAM,
100 pM; lane d, BAM, 500 pM; lane e, BAM + distamycin, 100 pM, lane f, BAM +
distamycin, 500 pM. Drug: DNA incubations were for 5 hours at 37° C.
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Figure 3.3. Taq polymerase gel examining damage to the top strand of the GC-rich
region caused by the BAM-Py conjugates. Lane a, control; lane h, BAM, 500 pM;
lane c, BAM-(Py)i, 10 pM; lane d, BAM-(Py>2 , 10 pM; lane e, BAM-(Py)3 , 10 pM.
Drug: DNA incubations were for 5 hours at 37° C.
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The monopyrrole-BAM conjugate, at a concentration of 10 fxM, (5fold low er th an its IC 5 0 value), also produced a sim ilar p attern in this
region, b ut the intensities of several of the bands differed (Figure 3.3, lane c).
The dose which produced a similar am ount of dam age to that produced by
BAM on the fragm ent w as at least 50-fold low er.

The d ipyrrole and

tripyrrole conjugates did not produce any significant covalent lesions in this
region under identical conditions (Figure 3.3, lanes d and e), in spite of their
h ig h e r n o n -co v a len t affinity for D N A , as m e a su re d by e th id iu m
displacem ent.
A T -R ich Region.

The 213 base pair AT-rich region of pBR322 DNA defined from 3090
to 3303 was exam ined to further elucidate the specificity of alkylation of the
pyrrole-BAM conjugates.

This region w as chosen because of its high

incidence of AT runs w hich are know n sites of non-covalent binding for
pyrrole-containing lexitropsins. Examination of the bottom and top strands
w as carried out utilising the Taq polym erase stop assay, initially.

BAM

reacted w eakly w ith guanines and in clu d in g equim olar am o u n ts of
distam ycin in the incubation did not alter the alkylation specificity seen for
BAM (data n o t show n).

The results for BAM an d the pyrrole-BA M

conjugates are show n in Figures 3.4 and 3.5 for the bottom and top strands,
respectively. The pyrrole-BAM conjugates (lanes c-e) show ed a m arkedly
altered alkylation specificity from that of BAM (lane b) in this AT-rich
region. The lesions seen w ere concentration dependent w ithin a dose range
th a t en su red single hit kinetics.

O n bo th stran d s of this region, the

m onopyrrole conjugate dem onstrated preferential alkylation at adenines
w ith in A T-rich sequences, and in an overall p a tte rn th a t bore little
resemblance to that seen for BAM. The preferential sites of alkylation w ere
those adenines in the sequences 5 -TTTTGA (3205) and 5 -TAAA (3250).
Sites alkylated to a lesser extent included 5-TTAA (3232) and 5'-ATTGA
(3256).
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Figure 3.4. Taq polymerase gel examining damage to the bottom strand of the ATrich region caused by BAM and the BAM-Py conjugates. Lane a, control; lane h,
BAM, 500 |iM; lane c, BAM-(Py)i, 5 pM; lane d, BAM-(Py>2 , 5 pM; lane e, BAM(Py)3 , 5 pM. Drug: DNA incubations were for 5 hours at 37° C.
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The dipyrrole conjugate alkylated fewer sites overall on the strand,
w hile retain in g strong alkylation at the adenine in the sequences 5'TTTTGA (3205) and 5-TTTAAA (3250), w ith weaker alkylation observed at
5'-ATTGA (3256) and two occurrences of 5-TTTAA (3232 and 3237). The
tripyrrole conjugate, at the same dose as the mono- or dipyrrole conjugate,
only strongly alkylated at one sequence on the bottom strand, 5'-TTTTGA
(3205). It is clear, therefore, that for each increase in the num ber of pyrroles
there is alkylation at few er sites.

For exam ple, w hile the adenine in the

sequence 5 -TTTTGA (3205) is strongly alkylated by each of the conjugates,
the adenine in the sequence 5 -TTTAAA (3250) shows a relative decrease in
alkylation w ith the increase in pyrrole units.
Exam ination of the top strand, show n in Figure 3.5, revealed results
consistent w ith those seen for the bottom strand.

The m onopyrrole

conjugate show ed alkylation at several sites, including strong alkylation at
the sequences 5-TTTTAA (3254 and 3235), 5-TTAA (3240), and 5-TTTTGG
(3193), while some of the bases alkylated to a weaker extent corresponded to
the guanines alkylated by BAM. The dipyrrole conjugate show ed alkylation
at few er sites and strong alkylation at the sequences 5 -TTTTGG (3193), 5'TTTTA A (3254) and 5-ATATGA (not show n).

W eaker alkylation w as

observed at the sites 5'-ATTAA (3240), 5'-TTTTAA (3235) and 5-AATGA
(3246). The tripyrrole conjugate only strongly alkylated at the sequence 5'TTTTGG (3193). In agreem ent w ith the results from the bottom strand, for
each increase in the num ber of pyrroles there is strong alkylation at fewer
sites.

Two occurrences of the sequence 5'-TTTTAA (3254 and 3235) in

particular, are strongly alkylated by the m onopyrrole conjugate, alkylated to
a lesser extent by the dipyrrole conjugate but only alkylated weakly, if at all,
by the tripyrrole conjugate. Interestingly, an occurrence of the 5'-TTTTAA
sequence on the other strand (3237, Figure 3.4) is only weakly alkylated by
the dipyrrole conjugate.
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Figure 3.5. R esolvab le region o f Taq polym erase gel exam ining dam age to the top
strand of the AT-rich region caused b y the BA M -Py conjugates. Lane a, control;
lane b, BA M , 500 |xM; lane c, B A M -(P y)i, 5 |iM ; lane d, BAM-(Py> 2 , 5 |iM ; lane e,
BA M -(Py)s, 5 |lM .

124
The adenine lesions seen on the bottom strand w ere qualitatively
confirm ed as m inor groove adenine-N3 lesions for the conjugates (Figure
3.6a, lanes d-f), using the therm al cleavage assay.

These included the

alkylation seen in Figure 3.4 by all three conjugates at 5'-TTTTGA (3205) and
the site in the sequence 5'-TTTAAA (3250) by the m onopyrrole conjugate.
For the top strand, the adenine lesions and the guanine lesion (3193) w ere
confirm ed as adenine-N 3 and guanine-N3 lesions, respectively, using the
therm al cleavage assay (Figure 3.6b, lanes c-e). These included the strongest
site of alkylation seen in Figure 3.5 for the conjugates, 5 -TTTTGG (3193),
and 5-TTTTAA (3235 and 3254) for the m onopyrrole conjugate.
The lesions detected by the Taq polym erase assay for BAM w ere
confirm ed as guanine-N7 lesions by piperidine treatm ent of a 5'-singly endlabelled fragm ent of the same region (Figure 3.7, top strand, lane c). As
show n on the gel, BAM alkylated both guanines equally strongly at the
sequence 5 -TTGG (3192 and 3193, Figure 3.7, lane c). The m onopyrrole
conjugate show ed alkylation of both guanine-N7 positions and a three-fold
preference for the 3'-guanine (lane d). In Figure 3.6b, how ever, the therm al
depu rin ation assay clearly show s that the alkylation in the m inor groove
occurs only at the 3'-guanine.
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Figure 3.6a. T herm al cleavage g e l s h o w in g purin e-N 3 le s io n s to the bottom strand
o f th e A T -rich r e g io n cau sed b y th e B A M -P y con ju gates.

Lane a, con trol h eat

treated; la n e b , control n o heat; la n e c, G + A m arker la n e (form ic acid); la n e d,
B A M -(P y )i, 10 jxM; la n e e, B A M -(P y) 2 / 10 ^iM; la n e f, BA M -(Py)g, 10 |xM. Drug:
D N A in cu b a tio n s w ere for 5 hours at 37° C.
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Figure 3.6b. Therm al cleavage gel sh o w in g purine-N 3 lesio n s to the top strand of
the AT-rich region. Lane a, control heat treated; lane b, G +A m arker lane; lane c,
B A M -(P y)i, 10 pM; lane d, BAM-(Py)2r 10 pM; lane e, BAM -(Py) 3 , 10 pM .
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Figure 3.7. Piperidine cleavage gel showing guanine-N7 lesions to the top strand
of the AT-rich region. Lane a, control piperidine treated; lane h, G+A marker lane
(formic acid); lane c, BAM, 500 pM; lane d, BAM-(Py)i, 10 pM; lane e, BAM-(Py)2 /
10 pM; lane f, BAM-lPylg, 10 pM. DrugrDNA incubations were for 5 hours at 37°C.
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Q uantitation of the gels in Figure 3.4 and 3.5 by densitom etry shows
the alkylation pattern for each of the conjugates (Figure 3.8). Com parison of
the alkylation on both strands, show n in Figure 3.8a, revealed th at the
p referred sites of alkylation for the m onopyrrole conjugate w ere the
seq u en ces 5 -T T C P u, 5'-TTAA, and 5'-TAAA.

The preferred sites of

alkylation for the dipyrrole conjugate w ere the sequences 5'-TTTGPu, 5'TTTAA, 5-TATG A, and 5-TTAAA (Figure 3.8b), while for the tripyrrole
c o n ju g ate th e co n sen su s sequence w as 5'-TTTTGP u

(Figure 3.8c).

Exam ination of the strand opposite the two preferred sites of alkylation, 5’T t t t g P u . did not reveal a corresponding lesion, providing strong evidence
th at the non-covalent binding and alkylation w hich occurs in the m inor
groove does n o t lead to in te rstra n d crosslink form ation w ith these
conjugates, even though they possess a nitrogen m ustard functionality.
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F ig u r e 3.8. Q u a n t i t a t i o n o f th e a lk y l a t i o n p a t t e r n s o f t h e p y rr o le -B A M c o n ju g a te s
o n t h e t o p a n d b o tto m s t r a n d s o f th e A T -ric h r e g io n t a k e n f r o m th e g e ls i n f ig u r e s
3.4 a n d 3 .5 .

A l k y l a t i o n o n e a c h s t r a n d is n o r m a l i s e d to t h e s i t e o f s t r o n g e s t

a lk y l a t i o n ; (a), B A M -(P y )i; (b), B A M -(Py>2; (c), B A M -(P y> 3 .
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3.3.2

T allim u stin e
As m entioned earlier, prior studies using the therm al cleavage assay

found alkylation only in the sequence 5 -TTTTGA, and a single base pair
change in the sequence abolished alkylation (Broggini, et a l, 1995). In order
to confirm this result, the sequence specificity of alkylation for tallim ustine
w as com pared u n d er identical conditions in the AT-rich region using the
Taq polym erase stop assay. The results for the bottom strand, show n in

Figure 3.9, clearly show alkylation at the single occurrence of 5 -TTTTGA in
pBR322 DNA (lane d). In addition, alkylation was also seen at the sequence
5'-TTTTAA, a site that was only w eakly alkylated by the tripyrrole-BAM
conjugate (Figure 3.4, lane e).

The DNA tem p late in cu b ated w ith

distam ycin shows no blockages. On the bottom strand, strong alkylation is
seen for tallim ustine at the 5 -TTTTGG site seen for the tripyrrole-BA M
conjugate and of the two. occurrences of 5'-TTTTAA on the strand, one site
(3254) is only w eakly alkylated by tallim ustine, while the other (3235) is not
detectably alkylated (data not shown).

------------------------------------------------------a b e d

5-TTTTAA

5-TTTTGA

Figure 3.9. Taq polymerase gel examining damage to the bottom strand of the ATrich region caused by tallimustine. Lane a, control; lane h, distamycin 1 pM; lane
c, distamycin 10 |iM; lane d, tallimustine 1 pM. Drug: DNA incubations were for 5

hours at 37° C.
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3.3.3

MPE Footprinting
MPE footprinting studies w ere perform ed on the top strand of the

AT-rich region in order to determ ine the non-covalent sequence specificity
for the tripyrrole-BAM conjugate relative to distam ycin an d tallim ustine.
The gel, pictured in Figure 3.10, shows the results w hich are represented by
the densitom etric scans in Figures 3.11a-d. It is clear from the densitom etric
scan of the control M PF-cleaved lane that MPF does not cleave w ith the
same efficiency throughout the strand. The stretch of DNA that show ed the
greatest variability in cleavage w as the 43 base pair ru n from 3230-3273
w hich contains only 5 GC base pairs. The cleavage at A or T tracts of 4 or
more base pairs, including 3139-3142, 3170-3174, 3207-3211 and 3188-3191 was
affected, b u t to a lesser degree. The implications of this will be considered in
the discussion.
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Figure 3.10. MPE Footprinting gel examining the top strand of the AT-rich region.
Lane a, control uncleaved; lane h , G+A marker lane (formic acid); lane c, MPE
cleaved (no drug); lane d, distamycin, 100 pM; lane e, BAM-(Py)g, 50 |iM; lane f,
BAM-(Py)s, 100 |xM; lane g, tallimustine, 50 pM; lane h, tallimustine, 100 pM; lane
i, BAM-(Im)g, 50 pM; lane j, BAM-(Im)3, 100 pM; lane k, Img lexitropsin, 100 pM.
Drug: DNA incubations were for 2 hours at room temperature.
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Figure 3.11. Densitom etric scans of the lanes from the gel in Figure 3.10.
(a), scan for control lane c; (b), scan for distam ycin 100 |xM lane d; (c), scan
for tallim ustine 100 |iM lane f; (d), scan for the BAM-(Py)g 100 |iM lane h.
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Box diagram m atic representations of the non-covalent binding sites
are presented in Figure 3.12.

W here cleavage com pared to the control

u n treated lane w as detectable b u t less than 50%, hatched boxes are used.
W here cleavage com pared to the control lane was inhibited by greater than
50%, filled boxes are used. Distamycin clearly footprinted several AT-rich
sites w ith GC base pairs on either side of the sites (Figure 3.12a).

These

included 5'-TTTTC (3139), 5'-AAAAC (3170), 5'-TTTTG (3188), 5'-TTATC
(3202), 5'-AAAAA (3207), 5'-ATCTT (3214), and 5'-ATATG (3270). W eaker
sites included 5'-TCTGA (3151), 5'-TGGAA (3163), 5'-TTAAG (3180), and 5'TAGAT (3223). Binding was evident in the AT run from 3230-3273, but the
determ ination of the exact binding sites in this stretch was impossible due to
the inefficient cleavage by MPE and overlapping binding sites for distam ycin
and has been labelled w ith a hatched box.
T allim ustine fo o tp rin ted w ith a w eaker affinity co m p ared to
distam ycin, while binding several of the sites strongly bound by distamycin.
The strong sites included 5'-TTTTC (3139), 5'-AAAAC (3170), 5'-TTTTG
(3188), 5'-TTATC (3202) and 5'-AAAAA (3207). W eaker sites included 5'TTAAG (3180), 5'-ATCTT (3214), and 5'-TAGAT (3223) (Figure 3.12b).
T allim ustine non-covalently recognises the sam e sites th at distam ycin
binds, w ith the exception of tw o weak distam ycin sites that w ere missed.
The tripyrrole-BAM conjugate footprinted in sim ilar fashion to th at seen
for tallim ustine, except for the following sites which w ere m issed or weakly
bound: 5 -TTAAG (3180), 5'-ATCTT (3214), 5'-TAGAT (3223) (Figure 3.12c).
M ost of the sites footprinted by tallim ustine an d the tripyrrole-B A M
conjugate were not sites of strong alkylation, indicating that the agents do
not alkylate at all sites where non-covalent binding has occurred.
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3240

3279

Box diagrammatic representations of the recognition sites for

distamycin, tallim ustine and BAM-(Py ) 3 on the top strand of the AT-rich region.
Where cleavage compared to the control untreated lane was between 10% to 50%,
hatched boxes are used.

Where cleavage compared to the control lane was

inhibited by greater than 50%, filled boxes are used,
tallimustine; (c), BAM-lPylg.

(a), distamycin; (b),
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3.3.4

The Imidazole-BAM Conjugates

GC-Rich Region.

Initially the drugs w ere exam ined on the GC-rich region of pBR322
DNA (375-640) using the Taq polym erase stop assay. The m onoim idazole
conjugate (Figure 3.13, lane c) produced an alkylation p attern th at was
qualitatively sim ilar to that seen for BAM (lane b). One exception w as an
additional band w ithin the sequence 5'-AGC (495) for the m onoim idazole
conjugate.

The di- and triim idazole conjugates did not alkylate in this

region to any appreciable extent (Figure, 3.13, lanes d and e). A dditionally,
th e d iim id azole- and triim idazole-B A M conjugates d id n o t p ro d u ce
footprints in this region (data not shown). This contrasted w ith the Im 2 and
Img lexitropsins, which footprinted strongly at the sequences 5'-(G.C)3(A.T),
and 5'-TCGGGCT, respectively (Lee, et a l, 1993c).
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Figure 3.13. Taq polymerase gel examining damage to the top strand of the GCrich region caused by BAM and the BAM-Im conjugates. Lane a, control; lane h,
BAM, 500 |iM; lane c, BAM-(Im)i, 5 pM; lane d, BAM-(Im)2 , 5 pM; lane e, BAM(Im)3 , 5 pM. Drug: DNA incubations were for 5 hours at 37° C.
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AT -R ich Region.

Exam ination of the AT-rich region revealed that the m onoim idazole
conjugate alkylated in a sim ilar p attern to th at seen for BAM, b u t the
intensity of som e of the bands differed (Figure 3.14, lane b). The sites of
alkylation th at w ere com m on for BAM and the m onoim idazole-B A M
conjugate are listed on the left side of Figure 3.14, and include GG sites
(3212-13, 3192-93), a GGG site (3184-86), and a G4 site (3147-50). Lesions at the
adenines alkylated strongly by the monopyrrole-BAM conjugate w ere also
detectable, b u t only faintly. The strongest of the sam e m inor groove sites
w as the sequence 5'-TTTTAA (3235, lane d).

The diim idazole-BA M

conjugate clearly recognises fewer sites than BAM or the m onoim idazole
conjugate.

As w ith the dipyrrole-BAM conjugate, the diim idazole-BAM

conjugate does not strongly alkylate at guanines alkylated by BAM. The
sites of strongest alkylation w ere 5'-TTTTGG (3193), 5'-AATGA (3246), and
tw o occurrences of 5'-TTTTAA (3235, 3254, lane g). This preference closely
resem bled the alkylation specificity of the dipyrrole-B A M conjugate.
A dditionally, alkylation w as evident at 5'-ATTAAA A (3240, 3242) and
AAAAGG (3212, lane g).
The strongest site of alkylation for the triim idazole conjugate w as the
5'-TTTTGG site (3193), while w eaker alkylation was detected at 5"-TTTTAA
(3254) and 5'-AATGA (3246, lane j). In agreem ent w ith the dipyrrole- and
tripyrrole-BA M conjugates, the triim idazole conjugate strongly alkylates
fewer sites than the diim idazole conjugate. The alkylation specificity of the
triim id azo le conjugate closely resem bled th at seen for the trip y rro le
conjugate, p a rtic u la rly in th at b o th the triim id azo le an d trip y rro le
conjugates show com parable alkylation at the tw o occurrences of 5'TTTTAA (i.e., stronger alkylation at 3254 than at 3235, lane j).
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Figure 3.14. Taq p o ly m era se g e l e x a m in in g dam age to th e top strand o f th e A T rich region . Lane a, control; la n e b , BA M , 500 p,M; lan e c, B A M -(Im )i, 1 pM ; lan e
d, B A M -(Im )i, 10 p,M; lan e e, B A M -(Im ) 2 , 1 |iM ; la n e f, B A M -(Im ) 2 , 5 |xM; lan e g,
B A M -(Im ) 2 / 10 |xM; lan e h, BA M -(Im ) 3 , 1 |iM ; lan e i, BA M -(Im ) 3 , 5 |iM ; lan e j, BA M (Im ) 3 , 10 |iM . Drug: D N A in cu b ation s w ere for 5 hours at 37° C.
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M PE Footprinting in the AT-rich region.

Footprinting studies for the triimidazole-BAM conjugate and the Img
lexitropsin w ere carried out on the AT-rich region and w ere included on the
gel in Figure 3.10 (lanes j and k, respectively). The densitom etric scans for
the control lane c, triimidazole-BAM conjugate lane j, and Img lexitropsin,
lane k, are presented in Figure 3.15. The Img lexitropsin pro d u ced three
strong footprints at the sequences 5-AGGGA (3184), 5-AAGGA (3210), and
5'-ATCCT (3227), while the rem ainder of the cleavage pattern w as sim ilar to
that seen in the control lane (Figure 3.15b). The profile of the densitom etric
scan for the triimidazole-BAM conjugate w as nearly identical to th at seen
for the control lane, m aking interpretation of the AT runs difficult, b u t it
ap p ears th at the triim idazole-B A M conjugate pro d u ces no clear noncovalent binding sites w hen studied by MPE footprinting (Figure 3.15c).
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F ig u r e 3.15. D e n s ito m e tr ic sc a n s fr o m th e g e l in F ig u r e 3.10.
(a), c o n tr o l la n e c; (b ), Im g la n e k; (c), B A M -(Im )g la n e j.
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3.3 .5

T h e E ffe c t o f p H o n th e A lk y la t io n S p e c ific it y o f th e P y r r o le - a n d
I m id a z o le -B A M C o n ju g a te s

The effect of pH on the alkylation specificity of the diim idazole- and
triim idazole-B A M conjugates and the tripyrrole-B A M conjugate w as
exam ined by carrying out the drug: DNA incubations in buffers of pH 5.0,
7.2, or 9.3. The prim er extension was then perform ed in identical m anner
and dam age to the top strand of the AT-rich region w as com pared.

The

tripyrrole-BAM conjugate alkylated the preferred site, 5'-TTTTGG (3193),
w ith equal intensity at pH 5.0, 7.2, or 9.3 (Figure 3.16, lanes h, i, and j,
respectively). Additionally, the alkylation specificity and intensity seen for
the tripyrrole-BAM conjugate in the 43 base pair stretch from 3230-3274 was
unaffected (data not shown). Incubation at acidic pH introduced additional
sites of alkylation for the tripyrrole-BAM conjugate, w hich included 5'A A C G A A (3171) and, to a lesser extent, AAGGGA (3187) im m ediately
upstream of the 5'-TTTTGG site (Figure 3.16, lane h). One additional site at
p H 5 w as seen in the unresolvable region on the gel, bu t the alkylation
p attern w as otherw ise unaffected in com parison to neutral or basic pH.
There w ere no detectable changes in the alkylation specificity or intensity
betw een pH 7.2 and pH 9.3. The alkylation pattern for BAM in the pH range
stu d ied show ed essentially no difference in the alkylation p a ttern and
intensity (data not shown).
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Figure 3.16. Tatj p olym erase g e l com p aring the effect o f p H on dam age to th e top
strand o f th e A T -rich reg io n cau sed b y B A M -(Im ) 2 , B A M -d m lg and BA M -tPylg.
Lane a, control; lan e b , B A M -(Im ) 2 , 5 |xM, pH 5.0; lan e c, B A M -(Im ) 2 , 5 |xM, pH 7.2;
la n e d, B A M -(Im ) 2 , 5

pH 9.3; lan e e, BA M -(Im )g, 5 p-M, pH 5.0; la n e f, BA M -

(Im ) 3 , 5 |xM, p H 7.2; lan e g, BA M -(Im ) 3 , 5 |xM, pH9.3; lan e h, B A M -(Py) 3 , 5 p,M, pH
5.0; la n e i, BAM -(Py> 3 , 5 |xM, pH 7.2; la n e j, BAM-(Py> 3 , 5 |xM, pH 9.3. Drug: D N A
in cu b a tio n s w ere for 5 hours at 37° C.
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The alkylation specificity seen for the diim idazole-BAM conjugate
was affected by pH in the following ways. The change from acidic to neutral
or basic p H decreased the alkylation intensity at the p referred site 5'TTTTGG (3193) by at least 2-fold (lanes b, c, d, pH 5.0, 7.2, 9.3). The alkylation
seen at 5-A A A A G site at (3212), as well as the alkylation seen in the AT
stretch from 3230-3273 (data not shown), w as affected in identical m anner.
N ew sites w ere alkylated by the diim idazole-BAM conjugate at p H 5.0,
including AGGGA (3187) im m ediately upstream of the 5'-TTTTGG (3193)
site, and, to a lesser extent, 5'-TCTGA (3155) (Figure 3.16, lane b). There were
no noticeable changes in the alkylation specificity or intensity betw een pH
7.2 and pH 9.3.
The alkylation seen for the triimidazole-BAM conjugate w as reduced
by at least 2-fold at the preferred 5-TTTTGG site (3193) and at 5-TTTTAA
(3254, data not shown) by the change from pH 5.0 to p H 7.2. A t the dose
used for the triimidazole-BAM conjugate, it did not appear that new sites of
alkylation w ere introduced at pH 5.0. There w ere no detectable differences
in the alkylation specificity or intensity betw een p H 7.2 and p H 9.3.
Exam ination of the alkylation specificity for the tripyrrole- and triim idazoleBAM conjugates in the GC-rich region over the sam e p H range did not
uncover any lesions for either conjugate (data not shown). Therefore, acidic
or basic pH did not introduce new sites of alkylation for the triheterocyclicBAM conjugates in the GC-rich region.
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3.3.6

C o m p a r is o n o f th e A lk y la tio n S p e c if ic it y o f th e H a lf-M u s ta r d a n d
T r iim id a z o le -B A M C o n ju g a te s

The covalent sequence specificity of the half-m ustard triim idazole
conjugate w as directly com pared to the triimidazole-BAM conjugate using
the Taq polym erase stop assay. W hen exam ined in the GC-rich region, the
half-m ustard conjugate alkylated selected guanines in the region (Figure
3.17, lane c), in contrast to the triimidazole-BAM conjugate, w hich show ed
no detectable alkylation in the region at the doses used (lane e).

The

strongest sites of alkylation were 5 -GGG (546) and AGC (495) and the half
m ustard conjugate appeared to be more specific than CHL or BAM.
E xam ination of the AT-rich region clearly show s th a t the half
m ustard conjugate and triimidazole-BAM conjugate have different patterns
of alkylation (Figure 3.18). A higher drug dose w as required in order to
produce sim ilar am ounts of dam age (as judged by the am ount of full-length
u n d am ag ed tem plate) for the half-m ustard conjugate com pared to the
triimidazole-BAM conjugate. It is interesting to note that the half-m ustard
conjugate does not alkylate at the 5'-TTTTGG site favoured by the BAM
conjugates (Figure 3.18, lanes d and e). N or does it alkylate at the sites
w ith in the AT stretch from 3230-3273 that w ere alkylated w ith varying
intensity by the BAM conjugates (data not shown), b u t there was one strong
shared site of alkylation in the unresolvable region of the gel.

At the

highest d ru g dose, the strongest alkylation w as in a ru n of four guanines
(3147-50), while other guanines were alkylated to a lesser extent (Figure 3.18,
lane e).
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Figure 3.17. Taq polym erase gel com paring dam age to the top strand of the GCrich region caused b y the half-m ustard conjugate and BA M -dm jg. Lane a, control;
lane b, half-m ustard, 1 |iM; lane c, half-m ustard, 10 |iM; lane d, B A M -dm lg, 1 pM;
lane e, B A M -dm lg, 10 pM. Drug: D N A incubations w ere for 5 hours at 37° C.
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Figure 3.18. Taq polym erase gel com paring dam age to the top strand of the ATrich reg io n caused b y the half-m ustard triim id azole conjugate and B A M -dm lg.
Lane a, control; lane h, half-m ustard, 0.1 pM; lane c, half-m ustard, 1 pM; lan e d,
half-m ustard, 10 pM; lane e, half-m ustard, 50 pM; lane f, BA M -(Im ) 3 , 0.1 pM; lane
g, BA M -(Im ) 3 , 1 pM; lane h, BAM -(Im) 3 , 10 pM. Drug: D N A incubations w ere for 5
hours at 37° C.
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3.3.7

CHL and the CHL Conjugates
The sequence specificity of CHL and the CHL conjugates w as

exam ined on the GC-rich region of pBR322 DNA (375-640) using the Taq
polym erase stop assay.

At a concentration of 100 jiM, CHL p ro d u ced a

p attern of alkylation consistent w ith that seen for BAM. The dose used,
how ever, w as 5-fold lower than that used for BAM, indicative of the greater
reactivity of CHL.

The predom inant sites of alkylation w ere guanines

w ithin runs of guanines and in the sequence 5 -TGG (Figure 3.19, lane c)
and the pattern was nearly identical to that seen for BAM. The inclusion of
equim olar am ounts of distam ycin did not alter the alkylation p a ttern of
CHL (Figure 3.19, lanes d and e).
The diim idazole- and triim idazole-C H L conjugates w ere found to
produce equivalent am ounts of dam age at a 10-fold low er dose than CHL
(Figure 3.20, lanes c-f). However, the alkylation pattern was sim ilar to that
seen for CHL, and the lesions w ere confirm ed as guanine-N7 lesions using
the p ip erid in e cleavage assay (data not show n).

The dipyrrole- and

tripyrrole-CH L conjugates also produced an alkylation pattern at a 10-fold
low er dose that w as sim ilar to CHL, b u t w ith one obvious exception.

A

strong band w as clearly evident w ithin the sequence 5'-AGA (466-8) (Figure
3.20, lanes h and j).
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Figure 3.19. Taq polym erase gel exam in in g dam age to the top strand of the GCrich region caused b y CHL alone or in the presence of distam ycin. Lane a, control;
lan e h, d istam ycin 100 pM; lane c, CHL, 100 pM; lane d, CHL + d istam ycin , 10
pM; lane e, CHL + distam ycin, 100 pM . Drug: D N A in cu bations w ere for 2 hours
at 37° C.
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Figure 3.20. Taq polymerase gel examining damage to the top strand of the GCrich region caused by the CHL conjugates. Lane à, control; lane b, CHL, 100 pM;
lane c, CHL-(Im)2 , IpM; lane d, CHL-(Im)2 , 1 0 pM; lane e, CHL-(Im)3 , 1 pM; lane f,
CHL-(Im)3 , 1 0 pM; lane g, CHL-(Py)2r 1 pM; lane h, CHL-(Py>2 / 10 pM; lane i, CHL(Py>3 , 1 pM; lane j, CHL-(Py)3 , 10 pM. Drug: DNA incubations were for 2 hours at
37° C.
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The guanine-N7 alkylation pattern of CHL (Figure 3.21a, lane g), and
the dipyrrole- and tripyrrole-CH L conjugates (lanes d and f, respectively)
w as confirm ed using the piperidine cleavage assay. Interestingly, how ever,
neither CHL or the pyrrole-CHL conjugates alkylated the N7 position of the
guanine (467) show n to be strongly alkylated by the Taq polym erase stop
assay. In order to determ ine w hether the lesions produced by the pyrroleCHL conjugates at the site (466-8) in Figure 3.20 were m inor groove lesions,
the therm al cleavage assay w as used, and the results are show n in Figure
3.21b. The dipyrrole-CHL conjugate clearly produced a doublet at the site,
alkylating both the adenine- and guanine-N3 positions (466-7) (Figure 3.21b,
lane e). The tripyrrole-CHL conjugate only strongly alkylated the guanineN3 position (Figure 3.21b, lane f). The strong bands that appeared on the
Taq stop assay gel w ithin the sequence 5'-AAGAT w ere thus assigned as

m inor groove adenine-h^3 and guanine-N3 lesions. Aside from the strong
b an d s w hich appear at the AG (466-7) site for the di- and tripyrrole
conjugates, there are several other w eaker bands on the therm al cleavage
gel at the h ig h er d ru g concentration used.

These b a n d s n early all

c o rre sp o n d to guanines id en tified as guanine-N 7 lesions from the
piperidine gel (Figure 3.21a). It is possible that there m ay be weak alkylation
in the m inor groove at these sites, b u t the heat treatm ent m ay induce a
background depurination and strand breakage at guanine-N7 alkylated sites.
W ith the exception of the unique m inor groove site of alkylation for the
pyrrole-CH L conjugates, the CHL conjugates largely retain the alkylation
specificity of the CHL group.
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Figure 3.21a.

Piperidine cleavage gel show ing guanine-N7 lesions to the top

strand of the GC-rich region caused by the CHL-Py conjugates. Lane a, control
piperidine treated; lane b, G+A marker lane (formic acid); lane c, CHL-(Py) 2 0.5
|iM; lane d, CHL-(Py) 2 5 |xM; lane e, CHL-(Py)3 , 0.5 pM; lane f, CHL-(Py)3 , 5 pM;
lane g, CHL 100 pM. Drug: DNA incubations were for 2 hours at 37° C.

Figure 3.21b. Thermal cleavage gel showing purine-N3 lesions to the top strand of
the GC-rich region caused by the CHL conjugates. Lane a, control heat treated;
lane b, G+A marker lane (formic acid); lane c, CHL-(Py)2 , 1 pM; lane d, CHL-(Py)3 ,
1 pM; lane e, CHL-(Py)2 , 10 pM; lane f, CHL-(Py)3

, 10

pM.
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3.4

D iscussion
C o nventional n itro g en m u stard s have b een sh o w n to alkylate

guanines preferentially in runs of guanines (Mattes, et al., 1986a), and this
has been confirm ed using the Taq polym erase stop assay (Ponti, et ah, 1991).
The electrostatic potential of guanine surrounded by different com binations
of base pairs w ere the m ost electronegative w hen guanine w as surrounded
by two guanines, and this roughly correlates w ith the sequence specificity of
guanine-N 7 alkylation seen for the nitrogen m ustards (Kohn, et ah, 1987).
There have been reports of adenine-N3 alkylation by the arom atic nitrogen
m ustards m elphalan and chlorambucil (Pieper & Erickson, 1990; W ang, et
ah, 1991), and the adenine-N3 alkylation seen for CHL w as inhibited by the

inclusion of distam ycin (Wang, et ah, 1994). The results from the Taq stop
assay w ith or w ithout the inclusion of distam ycin and the results from
piperidine cleavage assay do not disprove that BAM and CHL can alkylate
ad en in e-N 3 p o sitio n s, *b u t sug g est th a t guanine-N 7 lesions are the
pred o m in ant lesions form ed at the doses used for CHL and BAM in both
regions.

This consisted of guanines w ithin runs of guanines and in the

sequence 5'-TGG. BAM and CHL show ed essentially no difference in their
sequence specificity. The agents do differ in the dose required to produce
sim ilar am ounts of dam age, w hich is 5-fold less for CHL.

A longer

incubation time was used for BAM in order to provide a direct com parison
w ith the BAM conjugates, b u t there w as no indication th at the longer
incubation tim e affected either alkylation specificity or intensity.

The

higher reactivity of CHL does not produce an altered sequence preference
com pared to BAM.

The 10-fold lower doses for the diim idazole- and triim idazole-CH L
conjugates w hich produced sim ilar am ounts of dam age com pared to CHL
indicates a m ore efficient delivery of the nitrogen m ustard group to the
DNA. The sequence preference of the CHL group, how ever, has not been
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a ltered by the lexitropsin p ortion.

The alkylation p a tte rn for the

diim idazole- and triim idazole-CHL conjugates is nearly identical to that
seen for CHL.

The guanine-N 7 alkylation p attern for the pyrrole-CH L

conjugates, which com prised the majority of the total alkylation, is sim ilar
to th at seen for CHL.

The exception was a unique site (466-7) strongly

alkylated by the pyrrole conjugates, but not by the imidazole conjugates or
CHL. The alkylation at this site was assigned as m inor groove adenine- and
guanine-N3 lesions, based upon the results of the therm al cleavage assay.
The sam e technique confirm ed the presence of a guanine-N 3 lesion,
originally detected by a DNA polym erase stop assay, form ed by the m inorgroove specific and C PI-containing n a tu ra l p ro d u c t d uocarm ycin A
(Mitchell, et al., 1993) and the guanine-N3 lesions of duocarm ycin have
been isolated by HPLC (Asai, et al., 1994). All other alkylation seen on the
Taq stop gel w as assigned as guanine-N7 alkylation.

It w ould therefore

appear that while the overall alkylation pattern is essentially guanine-N 7
alkylation rem iniscent of CHL, the lexitropsin portion has contributed to
the introduction of a novel site of alkylation.

Because the site is not

preferentially alkylated by the imidazole-CHL conjugates, it is assum ed that
the effect is specific for the AT-binding pyrrole lexitropsins.

It w ould be

difficult to offer a rationale for the strong alkylation preference seen for the
AG bases w ithin the extended 5'-AAGATC sequence. The AT-rich stretch of
five base pairs w ith a single GC base pair w ould be a potential non-covalent
binding site for the di- and tripyrrole lexitropsin moiety. The alkylation,
however, occurs in the m iddle of the binding site and the sequence to the 5'end is a (G)4 tract and (G)g on the 3'-end. It m ay be possible that the site
offers a unique conform ation that allows for tight m inor groove binding by
the pyrrole conjugates, while sim ultaneously accom m odating the flexibility
of the (CH 2 )s linker of CHL such that the central G and A sites are alkylated.
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C o m p ariso n of the sequence specificity of the pyrrole-B A M
conjugates versus the pyrrole-CHL conjugates clearly reveals that the less
reactive m ustard has been targeted more effectively. The CHL portion of
the conjugates is being delivered to the DNA m ore efficiently than w hen
not conjugated to a DNA-binding agent (as judged by the 10-fold lower doses
required to produce similar am ounts of damage), but the delivery is not in a
sequence specific m anner.

The fact that the CHL alkylation p a ttern is

m ain tain ed in spite of the lexitropsin portion suggests that CHL is too
reactive a nitrogen m ustard to be exclusively targeted to the m inor groove
by the lexitropsin framework. In addition, the flexibility the CHL m oiety
possesses due to the (CH 2 )3 linker may be detrimental. The BAM portion is
fixed relatively planar in com parison to the lexitropsin portion, and this
presum ably places an additional requirem ent on the alkylation event. It has
b een sh o w n by m odelling that, although the triim idazole lexitropsin
portion can sit in the m inor groove, it is still possible for the CHL portion to
intercalate betw een the base pairs, placing the bis-(chloroethyl)amino group
in proxim ity to the guanine-N7 position (Lee, et ah, 1993b). In light of the
sim ilarities betw een the alkylation pattern for CHL and the pyrrole-CHL
conjugates, it seems more likely that the reactivity of the CHL portion is the
ultim ate determ inant of the sequence specificity of alkylation for the CHL
conjugates.

In a GC-rich stretch of DNA, the monopyrrole-BAM conjugate clearly
show s a pattern of alkylation qualitatively similar to BAM itself, albeit at 50fold low er doses.

This difference m ay sim ply be due to the cationic C-

term inus of the lexitropsin portion and its affinity for DNA. BAM alkylated
guanines in the AT-rich region in a consistent m anner w ith conventional
n itro g e n m u stard s.

In the sam e AT-rich fragm ent, h o w ev er, the

m onopyrrole conjugate preferentially alkylated sites in the m inor groove, as
detected by the Taq polym erase stop assay. The m inor groove lesions were
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confirm ed as adenine-N 3 and guanine-N 3 lesions using the therm al
cleavage assay. Interestingly, the sequence 5-TTTTAA is not alkylated to
the sam e extent in all three occurrences in this region, im plying th at the
sequence conform ation of the neighbouring regions m ight also play a role
in the alkylation event.
The dipyrrole- and tripyrrole-BAM conjugates possess a higher noncovalent affinity for DNA, as m easured by an ethidium displacem ent assay
(W yatt, et ah, 1994a), and show little if any retention of the alkylation
preference of BAM. Alkylation is lim ited to labile sites in the m inor groove
of AT-rich sequences w here the lexitropsin preferentially binds.

The

increase in the reading frame portion of the m olecule by the addition of a
th ird pyrrole-am ide group offers a corresponding increase in the sequence
specificity of alkylation. The alkylation pattern is sim ilar to the dipyrrole
conjugate, b u t strong alkylation only occurs at tw o very sim ilar sites,
inferring that the third pyrrole group places an additional requirem ent on
the alkylation event. This is m ost closely met by the consensus sequence 5 TTTTGPu.

The alkylation specificity of tallim ustine, d eterm ined u sing the
therm al cleavage assay, was confirmed using the taq polym erase stop assay.
In addition to the alkylation seen at an occurrence of 5 -TTTTGA in the ATrich region, alkylation w as also clearly evident at 5 -TTTTGG and one of
three occurrences of 5 -TTTTAA. The alkylation p attern is very sim ilar to
the tripyrrole-BAM conjugate, b u t the relative intensities of alkylation seen
are different. It is interesting to note that tallim ustine strongly alkylated at
the 5 -TTTTAA site on the bottom strand that was only weakly alkylated by
the tripyrrole-BAM conjugate. However, two occurrences of 5-TTTTAA on
the top strand w ere weakly alkylated, if at all, and this agreed w ith the
resu lts for the tripyrrole-BA M conjugate.

The non-covalent sequence

specificity for tallim ustine and the tripyrrole-BA M conjugate w as very
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sim ilar, although tallim ustine appears to bind w ith a higher affinity and
som e sites th at w ere w eak sites for tallim ustine w ere m issed by the
tripyrrole-B A M conjugate. Both tallim ustine and the tripyrrole-B A M
conjugate non-covalently bound the same sites that were strongly bound by
distam ycin, w hich w ere AT-rich regions flanked by a GC base pair.
Distam ycin additionally footprinted at several sites that w ere m issed by
tallim ustine and the tripyrrole-BAM conjugate.
The incorporation of the C -term inal dim ethylam inopropyl group
instead of the am idinium group has introduced tw o subtle changes in the
b in d in g and alkylating characteristics of the tripyrrole-BA M conjugate
com pared to tallim ustine. It has apparently lowered the affinity, while not
appreciably affecting the non-covalent sequence specificity of the tripyrroleBAM. The strong alkylation by tallim ustine at one of three occurrences of
the sequence 5-TTTTAA is the other change. It m ay be that the difference
in intensity of alkylation seen for tallim ustine is affected by its higher noncovalent binding affinity. A higher non-covalent binding affinity m ay not
explain the fact th at tw o occurrences of 5 -TTTTAA are only w eakly
alkylated or m issed, how ever.

Furtherm ore, the footprinting studies

provide evidence that the alkylation event does not always occur following
non-covalent binding.

This result is in agreem ent w ith the w ork on N-

brom oacetyl distam ycin, which show ed non-covalent binding at several AT
sites identically to distamycin, b u t alkylation at only one of the sites, at the
adenine opposite the 3'-T in the sequence 5'-AGTTTA (Baker & Dervan,
1989).

The local sequence conform ation of the DNA m ust be crucial in

determ ining w hether alkylation is favourable.

In a GC-rich region, the m onoimidazole-BAM conjugate alkylated
guanines in a similar pattern to BAM, albeit at a 10-fold lower dose, and in
agreem ent w ith the results seen for the m onopyrrole-BA M conjugate.
A lthough the delivery of the nitrogen m ustard has been enhanced, the
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monoheterocyclic lexitropsin portion does not possess enough of a reading
fram e to alter the alkylation p a tte rn in the G C -rich region.

The

diim idazole- and triim idazole-B A M conjugates show little alkylation
preference for guanines in the region, indicating that these conjugates no
longer possess the alkylation preference of the BAM portion. If one w ere to
strictly predict sites of alkylation based upon the sequence preference of the
lexitropsin portion, the footprinting sites on the strand for Im 2 and Img at
5'-(G.C)3(A.T) and 5'-TCGGGCT sequences, respectively, w ould have been
prim e candidates. The footprinting studies and the Taq stop assay results
clearly d em onstrate th at the di- and triim idazole conjugates do not
detectably interact w ith the GC-rich region.

It w ould initially appear,

therefore, th at the BAM group has altered the sequence specificity of the
im idazole vector.
The resu lts from the AT-rich region p ro v ed insightful, if not
su rp risin g .

The m onoim idazole conjugate alkylated g u an in es in a

consistent p attern to that seen for BAM. It also alkylated selected m inor
groove adenine-N3 sites, but not w ith
m onopyrrole-BA M conjugate.

the strong preference seen for the

The diim idazole- and triim idazole-BA M

conjugates alkylated in sim ilar m anner to the dipyrrole- and tripyrroleBAM conjugates.

A denines w ithin AT-rich sequences w ere the sites of

alkylation and the consensus sequence 5'-TTTTGPu proved to be the site of
strongest alkylation for the di- and triim idazole conjugates. It appears that
the BAM group has caused a reversion of the im idazole recognition
features, predisposing alkylation for AT-rich sites. W hen exam ined by MPE
footprinting, the triimidazole-BAM conjugate did not show detectable noncovalent interactions.
The effect of pH on the intensity of alkylation seen for the BAM
conjugates introduced another consideration for the lexitropsin conjugates.
A dditional sites w ere clearly alkylated at a pH of 5 for both pyrrole- and
imidazole-BAM conjugates. The intensity of alkylation for the tripyrrole-
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BAM conjugate at the preferred site on the strand, 5'-TTTTGG (3193) was
not affected by the change in pH. The alkylation seen for the diim idazoleand triimidazole-BAM conjugates, however, was reduced by at least 2-fold at
n eu tral or basic pH com pared to a pH of 5. D em onstration of a p H effect
logically suggests that protonation is involved, and that this effect m arkedly
alters the alkylation event for the im idazole-BA M conjugates at the
preferred sites of alkylation.
R e p la ce m en t

of

the

b is-(c h lo ro e th y l)a m in o

g ro u p

w ith

a

chloroethylam ino group produced an analogue w ith a substantially altered
sequence specificity of alkylation.

Most interestingly, the half-m ustard

an alo g u e d id n o t alkylate at the sequence 5 -TTTTGG w hich w as
preferentially alkylated by both im idazole and pyrrole-BAM conjugates.
This suggests that the substitution of the second chloroethyl arm w ith a
hydrogen has either altered the specific interactions that occur in the m inor
groove prior to alkylation or it has altered either the form ation or reactivity
of the aziridinium group, which affects the alkylation event. If proton loss
occurs follow ing aziridinium form ation for the half-m ustard conjugate,
then the cationic charge is lost. This could possibly explain the difference in
the sequence specificity of alkylation seen for the half-m ustard conjugate
com pared to the triimidazole-BAM conjugate.
Two stro n g explanations for the alkylation specificity of the
diim idazole- and triimidazole-BAM conjugates w ould be either an increase
in the cationic nature of the imidazole conjugates, or a structural feature of
th e DN A th a t ideally suits b o th pyrrole- and im idazole-containing
lexitropsins. There are two possibilities of increasing the cationic nature of
the im idazole conjugates. The first is that the form ation of an aziridinium
on the m ustard portion adds additional positive charge to the lexitropsin.
As m entioned in Chapter 1, the m inor groove of AT-rich regions are more
electronegative than the m inor groove of GC-rich regions.

The first

generation of im idazole containing lexitropsins w ere dicationic and they
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retained a preference or 'm em ory' for AT-rich sites. The rem oval of the Cterm inal cationic group created a lexitropsin w hich preferentially bound to
GC-rich sites, and the monocationic Im 2 and Img lexitropsins preferentially
bind to GC-rich sequences. It could be argued that because aziridinium ion
form ation adds to the cationic nature of the molecules, the bias for AT-rich
sequences is being re-introduced to the im idazole conjugates, causing a
reversal of the non-covalent sequence specificity and pred isp o sin g the
alkylation event tow ards AT-rich sites. Alternatively, the cationic nature of
the im idazole conjugates could be increased by p ro to n atio n of the
imidazole-N3 nitrogens. N ot only w ould this add to the cationic nature of
the conjugates, b u t the presence of a hydrogen on the im idazole w ould
reintroduce the steric clash that occurs w ith the guanine-2-NH2 hydrogens.
The fact that the alkylation intensity for the diim idazole- and triim idazoleBAM conjugates at the preferred site was affected by pH, but the alkylation
intensity of the tripyrrole-BAM conjugate was not affected m ight suggest
this possibility.
If a com plete reversal of the sequence specificity of the im idazole
BAM conjugates due to an increase in the cationic nature has occurred,
however, then there are several inconsistencies that are evident. An effect
of protonation on the im idazole groups should also be seen for the non
alkylating imidazole lexitropsins, but Im 2 and Img clearly and preferentially
bind to GC-rich sequences. Even w hen examined in the AT-rich region, the
Img lexitropsin footprinted to different sequences com pared to distam ycin,
and the strongest site contained a Gg tract and 3'-term inal AT base pair. If
the added cationic nature of the aziridinium were the sole explanation, one
m ight expect the monoimidazole-BAM conjugate to behave sim ilarly to the
m onopyrrole conjugate. The sites strongly alkylated by the m onopyrroleBAM conjugate w ithin the 43 base pair AT stretch are only weakly alkylated,
if at all, by the m onoim idazole-B A M conjugate.

A d d itio n ally , the

azirid in iu m is only a tran sien tly form ed reactive in te rm e d iate and
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p resu m ab ly w o u ld n o t rem ain long e n o u g h to effect the b in d in g
characteristics. Lastly, one m ight expect the triimidazole-BAM conjugate to
non-covalently recognise AT-rich sites sim ilarly to the tripyrrole-BA M
conjugate, b ut it does not footprint at either AT- or GC-rich sequences.
The second explanation is that structural aspects of the DNA in
addition to the base pair com position (i.e., either AT or GC) dictate the
alk y latio n specificity seen by both the pyrrole- an d im idazole-BA M
conjugates. Specifically, the local sequence conform ation m ay either offer a
unique groove shape that allows for particularly tight non-covalent binding
by all lexitropsins, or the local conform ation m ay determ ine w h eth er
alkylation is favourable by serving as a catalyst for the alkylation event.
Pyrrole-containing com pounds do not bind to GC-rich sequences due to
steric clashes that occur between hydrogens on the drug and guanine-2-NH2
group. Im idazoles do not have hydrogens that protrude from the concave
face of the m olecules, and hence can favourably interact w ith GC-rich
sequences. The imidazoles can still bind to AT base pairs, however. Aside
from potential hydrogen bonding that can occur betw een the guanine-2N H 2 groups and the im idazole nitrogens on the concave face of the
lexitropsin, im idazole lexitropsins lack the ability to discrim inate betw een
AT and GC sites.

The m ajor structural determ inant for the alkylation

event, then, m ay be groove w idth and shape. These values, as m entioned
in the introduction, are different for AT- and GC-rich sequences.

W ithin the past 15 years the paradigm of B-DNA as structurally
hom ogeneous has been substantially altered and a renew ed interest in DNA
stru c tu re

d e te rm in a tio n has occurred.

The a b ility to sy n th e sise

oligodeoxynucleotides of know n sequence in m illigram quantities allowed
for detailed exam ination of DNA structure by single crystal X-ray studies
and high-field NMR. Additionally, a naturally occurring kinetoplast DNA
w ith anom alous electrophoretic and biophysical properties was found to be
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intrinsically bent (Marini, et a l, 1982). The bending was proposed to be due
to the phased distribution of A-tracts at 10 base pair intervals (Crothers, et
ah, 1990). It is now well know n from X-ray crystallography and high-field

NMR stu d ies th at DNA stretches of differing A .T /G .C content have
different conform ational flexibilities and that A-tracts are distinct in this
respect.
In addition to the techniques of NMR and X-ray crystallography, the
utilisation of chemical probes to study the local sequence conform ation of
A-tracts w ithin longer fragm ents of DNA has provided useful information.
It has been show n that DNA containing phased A tracts is n o t cleaved
random ly by hydroxyl radical (Burkhoff & Tullius, 1987). The reactivity of
the hydroxyl radical species gradually decreased from the 5'- to 3'- direction
along each A tract and the authors proposed th at this w as d u e to a
progressive narrow ing of the w idth of the m inor groove. The pattern was
very reproducible and occurs in A tracts surrounded by DNA of m ixed
content.

A study of the visible-light induced cleavage of DNA by the

intercalator ethidium brom ide (EtBr) show ed that EtBr bound A tracts
poorly, while also binding the ends of the A tracts tightly (K rishnam urthy,
et a l, 1990). Chemical cleavage studies utilising KMnO^, w hich attacks the

5-6 double bond of thym ine from above or below the base, and DEPC, which
attacks the purine-N 7 position w ith a strong preference for adenines, found
sim ilar resu lts (M cCarthy, et a l, 1990).

W hile m ost thym ines w ere

random ly cleaved follow ing treatm ent w ith KMnO^, thym ines w ithin T
tracts, i.e. those in a stacked arrangem ent, w ere protected from cleavage.
The exception was the 3'-T, implying that the stacked arrangem ent abruptly
changes at this base pair. DEPC was found to induce cleavage at all adenines
in A tracts, except for the 3'-adenine (McCarthy, et a l, 1990). A m inim um of
3 base pairs in the A tract was necessary.

Studies on the naturally bent

kinetoplast DNA using the same chemical probes found that "a 5'-TG step
fav o u rs a h ighly stacked conform ation."

F u rth erm o re, the au th o rs
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proposed that "the A tract function 5 -TG-3' acts to accentuate the overall
bend of an A tract" (McCarthy, et ah, 1993).
An additional benefit to the MPE footprinting studies perform ed on
the AT-rich region is that the cleavage p attern of the MPE alone offers
insight into the local DNA conform ation in sim ilar m anner to the above
m entioned chemical probes. The densitom etry of the MPE cleavage of the
AT-rich region, show n in Figure 3.11, offers clear indication of local
sequence-dependent variation in DNA conformation. Cleavage induced by
MPE is suppressed at A or T tracts of 4 or more base pairs. The 43 base pair
stretch of DNA from 3230 to 3273 is unique. In addition to the fact that there
are only five GC base pairs w ithin this stretch, there are two T4 tracts, three
A 3 tracts and an A 5 tract. The MPE induced cleavage of this area is greatly
su p p ressed , strongly suggesting th at the region possesses an u n u su al
conform ation.

The cleavage th ro u g h o u t the fragm ent occurred m ost

efficiently in stretches of m ixed A T /G C content.

It is clear th at the

intercalator MPE behaves sim ilarly to EtBr, in that binding to A tracts is
reduced com pared to DNA of mixed composition.
D istam ycin footprints AT-rich sites, some of w hich possess a 3'term inal GC base pair.

Close exam ination of the previously reported

footprinting studies of distamycin w ould not suggest that the specific site 5'TTTTG is b o und w ith an enhanced or preferential non-covalent binding
com pared to other binding sites of similar composition. The strong site for
alkylation on this strand, 5 -TTTTGG, lies outside the AT stretch m entioned
above and the cleavage of the im m ediately su rro u n d in g base pairs is
relatively uniform .

Cleavage is clearly su p p re ssed w ith in the site,

indicating it possesses a narrow m inor groove that is disrupted by the TG
step. Although it is more difficult to interpret the strength of binding due to
the suppressed cleavage, it does not appear that the binding that occurs at
the 5'-TTTTG site is m ore favoured or enhanced com pared to the other
binding sites for distamycin.
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T allim ustine and the tripyrrole-B A M conjugate fo o tp rin ted in
sim ilar m anner to that seen for distamycin, w ith the exception that some of
the w eaker distam ycin sites were only weakly footprinted or missed. Noncovalent interactions clearly occurred at the 5-TTTTGG sequence, b u t not to
any greater extent than those seen at several other AT sites. N or is there
evidence th at distam ycin preferentially footprinted at the site.

The Img

lexitropsin does not footprint at the site, but strongly footprints at a nearby
GC-rich site. It appears that the strong alkylation seen at the 5"-TTTTGPu
sites is not due to an enhanced non-covalent binding of both im idazole and
pyrrole-containing analogues, but to a local sequence conform ation which
enhances the alkylation step once non-covalent binding has occurred.
The strongest sites of alkylation were those containing a 5'-TTTTG
step, w here the junction bend seen at the junctions of A tracts w ith mixed
DNA is accentuated further by the presence of guanine. The structure and
conform ation of a num ber of synthetic oligonucleotides containing

5

-T4 G,

5 -T4 GG and 5 -T4 GA sequences have been investigated by high field NMR
and X-ray crystallography studies. NMR [5'-dCCGTTTTGCC-3' (N adeau &
C ro th e rs ,

1989),

5 ’-dG G A A A TTTTTG G -3'

(C hen,

et a l, 1992), 5'-

dCTTTTGCAAAAG-3' (Searle & Embrey, 1990), 5'-dGCGTTTTG-3' (Walker,
et a l, 1994), and 5'-dGCATTTTGAAACC-3' (Katahira, et a l, 1990)] and X-ray

studies [5'-dCGCTTTTTTGCG-3' (Nelson, et a l, 1987)] on oligonucleotides
containing the 5 -TTTTG-3' sequence indicate significant narrow ing (3.8-3.9

A)

and propeller tw isting (17-25°) in the m inor groove of the T-tract from

the 5' to 3' term inus.
w id th expands to >4.5

In addition, at the T-G junction the m inor groove

A

indicating an abrupt disruption of the compression

caused by the stacked A.T base pairs.

These results are consistent w ith

junction-induced bending observed for the decam er 5'-CGTTTTGGCC-3' as
indicated by its anom alous gel electrophoretic mobilities (Koo, et a l, 1986).
The m onopyrrole- and dipyrrole-BAM conjugates alkylated at several
different sites of varying AT composition. It should be noted that each of
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these sites possess a pyrim idine-purine step two nucleotides from the base
alkylated. Tallimustine displays the requirem ent of the T4 tract, followed by
a p u rin e step.

The fact th at alkylation is seen at only one of three

occurrences of 5'-TTTTAA indicates that the sequence itself m ay not be as
im portant in the alkylation process as the local conform ation of the DNA.
The alkylation pattern is nearly identical to that seen for the tripyrrole-BAM
conjugate and indicates that the change incorporated on the C-term inus of
the tripyrrole-BAM conjugate has not affected the sequence specificity of
alkylation, b ut the intensity of alkylation seen at those sites.
It is proposed that the prim ary determ inant of the sequence specificity
of alkylation seen for the im idazole and pyrrole-BAM conjugates and
tallim ustine is the local DNA structural conform ation, w hich is a junction
bend caused by the 5'-Tn-Purine step in the sequence.

This structural

feature, and not the direct drug: DNA base pair contacts, has the greater
effect in determ ining the sequence specificity of alkylation for the BAM
conjugates.

The 5'-Tn-purine step d isrupts the base stacking and m ay

possibly offer an ideal conform ational shape that catalyses the alkylation
step.

Once bound, favourable hydrogen-bonding interactions m ay occur

betw een electron-rich sites and the am ido hydrogen of the carboxam ido
group w hich is para to the bis-chloroethyl nitrogen.

H ydrogen bond

form ation betw een an electron-rich site and the am ido hydrogen w ould
alter the electron d ensity on the carboxam ido group.

T hrough the

conjugation of the aniline group, this could possibly catalyse aziridinium
form ation via an increase in electron density on the nitrogen. This w ould
result in a site-specifically activated alkylation. If this particular hydrogen,
bonding interaction was to occur only at the unique sequence conform ation
then it m ay offer an explanation as to w hy strong alkylation occurs for the
BAM conjugates or tallim u stin e at a site w here th e n o n -co v alen t
interactions do not appear to be enhanced.
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A concise description of the speculative m odel is as follows: noncovalent interactions occur which allow the drugs to bind to several AT-rich
sequences. In the case of the im idazole conjugates, these interactions are
very weak.

The m ono- and diheterocyclic BAM conjugates are not as

restricted due to their sm aller size and can alkylate at sites that possess a
n arrow m inor groove, follow ed by a 5'-pyrim idine-purine step.

At the

specific sequences w here a 5'-TG step disrupts the stacking of the thym ines
and "accentuates the overall bend of the A tract", a unique sequence
conform ation occurs that allows a favourable hydrogen bond interaction
betw een the am ido hydrogen of the carboxam ido group para to the bis(chloroethyl) nitrogen and a m inor groove electron-rich site, an d this
catalyses the alkylation event.
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CHAPTER FOUR: DISCUSSION

The exponential grow th of the field of cellular and m olecular biology
has provided opportunities to explore m any questions of m edicine on the
m olecular level.

M olecular m edicine can be defined as the discovery of

fu n d am e n ta l m olecular com ponents th a t d eterm in e no rm al cellular
behaviour, the dissection of aberrant genetic expression or interaction, and
the m odulation or correction of those aberrations for the purpose of disease
prevention and cure (Karp & Broder, 1994). Im portant processes in the cell
cycle, cell signalling, and in the m aintenance of the genome's integrity are
constantly being discovered.

Each of these new processes potentially

represent a novel target in diseases where that particular process or function
is either im paired, altered or am plified.

M odern organic chem istry has

p ro v ed ad ap table enough to be able to synthesise the m ost com plex
m olecules found in nature.

U pon discovery of biologically active

molecules, the flexibility to synthesise closely related analogues greatly aids
the determ ination of how changes in a m olecule's structure affects its
biological activity. If the biological target is an enzym e of defined function,
possibly one for w hich a crystal structure has been solved, or a wellcharacterised receptor protein, then the task m ay be challenging b u t
straightforw ard.

Problem s concerning interpretation of biological results

can quickly arise, however, if the precise nature of the target is not properly
understood for both norm al and incorrect functions, or worse, if there are
other biological targets affected that are not accounted for.
The alkylating agents are potent cytotoxic com pounds that can cause
serious side effects w hen used clinically. It is generally presum ed that the
serious side effects are a result of the chemical reactivity the m olecules
possess th at enable them to m odify a host of biological macromolecules.
This can presum ably affect m any different cellular processes and the agents
indiscrim inately harm both norm al proliferating and cancerous cells.
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A dditionally, the agents are potent carcinogens and m utagens that can have
h arm fu l effects on norm al chrom osom al integrity.

In spite of all of the

serious draw backs, however, the alkylating agents are still frequently used
in the treatm ent of cancer, and in com bination therapy, can induce long
term remissions and cures in some types of cancer.

D eterm ination of the prim ary biological target should be the first step
in the evaluation of any biologically active agent. The predom inance of the
evidence suggests that the target for the alkylating agents is DNA.

The

variety of m echanisms that act to combat endogenous and exogenous DNA
dam age have only recently been fully appreciated. For instance, the cell
cycle checkpoint' p53 protein m onitors DNA dam age and can block
progression through the cell cycle to either allow repair to occur or initiate a
program m ed cell death in order to prevent a cell w ith a dam aged genome to
replicate.

The fact that a m utant form of this protein is found in m any

d ifferen t types of cancer indicates its im portance in DNA dam age
recognition (Lane, 1992). The variety of DNA repair pathw ays that act to
re p a ir

DN A

dam ag e

com bine

to m a in ta in

the

in te g rity

of the

chrom osomes. All of the above underscores the prim e im portance of DNA
and its protection from dam aging events.

There are a host of possibilities now being explored in attem pt to
better target the agents of chem otherapy and m odulate their side effects.
The prem ise of antibody directed enzyme p rodrug therapy (ADEPT) is the
conjugation of an enzym e to an antibody specific for cancer cells.

The

p ro d ru g is then given and the targeted enzym e produces the active drug
specifically at the tum our site (Kerr, et al., 1995; Springer & NiculescuDuvaz, 1995). Alternatively, prodrugs that are activated by local conditions,
such as hypoxia or pH changes, have been developed (Stevens & N ewlands,
1993; Denny, et a l, 1994b).

If some of these approaches rely on a DNA
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d am ag in g event for cell kill, how ever, u n d e rsta n d in g d rug: DNA
interactions in isolated and cellular DNA rem ains extrem ely im portant.
The m echanism of action for the nitrogen m ustards is presum ed to be the
form ation of interstrand cross-links. Additionally, it is well know n that the
nitrogen m ustards possess a) a high chemical reactivity; b) a p oor DNA
binding affinity; c) a m odest sequence preference for guanines w ithin runs
of guanines, although they can m odify m ost of the nucleophilic groups on
DNA w ith varying rates; and d) they are susceptible to detoxification by
cellular m echanism s that act to protect the cell and the integrity of the
genom e.
A ssum ing th at the m ost probable targ et is DNA and th a t the
currently used alkylating agents possess a poor affinity and specificity,
attem pting to improve the specificity by more effectively targeting DNA is a
m olecular ap proach in the design of novel chem otherapeutic agents.
Tethering nitrogen m ustard groups to DNA m inor groove binding vectors
is an attem pt to direct the DNA alkylation event in a sequence specific
m anner.

The m inor groove of DNA has rem ained a p opular target for

rational anticancer drug design largely due to the precedents provided by
v ario u s n o n -co v alen t and covalent D N A -binding n a tu ra l p ro d u cts.
Knowledge of the specific DNA interactions of natural and synthetic agents
suggested that a m ore efficient and specific targeting was possible.

This

approach has been attem pted w ith different m inor groove binding vectors
including the pyrrole fram ew ork of distam ycin and n etropsin.

The

continued clinical evaluation of tallim ustine and the CPI analogues of CC1065 will bear out w hether the approach has resulted in useful clinical
agents.

The previous studies of lexitropsin vectors tethering reactive

groups did not explore structure-activity relationships. Specifically, detailed
examinations of the influence of the reactive groups on the specificity of the
lexitropsin, and the influence of lexitropsin on the specificity of the
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n itro g en m u stard w ere not carried out.

The w ork p resen ted above

represents one attem pt at such a structure-activity study.

There are several conclusions that can be d raw n from the w ork
presented above, w ith regards to the design of future lexitropsins that tether
reactive groups.

A ttaching arom atic nitrogen m ustards to m inor groove

binding lexitropsins creates conjugates that are m ore cytotoxic than the
parent m ustards. It should be noted that conjugates are not alw ays more
cytotoxic th an the p a re n t com pound, as w as seen w ith the N - ( 2 chloroethyl)-N -nitrosourea lexitropsins (Chen, et a l, 1993), the lexitropsin
conjugating the metal binding dom ain of bleomycin (Owa, et a l, 1992), and
the di- and triheterocyclic lexitropsins w ith mixed p y rrole/im idazole units
and an N -term inal bis-(chloroethyl)amino group (Xie, et a l, 1995). Altering
the m anner in which either dom ain of a conjugate reacts w ith its target can
produce an inactive conjugate.
The trends in cytotoxicity for each fam ily clearly dem onstrate a
beneficial effect of tethering an arom atic nitrogen m ustard to a DNAb inding vector and this m ay be true for m any different types of DNAb in d in g agents.

D N A -intercalating am inoacridine groups th at teth er

n itro g en m u stard s w ere substantially m ore cytotoxic than the p a re n t
nitrogen m ustards (Gourdie, et a l, 1990). The differences in cytotoxicity
com pared to the parent nitrogen m ustard for each increase in the num ber
of heterocyclic units vary betw een families, bu t w ere substantially greater
for the BAM conjugates than for the CHL conjugates. The difference was
greatest for the imidazole-BAM conjugates and least for the pyrrole-CHL
conjugates. An increase in the DNA delivery for nitrogen m ustard groups
produces an increase in cytotoxicity, but the m agnitude depends prim arily
on the nitrogen m ustard reactivity and to a lesser extent on the lexitropsin
portion chosen.

The study reporting the am inoacridine-nitrogen m ustard

conjugates stated that, "the in vitro cytotoxicities of the m ore reactive
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m ustards w ere im proved the least by DNA targeting, while those of the less
reactive w ere im proved the most" (Gourdie, et al., 1990).
The m echanism of action for the CHL conjugates appears to be
sim ilar to conventional nitrogen m ustards, i.e., guanine-N7 alkylation and
DNA interstrand cross-linking in the m ajor groove. The CHL conjugates
all cross-linked DNA m ore efficiently than CHL and, w ith the exception of
the m onoim idazole-CHL conjugate, w ere m ore cytotoxic than CHL.

The

lexitropsin portion did not, however, m arkedly alter the sequence specificity
of alkylation for the CHL portion. The one significant difference betw een
the conventional nitrogen m ustards and the CHL conjugates was that there
w as no clear correlation betw een cross-linking and cytotoxicity.

The

m onoim idazole-C H L conjugate cross-linked DNA m ore efficiently than
CHL, b ut w as less cytotoxic. The monopyrrole-CHL conjugate cross-linked
DNA as efficiently as the di- or tripyrrole-CH L conjugates, b u t w as less
cytotoxic.
The increase in cytotoxicity for the CHL conjugates com pared to CHL
m ay be due to an increased delivery to the DNA. The fact that the pyrroleCHL conjugates w ere m ore cytotoxic than the imidazole-CHL conjugates
m ight be explained as due to their greater than
binding affinities.

1 0 -fold

higher non-covalent

U nfortunately, the correlation is not perfect, and this

interpretation ignores several other possibilities, in particular the fact that
the dipyrrole- and tripyrrole-CH L conjugates alkylated a unique m inor
groove site strongly. Speculation that the higher cytotoxicity seen for the
pyrrole-CHL conjugates is due to the unique m inor groove site w ould be
extremely difficult to validate.

The results and observations on the BAM conjugates w as quite
different from the CHL conjugates and conventional nitrogen m ustards.
The cytotoxicity increased for each increase in the num ber of heterocyclic
u nits, an d the differences w ere significant.

The diheterocyclic- and
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triheterocyclic-BAM conjugates did not efficiently cross-link plasm id or
cellular DNA, and the conjugates efficiently alkylated in the m inor groove
at A T-rich sites.

Furtherm ore, for each increase in the n u m b er of

heterocyclic units, there w as a corresponding increase in the sequence
specificity of alkylation, such that the triheterocyclic conjugates strongly
alkylated fewer sites than BAM or the mono- and diheterocyclic conjugates.
The di- and triheterocyclic-BAM conjugates did not alkylate major
groove guanine-N 7 positions as BAM did, but the di- and triheterocyclicCHL conjugates largely retained the alkylation preference of CHL. The less
reactive nitrogen m u stard w as delivered m ore efficiently to the m inor
groove w here the lexitropsin portion preferentially binds. If the reactivity
of the alk y lating group is too great, the lexitropsin p o rtio n cannot
exclusively deliver it to the m inor groove. The earlier m entioned example
of the N -(2-chloroethyl)-N -nitrosourea lexitropsins offers corroborating
evidence. It was show n that, while m inor groove alkylation does occur, the
p red o m in an ce of the alkylation rem ained th at seen for the p a re n t
com pound CCNU (Church, et al., 1990). The same group later published
w ork on sulfonate esters tethered to lexitropsins. The sulfonate esters are
sim ple m ethylating agents w hich are less reactive and produce far less
com plex DNA a d d u cts th an the n itrosoureas.

The su lfonate ester

lexitropsins predom inantly m ethylated in the m inor groove of AT tracts
w here the lexitropsins non-covalently bo u n d (Zhang, et ah, 1993). In
addition to the higher reactivity, the flexibility of the (CH 2 )s linker of the
CHL conjugates m ay be detrim ental.

For the BAM conjugates, there are

structural requirem ents for the alkylation event that are distinct from the
non-covalent binding of the conjugates. The com bination of flexibility and
higher reactivity m ight increase the possibility of the nitrogen m ustard
portion reacting before it is properly targeted by the lexitropsin.
The BAM group offers several advantages to CHL w hen conjugated
to the lexitropsins. The lower reactivity probably limits the opportunities
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for reaction w ith nucleophiles other than those in the m inor groove. The
m ustard portion of the BAM conjugates is fixed approxim ately planar to the
lexitropsin portion and this m ost likely places an added requirem ent on the
alkylation event. Monoheterocyclic lexitropsins bind to DNA poorly w hen
com pared to di- or triheterocyclic lexitropsins. A lthough the BAM portion,
w h en teth ered to the m onoheterocyclic lexitropsin, is m ore efficiently
delivered to the DNA than w hen not conjugated, the D N A-binding portion
is not substantial enough to exclusively target the m inor groove.

It was

interesting to note that, w hereas the monopyrrole-BAM conjugate strongly
alkylated m inor groove sites in AT-rich stretches, the m onoim idazole
conjugate did not, and the m onopyrrole conjugate was 3-fold more cytotoxic
th an the m onoim idazole conjugate.

Speculation that the m inor groove

alkylation seen for the monopyrrole-BAM conjugate is responsible for the
increased cytotoxicity com pared to the m onoim idazole-BAM conjugate
w o u ld be difficult to validate, how ever.

The dihetereocyclic- and

triheterocyclic-BAM conjugates effectively directed alkylation into the
m inor groove, w here the lexitropsin portion binds. The fact that the greater
difference in cytotoxicity com pared to the parent nitrogen m ustard was seen
for the BAM conjugates, and that the alkylation w as lim ited to the m inor
groove m ay suggest that selective m inor groove alkylation is m ore toxic
than indiscrim inate major groove alkylation.
The finding that the imidazole-BAM conjugates alkylated in similar
p attern to their pyrrole counterparts w ould not have been predicted based
on studies of the non-alkylating lexitropsins and suggests that caution be
taken before m aking such predictions. The pyrrole-containing lexitropsins
b ind to AT-rich sequences because of a clash th at occurs betw een the
g u a n in e - 2 -N H 2 groups and the pyrrole hydrogens.

The Im 2 and Img

lexitropsins bind to GC-rich sequences, but not because of an avoidance of
AT base pairs.

Binding to AT-rich sites is still theoretically possible,

although, in the case of Im 2 and Img, this does not occur. For the pyrrole-
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BAM conjugates, the specificity increases w ith the num ber of pyrrole units,
from one to three, such that the tripyrrole conjugate strongly alkylated very
few sites.

Evidence that tallim ustine and the tripyrrole-BAM conjugate

non-covalently bound several AT-rich sites, including those w here little or
no alkylation w as seen, im plies that the alkylation event is n o t solely
dictated by the non-covalent binding.
Two possible explanations for the AT-selectivity of the diim idazoleand triim idazole-BAM conjugates w ere presented.

The first w as th at an

increase in the cationic nature of the conjugates had biased binding and
alkylation at the m ore electronegative AT-rich sequences.

Follow ing

aziridinium form ation, the ensuing dicationic conjugate could bind to ATrich sequences in sim ilar m anner to the first generation lexitropsins. The
pH effect on the alkylation intensity seen for the di- and triimidazole-BAM
conjugates, b u t no t for the tripyrrole-B A M conjugate, im plies th at
ad d itio n al p roto n atio n on the imidazole-BAM conjugates increases the
catio n ic

c h ara c te r

an d

p re d isp o se s

the

m olecules

for

the

m ore

electronegative AT-rich sites.
There are a couple of inconsistencies concerning the role of
protonation.

First, the m onoimidazole-BAM conjugate did not strongly

alkylate the m inor groove sites in the AT-rich region. If it w ere sim ply the
added cationic character caused by aziridinium formation, then it w ould not
be unreasonable to assum e th at the m onoim idazole and m onopyrrole
conjugates w o u ld alkylate sim ilarly.

This also p resu m es th a t the

aziridinium ion w ould exist long enough to have an effect on the noncovalent interactions of the lexitropsin.

Secondly, The Im 2 and Im 3

lexitropsins preferentially bound to GC-rich sites, specifically 5 '-(G.C)3 (A.T)
and 5 -TCGGGCT respectively. An effect of protonation on the im idazole
portion of the conjugates should also have been seen w ith the Im 2 and Im 3
lexitropsins.

Even w hen exam ined on the AT-rich region, the Im 3

lexitropsin retained its non-covalent preference for GC-rich sites.
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Lastly, the triimidazole-BAM conjugate did not footprint to either
GC- or AT-rich sequences.

This presents the m ost interesting piece of

evidence, because it indicates that favourable non-covalent interactions
w ith the m inor groove do not detectably occur for this conjugate. Yet the
alkylation event clearly occurs and in very similar m anner to that seen for
the trip y rro le conjugate.

This evidence, coupled w ith the fact th at

alkylation does not occur at all sites of non-covalent bin d in g for the
tripyrrole-BAM conjugate and tallim ustine, im plies that the non-covalent
interactions are not the p rim ary recognition feature th at dictates the
alkylation event.
It seem s m ost likely that the local sequence conform ation plays a
prim ary role in the alkylation specificity for the di- and triheterocyclic-BAM
conjugates.

The imidazole-BAM conjugates, because they can potentially

bind to both AT and GC sites, now recognise a second structural feature of
the DNA, which is the shape of the DNA the local sequence adopts, and this
takes precedent over the A T/G C sequence recognition. The unique shape
that the T4 GPU sequence adopts m ay also act as a catalyst for the alkylation
event.

An NMR study dem onstrated that the state of hydration for 5'-

TTAA steps is different from that seen for 5 -AATT steps, and indicates that
a d isru p tio n of the spine of hydration has occurred at the 5 -TTAA site
(Liepinsh, et ah, 1994). The results were correlated w ith the larger w idth of
the m in o r groove in d-(TTAA )2 segm ents com pared to d-(A A TT ) 2
segm ents.

It has been proposed, based on the exam ination of the X-ray

solution of several different oligodeoxynucleotides of differing AT-GC
content, th at the preferred positions of the w ater oxygens in the m inor
groove d ep en d pred o m in an tly on groove w id th rather th an on base
sequence (Chuprina, et al., 1991).
There are in the literature several exam ples of drugs th at alkylate
DNA u p o n site-specific activation . It has been proposed that a catalytic
activation of the alkylation step for CC-1065 occurs and involves both
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ordered w ater molecules and a phosphate from the DNA backbone (Lin, et
ah, 1991a).

This catalytic activation, in addition to the conform ational

flexibility of the DNA (Sun, et ah, 1993a), was proposed to be at least partially
responsible for the sequence specificity of CC-1065.

In a m odel of the

interaction of tem ozolom ide w ith DNA, based on NM R and m olecular
m odelling investigations, it was proposed that the ring opening to form
MTIC and m éthylation of DNA by the diazom ethane species is facilitated by
the basic m icroenvironm ent of guanine-rich sequences an d th a t an
'activated' w ater molecule is ideally positioned to initiate the ring opening
of tem ozolom ide (Denny, et ah, 1994a).
A n NMR study of dimeric complexes of the 2-ImN analogue and
d ista m y c in

w ith

an

o lig o d e o x y n u cle o tid e

d e m o n s tra te d

th a t the

heterodim eric complexes w ere form ed in preference to the hom odim eric
complexes of either drug. It was also m entioned in the publication that the
1: 1: 1 complex of 2-ImN: distamycin : DNA exhibited a significantly higher
stability than a 1: 1: 1 complex of 2-ImN: DNA and the tripyrrole distam ycin
an alo g u e w ith the d im eth y lam in o p ro p y l g ro u p on the C -term inus
substituted for the am idinium group. It was suggested that, "differences in
shape, charge distribution, or hydrogen bonding could be responsible for the
difference in binding affinity" and "the nature of the cationic ligand tail
group m ay be im portant for specificity and overall stability of these
complexes" (Geierstanger, et ah, 1994a). A lthough the alkylation specificity
is very sim ilar for the tripyrrole-BAM conjugate and tallim ustine, there are
some subtle b u t significant differences. The incorporation of the change on
the C -term inus has affected the intensity of alkylation for the tripyrroleBAM conjugate versus tallim ustine, w hich m ight be due to the stability of
the respective com plexes prior to alkylation.

The im plication is that

structural m odifications to drugs, however small or apparently insignificant
they appear to be, m ay introduce a subtle change in the DNA interactions.
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In addition to the specifically m entioned examples of DNA sequencedependent structural features, there are m any other studies exam ining the
role of sequence-dependent recognition of DNA by drugs and the structural
changes that occur to the DNA upon drug binding or bonding. It has been
suggested that the sequence specificity of alkylation seen for tom aym ycin
and anthram ycin is partially determ ined by the flexibility of the local
sequence conform ation and that both agents bend the DNA upon alkylation
(K izu, et ah, 1993).

Solution of the X-ray crystal stru c tu re of the

oligodeoxynucleotide CCAACGTTGG w ith tw o anthram ycin m olecules
covalently b ound in the m inor groove has been reported (Kopka, et ah,
1994).

It w as proposed in the stu d y that the origin of the alkylation

specificity for anthram ycin for the 5'-PuG.Pu sequence w as not due to
specific hydrogen-bond interactions but due to the low tw ist angles adopted
by the purine-purine step in B-DNA (Kopka, et ah, 1994).
Effects on local DNA structure caused by CC-1065 and its CPI
analogues have also been studied. It has been show n that CC-1065, and the
AB and ABC ring analogues bend the DNA upon alkylation tow ards the
m inor groove.

The induced bend is of sim ilar m agnitude and direction

(tow ards the m inor groove) to that seen for naturally bent A-tracts (Lee, et
a h , 1991a; Lin, et ah, 1991b; Sun, et ah, 1993a).

This p ro p e rty of

en tra p p in g /in d u cin g a bend in DNA has led to the use of CC-1065 as a
chem ical probe to explore the DNA bending induced by a D N A -bending
p ro tein (Ding, et ah, 1993).

Bizelesin, the designed cross-linking CPI

analogue of CC-1065, has been show n to alkylate norm ally unreactive bases
in w hat w as term ed a "proxim ity-driven manner." It w as show n that if a
highly favoured m onoalkylation by the first arm w ere to occur, then the
second alkylation that forms the cross-link w as possible w ith norm ally
u n reactiv e bases such as guanine or cytosine due to the covalent
im m obilisation of the d rug m olecule by the m onoalkylation (Sun, et ah,
1993b). It has also been show n that bizelesin elim inates the intrinsic bend
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seen for A-tracts upon m inor groove cross-link form ation in an effect that
differs from CC-1065 in that bizelesin can en trap /in d u ce a straight form of
DNA (Thompson & H urley, 1995; Thompson, et ah, 1995).
As a footnote to the controversy surrounding the structural basis for
the sequence specificity of alkylation seen for CC-1065, there should be
m ention of the non-covalent interactions.

H urley states that "while non-

covalent binding in the m inor groove m ust take place as a prelu d e [to
alkylation], this binding m ight, as in the case of (+)-A, be very w eak and
need not be sequence selective" (Hurley & Draves, 1993). Boger et al. state
th at th eir in te rp retatio n th at the snugness of the fit d eterm ines the
alkylation specificity "should not be m isconstrued to im ply that AT-rich
binding leads necessarily to productive DNA alkylation" (Boger, et a l, 1994).
The observations are not m utually exclusive, and there are certain aspects
of both argum ents that need to be highlighted w ith specific reference to the
results presented in this thesis. A lthough non-covalent interactions for the
triimidazole-BAM conjugate are detectable using circular dichroism and an
ethidium displacem ent assay (Lee, et a l, 1993a), it clearly does not produce
footprints, and this is a nearly identical result to that seen for CC-1065
(H urley, et a l, 1988).

H ow ever, the triimidazole-BAM conjugate clearly

alkylates few er sites th an the m onoim idazole- or diim idazole-B A M
conjugate, and the increase in the reading frame' of the lexitropsin m ust be
lim iting the num ber of sites alkylated.

A dditionally, the results of the

fo otprinting studies for the tripyrrole-BA M conjugate and tallim ustine
show that the alkylation event does not occur at all sites of non-covalent
binding.
NMR characterisations of the enediyne antibiotic calicheam icin
com p lex ed

w ith

d ifferen t o lig o d eo x y n u cleo tid es has p ro v id e d

interesting assessm ent of its non-covalent interactions w ith DNA.

an

It has

been show n th at the position of the groove binding oligosaccharide is
essentially identical in the seem ingly unrelated sequences 5 -ACCT, 5'-
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TCCT and 5'-TTTT. The cleavage selectivity of calicheamicin was proposed
to represent a new kind of selectivity that is neither AT- or GC-selective but
seem s to bind to runs of pyrim idines, w hich is possibly driven by the
flexibility that pyrim idine runs possess and m ay be able to distort readily to
accomm odate the drug (Kahne, 1995).
As m entioned in the introduction, Hoechst 33258 is a non-covalent
m inor groove binder that displays an AT-sequence specificity.

Several

complexes of Hoechst w ith oligodeoxynucleotides have been exam ined and
although there is general agreem ent on the AT-sequence specificity and
groove positioning for hydrogen bonding and van der W aals interactions
rem iniscent of that seen for netropsin, there has been some debate as to the
positioning of the non-planar piperazine ring in the groove.

Specifically,

some of the studies have show n the entire dru g molecule to fit entirely
w ithin four base pair AT binding sites, while some studies have show n that
the d rug molecule has shifted one base pair, such that the piperazine ring
overlaps into a neighbouring GC-base pair.

The m ore recent of these

studies com pared the X-ray crystal structures of Hoechst 33258 bound to an
o lig o d eo x y n u cleo tid e co n tain in g a core AAATTT sequence w ith a
previously solved drug: core AATT complex, w here the drug bound to the
central four AT base pairs (Spink, et ah, 1994). It was found that the drug
w as

p o sitio n e d

o v er

the

ATTTG

seq u en ce

in

th e

lo n g e r

AT

oligodeoxynucleotide and this was proposed to be due to the narrow er
groove w id th an d greater p ropeller tw ist of the AAATTT sequence
com pared to the AATT sequence.
A recent X-ray crystallography study of an analogue of Hoechst 33258
containing an im idazole group substituted for the piperazine com plexed
w ith the oligodeoxynucleotide d(CGCGAATTCGCG )2 highlighted groove
w id th as an im p o rtan t feature in the non-covalent b in d in g of these
stru ctu res (W ood, et ah, 1995). The groove w idth at the 3'-end of the 5'AATT b in d in g site for the oligodeoxynucleotide com plexed w ith the
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im id a z o le

a n a lo g u e

w as

n a rro w e r

th a n

th a t

se e n

fo r

th e

oligodeoxynucleotide complexed w ith Hoechst 33258. This was consistent
w ith the narrow er cross-section of the imidazole group com pared w ith the
piperazine ring, and the tighter fit into the narrow er groove was offered as
an explanation of the higher non-covalent binding affinity seen for the
im idazole analogue com pared to Hoechst (Wood, et a l, 1995).
The precise n atu re of the drug: DNA adducts at the preferred
sequences 5'-TTTTGPu cannot be comm ented on w ithout precise structural
data from either X-ray crystallography or high-field NMR. It w ould also be
difficult to speculate on w hat specific aspect of the sequence allow s for
fav o u rab le alkylation, a lth o u g h the pred o m in an ce of the stru c tu ra l
evidence w ould suggest that it m ight be due to the com bination of the
narrow m inor groove w idth of the T4 tract and a junction bend at the 5-TG
step. Indeed, there is still some debate as to the precise structural causes of
bending in DNA (Crothers, et a l, 1990; Dickerson, et a l, 1994; Sprous, et a l,
1995).

A n NMR stu d y of tallim ustine non-covalently b o u n d to the

sequence

5

'-d(CGTATACG )2 has been reported, and although the study

d em o n strated an exchange betw een tw o non-covalently b o u n d m odes,
there w as no insightful inform ation about the alkylation event (Mazzini, et
a l, 1994). Initial attem pts to characterise a covalent adduct of tallim ustine

bound to an oligodeoxynucleotide containing the 5'-TTTTGA sequence has
been unsuccessful (M. D'Incalci, personal communication). An abbreviated
oligodeoxynucleotide m ay not provide the proper DNA structure required
to catalyse the alkylation event.

Studies on N to C linked im idazole conjugates offer an interesting
com parison to the oligoim idazole lexitropsins.

Form am ido-im idazole

lexitropsins containing tw o or three im idazole units, and w ith a pm ethylene group linking the C -term inal im idazole to the rest of the
m olecule, w ere exam ined for their non-covalent interactions.

The p-
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m ethylene linked triim idazole lexitropsin strongly footprinted at GC-rich
sites of six base pairs, in contrast to the tetraim idazole analogue that did not
footprint (Wyatt, et ah, 1994b). This indicated that the inclusion of a flexible
linker in the molecule allowed for binding to six base pairs in a m anner that
overcam e the problem of curvature in the Im^ lexitropsin.

Interestingly,

how ever, BAM analogues of the N to C linked lexitropsins w ere essentially
inactive, w ith IC 5 0 values of greater than

100

|iM (Lee, et al., 1994). It is

interesting to note that although the flexibility of the p-m ethylene linker
created a com pound w ith a better non-covalent binding affinity, it did not
p ro v id e for a m ore cytotoxic m u stard analogue.

The linked BAM

conjugates, because of the flexibility of the linker, m ay not fulfil structural
requirem ents of the lexitropsin in order to strongly alkylate at the preferred
site of the BAM conjugates.

Studies to directly com pare the alkylation

specificity for the linked BAM conjugates are underw ay.
There w ould be several w ays of testing w h eth er the p rim ary
influence is either due to the question of protonation or the local DNA
structure. BAM conjugates w ith uncharged alkyl groups on the C-term inus
instead of the physiologically protonated dim ethylam ino group could be
synthesised. The sulfonate ester lexitropsins discussed in the introduction
contained the uncharged ethyl group and the m éthylation seen occurred in
the m inor groove of AT-rich sequences.

The alkyl-containing BAM

conjugates w ould rem ain uncharged until aziridinium form ation occurred,
upon which the drug molecule w ould then be monocationic. A truer half
m ustard conjugate com parison w ould be an N -chloroethyl-N -ethylam ino
g ro u p b ecau se it w o u ld p ro v id e a m uch closer estim atio n of the
aziridinium form ation and steric requirem ents in order to provide a direct
com parison w ith bis-(chloroethyl)amino derivative. It w ould be difficult to
precisely determ ine the im portance of the second chloroethyl arm as being
due to a steric requirem ent that plays a role in the alkylation event, or if the
bifunctionality plays a biological role.
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As the understanding of the m olecular basis of sequence specificity
for the variety of m inor groove binding agents increases, m ore subtle
features of DNA structure are being discovered. Indeed, the paradigm of
considering the B-DNA structure as structurally hom ogeneous has changed,
such that the DNA structure is now know n to be considerably flexible and
the flexibility is defined by local sequence conformation. This has had the
logical effect on the understanding of drug: DNA interactions.

As the

com plexity of the d ru g s and o ur u n d e rstan d in g of the drug: DNA
interactions increase, there will be more considerations to take into account
in the design of future sequence specific agents. It m ay now be possible to
design agents that recognise different structural aspects of DNA, in addition
to the AT or GC base composition of a particular sequence.

There are several draw backs to the approach of utilising m inor
groove binders as vectors to w hich DNA reactive groups can be tethered.
First and foremost, there m ust rem ain a strong rationale for the approach of
targeting reactive groups that interact w ith DNA, if a DNA binding vector is
being em ployed.

U nfortunately, literature exam ples that do not provide

such a rationale exist, for instance a protein kinase C binding dom ain
attached to a lexitropsin, w hen PKC is involved in a signal transduction
p athw ay and is located on the cell surface. One could argue against the
benefits of such a conjugation.
Extremely toxic agents that dam age DNA do not represent all past
and potentially useful chem otherapeutic agents.

The design of p rodrugs

that are activated in some m anner requires two general principles that do
not necessarily dem and producing an extremely toxic species. These are a
very large difference in toxicity betw een the prodrug and the active species,
and the requirem ent that the active m etabolite should be site-specifically
produced, be it at the site of the tum our or in the nucleus instead of in the
blood or cytoplasm of the cell. The NCI drug screening program is now
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structured so that an investigational drug is tested against a panel of some
70+ cell lines derived from different types of tum ours. The grading system
then allows for identification of new drugs that are not necessarily toxic to
all cells grow n in culture but m ay display high activity against a particular
tum our cell-line type.

C om parison of a new drug's spectrum of activity

against the panel to agents w ith a w ell-known spectrum of activity allows
for a tentative classification of the new drug's m echanism of action, and
this can now be accomplished w ith complex com puter algorithm s that aid
in the process (van Osdol, et a l, 1994).
D efinitive assignm ent of a structure-activity relatio n sh ip w hen
activity is defined as biological activity' should be restrained w here there is
no data concerning cellular uptake, nuclear concentration, and interaction
w ith non-DNA targets. More im portantly, the repair of individual lesions,
particularly complex lesions, in different regions of the genom e in living
cells rem ains largely unexplored. Damage and repair studies for a variety of
agents have been perform ed at the level of the genome, and at the level of
the gene.

Techniques to study dam age and repair at the level of a gene

fragm ent or at nucleotide resolution have only recently been developed.
C onfirm ation of the covalent sequence specificity of drugs in cells is an
im p o rtan t step in the rational design of novel DNA b in d in g agents
designed as anticancer agents. Those agents designed using m odels that are
predicted from studies w ith isolated DNA m ust be show n to bind to cellular
DNA w ith the sam e sequence specificity, or else the m odel will have no
biological significance.
In prelim inary w ork on different examples of alkylating agents, the
results are som ew hat encouraging, b u t also provide the necessary w arning
of extrapolating from isolated DNA fragm ents to the cellular DNA dam age
even t.

S tu d ies

exam in in g

the

sequence

sp ecificity

in

cells

for

m echloretham ine and cisplatin in hum an alpha-DNA, a highly reiterative
sequence 340 base pair sequence in the hum an genome, found an essentially
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sim ilar pattern of alkylation (Hartley, et a l, 1992; M urray, et a l, 1992). The
sequence specificity of adozelesin and bizelesin was examined in cells using
a ligation-m ediated PCR technique.

The alkylation p atterns in cellular

DNA for each agent were sim ilar but not identical to those seen in DNA
fragm ents (Lee, et a l, 1994). Exam ination of the nucleotide preference of
cisplatin in the N-ras gene in hum an cells revealed a binding site not seen
in isolated DNA (Grimaldi, et a l, 1994). The PBD dim er analogue AT-486
has been show n by the technique of single-strand ligation m ediated-PCR to
alkylate at the same sequence in cellular DNA as it does in isolated DNA
fragm ents (Smellie et a l, in preparation).

The sequence specificity of

alkylation for tallim ustine in cells is currently being exam ined and will be
of great interest, particularly w ith regards to the form ation and repair of
such complex lesions (personal communication. Dr. Patrizia Beccaglia).
It w ill be extrem ely im p o rta n t to d ete rm in e the b iological
consequences dow nstream of the DNA dam age event. The recognition of
the dam age and repair of these lesions by the cellular m achinery will be
crucial in determ ining the im portant and unim portant lesions form ed by a
sequence-specific drug. A highly specific lesion that is easily recognised and
rem oved by the DNA repair system s m ay not have the sam e im pact as
those lesions that are not easily recognised or repaired. The m inor groove
cross-links form ed by the PBD dim er DSB-120 were not repaired, w hereas
m echloretham ine cross-links were.

Different types of DNA lesions have

different biological consequences and an agent designed to preferentially
form cytotoxic lesions com pared to mutagenic lesions w ould presum ably be
beneficial.
The day w hen a DNA-targeted drug can be rationally designed from
scratch' for a specific m edicinal purpose, be it cancer or any other disease,
still seem s a long w ay off.

This appears due to the fact th at a full

u n d erstan d in g of the biological consequences of drug: DNA interactions
rem ains elusive.

This lack of u n d e rsta n d in g p rev e n ts a com plete

191
determ ination of structure-activity relationships, particularly if activity is
defined as 'biological consequence' or 'cytotoxicity.' Further studies on the
responses to DNA dam aging events are necessary, including those designed
to see w hether drugs are capable of producing a cell cycle block, w hat
cellular responses are induced, such as repair or apoptosis, w hether the
lesions are repaired and, if so, by w hat repair pathway.
W hat the approach offers is some insight into the process of DNA
recognition by small molecules that can covalently m odify DNA, and this
m ay have long-term im plications for the design of D N A -targeted agents.
For m olecules that target DNA, a sequence specificity can be extrapolated
from studies w ith relatively short DNA fragments that offer insight into the
recognition features of the molecules (and DNA). A better know ledge of
the particular variances in DNA structure w ould greatly aid in the rational
design of the next generation of sequence specific drugs. As the drugs grow
in complexity and the DNA targets grow in size, additional considerations
such as DNA groove w idth and local conformational features m ust be taken
into account. A m ore thorough understanding of all the local and global
variations of DNA structure is one requirem ent for the next generation of
lexitropsins, if the sequence specificity is to be further improved.
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