Colby College

Digital Commons @ Colby
Honors Theses

Student Research

2003

Flanking Sequences Modulate Diepoxide Cross-linking
Efficiencies at the 5'-GNC sSte
Gregory A. Sawyer
Colby College

Follow this and additional works at: https://digitalcommons.colby.edu/honorstheses
Part of the Chemistry Commons

Colby College theses are protected by copyright. They may be viewed or downloaded from this
site for the purposes of research and scholarship. Reproduction or distribution for commercial
purposes is prohibited without written permission of the author.
Recommended Citation
Sawyer, Gregory A., "Flanking Sequences Modulate Diepoxide Cross-linking Efficiencies at the 5'GNC sSte" (2003). Honors Theses. Paper 233.
https://digitalcommons.colby.edu/honorstheses/233
This Honors Thesis (Open Access) is brought to you for free and open access by the Student Research at Digital
Commons @ Colby. It has been accepted for inclusion in Honors Theses by an authorized administrator of Digital
Commons @ Colby.

Flanking sequences modulate diepoxide cross-linking
efficiencies at the S'-GNC site
By Gregory A. Sawyer

A Thesis Presented to the Department of Chemistry,
Colby College, Waterville, ME
In Partial FulfiIJment of the Requirements for Graduation
With Honors in Chemistry

Submitted May, 2003

Flanking sequences modulate diepoxide cross-linking
efficiencies at the S'-GNC site
By Gregory A. Sawyer

Approved:

(Mentor. Julie

Ward, Associate Professor of Chemistry)

_ _M~9J d003

(Reader. Jeffrey

~:t:Js:tan~ssor

___VV)~

of ChemIStry)

tq" ~60 3

2

Date

Date

Table of Contents
Approval Sheet

II

Ded.ica.tion

ill

2

ill

_.4

CV of Author

5

Abstract

6

List of Fi~ res

7

List of Tables

8

List of Schemes

9

IntrOOuction

a .. 41

,. • • • • • • • • • • • • • • • • • • • •

Materials and Methoos

10
27

ResuJ.ts ••••••.••........•..•..............•...••••.•••

41 • • • • • • • • • • • & • • • • •

1

40

Discussion

48

Ack:r1owledgements

52

References

53

3

Dedication
I would like to dedicate this Honors Thesis to my parents, Alan and Julie Sawyer.
They have given me so much support and guidance during my four years here at Colby,
as I could say "thank you" a million times and never feel that I had said it enough. Their
selfless acts in getting me where I am today will never be forgotten.
Over the past four years, my relationship with them has strengthened, and I now
think of my parents as two of my closest friends. However, I not only see them as
friends, but as role models. If they have taught me one thing in life, it's how to be an
amazing parent someday.

4

CV of Author
Gregory A. Sawyer graduated from Mount Blue High School in Farmington, ME
before enrolling at Colby College in the fall of 1999. During his time at Colby he has
pursued a Bachelor of Arts degree in Chemistry-Biochemistry and one in Biology.
During the summer of 2002 and the 2002-2003 academic year, Greg has been able to
work in the laboratory of Dr. Julie Millard studying the DNA interstrand cross-linking
efficiencies of the cytotoxic agents diepoxybutane, diepoxyoctane, and nitrogen mustard.
During tbe past year, Greg has been elected to the collegiate national honor society Phi
Beta Kappa and received an award in biochemistry by the American Institute of
Chemists.
When not in the classroom or the laboratory, Greg was. able to volunteer at several
area hospitals, participate in the Colby Companions program, broadcast men's and
women's basketball games on WMHB, and be a Colby Outdoor Orientation Trip leader.
As for the future, Greg will be attending medical school during the fall of 2003.
Ultimately he would like to live in New England, have a family, and practice orthopedics.

5

Abstract
Diepoxybutane, diepoxyoctane, and mechlorethamine are cytotoxic DNA cross
linking agents that vary in their carcinogenic versus chemotherapeutic potentials.
Interstrand cross-linking occurs between the N7 positions of deoxyguanosine residues on
opposite strands of the DNA duplex. Each synthetic DNA oligomer used in this study
contained four 5'-N\GN2CN3 sites (within a 32 base sequence). and we have
systematically varied the bases in the N 1 and N2 positions to determine the resulting
cross-linking efficiencies of each cytotoxic agent. Each duplex was 5' -end labeled and
incubated with cross-linking agent. Interstrand cross-links were purified through
denaturing polyacrylamide gel electrophoresis and then subjected to piperidine cleavage.
The amount of cleavage at each deoxyguanosine residue was detennined by sequencing
gel analysis and represents the cross-linking efficiency at that site. We have determined
that cross-linking efficiency varies with the identity ofN l and N2.
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Introduction
DNA Structure
DNA is a polymer ofnucleotides that is the chemical basis of heredity. Each
nucleotide unit consists of a 5-carbon sugar (deoxyribose), a nitrogenous base, and a
phosphate group. It was discovered by Watson and Crick, based on data from Chargaff
and Franklin, that DNA has a double-stranded helical structure (15). This helix shape
winds around a central axis and is held together by the hydrogen bonding interaction of
corresponding nilrogenous bases (Figure 1; 31).

Figure 1. DNA Double-Stranded Helix. The helix is held together by hydrogen bonding
be[Ween adenine and thymine. and cytosine and guanine. The distance spanned by one tum is 3.4 nm.
while the width of the heli)( is 2 nm (22).
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The nitrogenous bases are divided into two categories: purines (adenine, guanine)
and pyrimidines (cytosine, thymine). Purines are composed a six-membered and a fivemembered nitrogen containing ring that are fused together, while pyrimidines consist of
only a six-membered nitrogen contain.ing ring (Figure 2).

Pyrimidines

~o

('yNH

NyN

N1(N

0

0
Cytosine

Thymine

NH
Purines

2

0

H, :JcNI ')

2

t):>

.N

HNAN
2

Adenine

N

Guanine

Figure 2. Structure of Nitrogenous Bases. Thymine and cytosine are classified as pyrimidines.
with a six-membered nitrogenous ring. Adenine and guanine are classified as purines with a six-membered
and a five-membered nitrogenous ring.

Adenine and thymine form a base pair held wgether by two hydrogen bonds,
while the complementary pair cytosine and guanine is held together by three hydrogen
bonds. A hydrogen bond is a type of dipole-dipole interaction, in which an
electronegative atom (in DNA, either nitrogen or oxygen) has a lone pair of electrons that
it uses to attract tbe nucleus of a hydrogen atom The nitrogenous bases are attached to
the deoxyribose sugar by an N-glycosidic bond, while the sugar/phosphate backbone is
held wgether by phosphodiester linkages (22).
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Short Course on DNA Replication
DNA replication is the process by which an individual's entire genome is
duplicated by DNA synthesizing enzymes called DNA polymerases. In a famous
experiment perfonned by Meselson and Stahl, it was found that DNA replication is a
semi-conservative process (16). Semi-conservative replication means that each newly
produced DNA molecule contains one original strand from the parent and one newly
synthesized complementary strand. When the replication process is complete two DNA
molecules identical to each other and to the parent DNA molecule have been produced
(Figure 3).
Parent DNA Duplex

Parent Strand

\

1\ /

New Strand

Daughter Strands

Figure 3. Semi-Conservative DNA Replication. In DNA replication. each strand of the parent
DNA duplex is used as a template for the production of two new daughter duplexes.

DNA replication occurs during the S phase of the cell cycle, and initiates when a
DNA helicase enzyme separates the two complementary parent DNA strands. The
second step consists of DN A polymerase moving in the 3' to 5' direction of one of the
complementary strands. DNA polymerase uses the strand as a template for generating
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the "leading srrand" of nucleotides by adding the complementary nucleotides to that of
the parental strand. DNA replication can only occur in the 5' to 3' direction, and therefore
generating the "lagging strand" by a separate DNA polymerase working in the reverse
direction. This generates discontinuous segments of DNA known as Okazaki fragments,
which are then strung together by DNA ligase. This generates the complete "lagging
strand" and concludes the semi-conservative replication process (16).
A carcinogen is a substance that causes cancer, while mutagens are substances
that generate mutations in genes, which can be passed along as the cell reproduces.
These mutations sometimes lead to tbe formation of a tumor. Carcinogens are a subclass
of mutagens, as all carcinogens are mutagenic. With cancer being the uncontrollable
growth/division of cells, one possible role of anti-turner drugs is to prevent the replication
of abnormal cells. Bifunctional alkylating agents have the ability to covalently bind both
DNA strands, forming an interstrand cross-link, which would theoretically prevent DNA
replication. This prevention of DNA replication could prevent the proliferation of the
cross-link-containing cell and thereby the formation of a tumor.

Short Course on Cancer
Nationally, cancer is the second most conunon cause of death behind
cardiovascular diseases. Cancer is generally classified by three of its main properties: (a)
uncontrollable cell growth; (b) invasion of local tissues; and (c) spread to other parts of
the body. 80% of cancer cases are caused by environmental factors, including chemicals,
while the remaining 20% is split between radiant energy and viruses (23), such as the
human papllloma virus, which is known to cause cervical cancer (2).
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Chemical carcinogens function through a variety of mechanisms. Some
carcinogens, such as diepoxyoctane, are able to interact directly with DNA while others,
such as 1,3·butadiene and mechloroethamine, must be activated before exhibiting
carcinogenic behavior. In vivo, this metabolic activation of procarcinogens typically
involves enzymes such as monooxygenases and transferases (23). In the compound 1,3
butadiene, this activation occurs as a result of the monooxygenase, cytochrome P-450.
Cytochrome P-450 is a superfamily of enzymes that are primarily found in the
endoplasmic reticulum of liver cells (23, 27). This group of enzymes has a common
feature in that they all contain a heme group, and function by introducing an oxygen atom
(obtained from molecular oxygen) into a substrate, which results in a hydroxylated
product.. Cytochrome P-450 is considered to be one of the most versatile biocatalysls
known

(Q

man (9).

Once activated, the action of carcinogenic chemicals can be divided up into two
distinct phases. First, the activated carcinogen covalently interacts with DNA to form
adducts. An example of this are the DNA alkylating agents, which are defmed as
nucleophilic substances that alkylate purine and pyrimidine bases causing single-base
substitution, single- and double-strand breaks, and inter- and intrastrand cross-linkages
(9). Second, the initial mutant cells exposed to the carcinogen proliferate to form gross
tumors (Figure 4). Whh advancement of the cancer, these newly developed benign
tumors can become malignant (9). A tumor is defined as an abnormal growth of tissue
resulting from uncontrolled, progressive multiplication of cells and serving no
physiological function (26).

A tumor is forming
I

J

Figw-e 4. Tmnor FonnatioD. When cells are mutated by carcinogenic chemicals they can
proliferale rapidly to form a tumor (14).

With repeated exposure to carcinogens, a cell's DNA can undergo mutations and
other alterations to the genes that control cell growth: oncogenes and tumor-suppressor
genes. Oncogenes produce growth factors that stimulate cells to grow and divide into
daughter cells. while tumor-suppressor genes normally produce a negative growth factor
and stimulate the cells to discontinue dividing. If the mutation's generated by a
carcinogen stimulate abnormal oncogene expression or inactivation of the tumorsuppressor genes, then a tumor will develop.

1,2~,4.diepoxybu lane
1,3-Butadiene (GH6, CAS # 106-99-0) is a colorless gas, with a mildly aromatic
odor that has recently been classified (1999) as a probable carcinogen by the International
Agency for Research on Cancer (3). It is a monomer that is used in the production of
synthetic rubber, nylon., and many other polymers (35). It is created during the
production of petroleum, and is also a component of cigarette smoke, plastics, and
gasoline (13). Worldwide, approximately 12 billion pounds of butadiene is produced
annually. three billion of which come from the United States (1). This gas generally
enters the body through inhalation, and upon its inhalation it is absorbed and metabolized
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by the body to its mono- and diepoxide forms (35). MUL1genicity studies have found that
1,3-butadiene needs to be metabolically activated in order to be mutagenic (12).
1,3-Butadiene is meL1bolized by the liver cytochrome P450 to produce the DNA
reactive meL1bolites l,2-epoxy-3-butene, 1,2,3,4-diepoxybutane (DEB, I), and 3,4
epoxy-l,2-butane-diol (13) (Scheme 1). Of these oxidation products. diepoxybutane
exhibits 100 times greater mutagenicity than the other two (13). and therefore it is the
principal focus of this study. Interestingly. this compound is known by a number of other
names in the literature: l,3-butadiene diepoxide. 2.2'-bioxirane, butadiene dioxide. and
erythritol anhydride.
Scheme 1. Conversion of l,J-Butadiene to Diepoxybutane in the liver by P4S0.

I ~ Il .3--Butadiene

IV l'

,2-Epoxy-3--butene (EB)

1

P450

I<t> - <11

1,2.3.4-Diepoxybulane (DEB) (11

1~,7,8-diepo~octane

The compound 1,2,7.8-diepoxyoctane (CsHI402, CAS #2426-07-5), also known
as 1,7-ocL1diene diepoxide, is very similar in structure to diepoxybutane in that in
contains two epoxide rings and thus has the ability to serve as a bifunctional alkylating
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agent. In 1967, diepoxyoctane (DEO, 2) was found to induce mutations in the ad-3
system of the fungus Neurospora crassa at a very high frequency. At this point it was
recognized that with a length of 8.9

A(fIrst carbon to last carbon), diepoxyoctane could

certainly span the distance between the strands of a DNA duplex to serve as a crosslinking agent (28). 1,2,7.8-diepoxyoctane does not require activation because it is
already in an activated form. ready to serve as a cross-linking agent.

Mechloroethamine
The compound known as mechloroethamine (CsHIlChN. CAS # 51-75-2), a
member of the class of nitrogen mustards (HN2, 3), was one of the earliest known
effective antitumor drugs used in human cancer chemotherapy. It is believed that its
function as an antitumor drug stems from its ability to induce interstrand cross-linking in
the major groove of DNA (10). As an antineoplastic agent, nitrogen mustard is used in
coordination with other chemotherapeutic agents to treat diseases including Hodgkin's
disease. leukemia, generalized lymphosarcoma, mycosis, fungoides, and bronchogenic
carcinoma (24).

n=O; DEB (1)
n=2; DEO (2)

Figure S. Structures of Cytotoxic Agents. Diepoxybutane and diepoxyoctane both have two epox.ide
rings, but differ in the number of carbons in their hydrocarbon chain. Nitrogen muswd has a central
nitrogen atom and two pOLentialleaving groups in chloride.
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Mechloroethamine itself is not the activated cross-linking compound of nitrogen
mustard. The mechloroethamine structure must undergo a transfonnation to an activated
form. When dissolved in water, the mechloroethamine is converted, in an intramolecular
SN2-like reaction, to an activated aziridinium molecule (Scheme 2). This molecule is
relatively unstable, with the positively charged nitrogen and the ring strain. The ring
strain is a result of all three members of the three-membered ring being Sp3 (ideally 109°
angles), but all three have been put into a compound with 60° angles. The aziridinium
form does not have a long lifetime because of its susceptibility

(0

nucleophilic attack by

water, and thus nitrogen mustard is made fresh before each cross-linking reaction. In the
body, some members of the nitrogen mustard family, such as cyclophosphamide, are
converted to aziridinium in the liver by cytochrome P450 (33).

Scheme 2. Activation of mechloroethamine.

CH 3

•

",I.

VN~CI
Aziridinium

History of Mustard Gas
Mustard gas (CJig02S), also known as bis(beta-chloroethyl)sulfide, was frrst
synthesized in 1860 by Frederick Guthrie, who noticed that this newly formed compound
had very (Oxic effects on his skin. Known as a blistering agent, mustard gas causes
reddening and blistering of the skin. and if inhaled can cause this blistering internally on
such things as the lining of tbe lungs. The severity of these problems can increase
dramatically with time, causing potentially blindness or death. It is thought
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(0

have first

been used as a biological warfare agent by the Germans in 1917, during World War I.
Mustard gas was an incredibly powerful weapon, as it could penetrate any surface, and it
was very difficult to treat. It was an unstoppable weapon, as if it did not kill the victim
upon inhalation it would cause cancer later on in life. During World War I, mustard gas
was blamed for over 160,000 deaths in only a year's time (5).
As another war approached in the 1930's it was expected that chemical warfare
would again be prevalent. With the development of new poison gases came a variant of
mustard gas. This variant contained a nitrogen in place of the central sulfur atom and
was referred to as nitrogen mustard. Nitrogen mustard was found to be a more toxic
agent, but luckily, was never used in gas warfare during World War II (5). However,
during World War II scientists at Yale University studied mustard gas and found that it
damaged bone marrow and lymphatic tissue. In using mice as test subject in subsequent
studies, it was found that use of this chemical warfare agent sent many types of cancer
into remission (4). With this in mind., researchers in 1946 began to look at the properties
of nitrogen mustard as a potential anti-tumor trea1ment (11).

Mechanism of Cross-Linking
The idea of diepoxides acting as cross-linking agents was fIrst proposed in 1951
(35), and was further studied by the research team of Brookes and Lawley. Brookes and
Lawley proposed that the alkylation of guanosine occurs at tbe N7 position, and were
able to isolate and characterize tbe products of the DNA duplex interaction using
chromatography on a cation-exchange resin, and then detecting the components using
ultraviolet absorption spectroscopy (6). Through electron density models it has been
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Figure 6. Electron Density of Guanine The.'

pO_Ilion ha.

the higheq elecrron d n

11) In lh

guanine mole ul ,excluding the hydrogen bonded oxygen (30).

When DNA

1.-

xpo ed to dl

f rmation of monoadduct at

J

xlde or H 2, thi alkylation can lead to the

7 of .::-uanine and interstrand cros -links between J7

positions of guanine, on ea h strand of a du I x 34),
The mechani m f Ik, alion for DEB and diep x. octane (D£O. 3) i: a
nu Ie philic attack by Ihe N7 of QU nine n the e oxide ring, This opens up th ring an
r

L

nati n b. the

,01\' nt

strand of a duplex. this re

stabilize the molecule. v hen occurring at
ult~

in inter trand rou. -1 ink inQ (Schem 3).

20

ite on both

Scheme 3. Cross-linking mechanism for DEB and DEO.

The mechanjsm of alkylation for nitrogen mustard is a nucleophilic attack by the
N7 of guanine on the aziridinium ring. This opens up the ring and eliminates the positive
charge. For interstrand cross-linking to occur, an N7 on one strand of the duplex must
attack the aziridinium ring, forming half of the cross-link. Then, in an intramolecular
SN2-1ike reaction. the aziridinium ring refonns before being subjected to a nucleophilic
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attack by the N7 on the other strand of the duplex (Scheme 4; 32). This second anack
completes the formation of the cross-link.
Scbeme 4. Cross-linking mechanism for HN2

N
Qt~NH'
0N

N

Brookes and Lawley originally proposed that in order for interstrand cross-linking
to occur, the alkylating agent would have to be at least

sA in length., which is the

minimum distance between tbe N7 of guanines on antiparallel, complementary DNA
strands (7). With this in mind, Brookes and Lawley also postulated that interstrand crosslinking would primarily occur at 5'-GC sites, which possess this minimum N7-to-N7
distance (7). As determined through Lhe molecular modeling program MOE, the alkyl
chain of DEB spans a distance of 3.87

A,

while the HN2 activated compound aziridinium
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also has a molecular length of 3.87

A..

These two compounds clearly could not span the

minimum cross-linking distance if DNA structme was planar and rigid. However, this is
not the case, as DNA has been found to possess a much greater degree of confonnational
flexibility than was previously thought (29). It is postulated that this flexibility of DNA
al10ws for DEB and HN2 to serve as bifunctional alkylating agents at the N7 position on
guanine (35). DEO. with eight carbons in its hydrocarbon chain, does not have a problem
spanning the distance.
Each of the three cytotoxic agents discussed bas a different ultimate biological
function, and yet, through previous research, it has been discovered that all three share
the same 5'-GNC target (where N is any nitrogenous base) for cross-linking (18, 20, 35).
Within genomic DNA, differences in efficiencies of cross-linking by these agents may
arise due to effects of the bases around tbe 5'-GNC site, the so-called "flanking
sequences". Previous work within defmed sequence nucleosomes has revealed subtle
differences in the cross-linking patterns of these three agents that have been attnbuted to
flanking sequence effects (21).

Previous Work by the Millard Laboratory
The goal of the Millard laboratory is to further the understanding of the DNA
damage induced by diepoxybutane and similar compounds and the role of this damage in
carcinogenicity and antitumor potential. Learning more about the specific mode of action
of DNA cross-linking agents would be a very imponant contribution to the future
development and use of new antitumor agents.
As a piece of the Millard research group puzzle, I have focused my research
efforts on the determination of the flanking sequence effect on the 5'-GNC core. More

specifically, the goal of this research project is to determine the effects of the flanking
sequences on the cross-linking efficiency of the cytotoxic agents diepoxybutane,
diepoxyoctane, and nitrogen mustard. The DNA duplex sequence targeted by diepoxides
and njtrogen mustards is 5'-N1GN2CN3, where cross-linking occurs between the guanine
residues

OD

opposite strands of the duplex (Figure 1). The bases in the N I and N3

positions can be equivalent, in some cases, due to symmetry in the duplex. Overall, the
three flanking sequence positions, N I, N 2 , and N3, may have some effect in the cross
linking efficiency of the cytox..ic agents. and through systematic variation of the bases in
each of the positions, the cross-linking efficiencies can be measured.
Elizabeth Frederick '03 began work on this project in the summer of 200 1, and the
research that I am performing is a continuation of her dedicated work. In the N I position,
her preliminary work found that guanine induced approxi.Irultely twice as much cross
linking as any of cytosine, adenine, or thymine. In the N2 position, tbe corresponding
nucleotides adenine and thymine appeared to stimulate more cross-linking than did
guanine and cytosine.

Purpose of Project
My goal on this project was to continue on with the work of Elizabeth Frederick.
From this, I hoped to be able to have a great understanding of tbe effect of the flanking
sequences on the cross-linking efficiencies of these three cytotoxic agents at the 5'-GNC
site.
The experiment was broken up into two phases. The ftrst pbase consisted of the
cross-linking experiments, with a goal of determining the cross-linking efficiencies of the
three cytotoxic agents. A basic schematic of the protocol can be seen at the end of this

section (Scheme 5). The second phase consisted of cross-linking time trials, with a goal
of determining the appropriate amount of time needed for the DNA duplex to be
subjected to cross-linking agent for "single-hit alkylation". The experimental procedure
for these two phases are very similar, except for the cross-linking time trials, the
oligonucleotide needed to be purified because of the small amount of undeprotected DNA
that can co-migrate with the cross-linked fragments. This purification does not need to
occur in phase one because piperidine cleavage eliminates this possible "contamination"
of the cross-linking bands.
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Scheme 5. Protocol for the first phase of this experiment.
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Materials and Methods- Phase One
DNA Duplex Preparation/Storage
The synthetically produced oligonucleotides (Figure 7) were purchased from
Integrated Technologies, Inc. (Coralville, lA). Each 51 and 52 oligonucleotide, upon
arrival, was dissolved in sterile H20 to produce a I OD/~ concentration, and 5 OD's
was aliquoted into as many microcentrifuge tubes as necessary_ Each was stored at

~200C

until needed.

N2 Variance
51

5'·AACAATGAClTfTGTCTATTGGCTTATGCCTTT-3'

52

3'-ITACTGAAAACAGATAACCGAATACGGAAAT AA-S'

N1 Variance
51

5'-CAATGACAAACGACGTAGGACCATAGACTTAG·3'

52

3'-GTTACTGTTTGCTG CATCCTG GTATCTGAATC-5,

Figure 7. DNA sequences used in trials. These oligonucleotides were produced by Integrated
Technologies, Inc. with variance in the N1 position and the Nt position.

Radiolabeling
After dissolving DNA in TE Buffer (10 mM Tris CL I mM EDT A, pH 5.5) to
achieve a concentration ofO.l OD/t-tL, 0.5 00 aliquots were placed into separate
microcentTifuge tubes and subjected to 5'-end radio labeling. Into each tube was added
lOX Buffer (T4 PNK buffer) (2 ~), )'_32p ATP (2 ~), and
volume to

20~.

d.H20 to bring the total

After briefly spinning, T4 polynucleotide kinase (1

~)

was added,

mixed with the tip (no vortexing), and each tube was incubated (37°C, 30 min).
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Ethanol Precipitation
After incubation, to each sample was added 1I1Otb volume (2 ~) 3 M NaOAc
(pH 5) and at least 2 volumes of 100% ethanol. The sample was chilled at -2ife (20
minutes) and centrifuged (4°C, 15 minutes, 12,000 RPM). The ethanol was removed and
70% ethanol added (200 ~), followed by chilling (10 minutes) and centrifugation (6
minutes). The 70% ethanol was removed and the samples were lyophilized to dryness.

Annealing/C ross-lin king
Three microcentrifuge tubes were specified for each treatment. To DEB and
DEO reaction samples was added TE buffer (93 ~ and 91 ~ respectively), and to HN2
reaction samples was added sodium cacodylate buffer (40 mM, pH 8) (79.7 ~).
Samples were dissolved via vortexmg, and 0.56 OD's of complementary strand was
added to each. Samples were incubated (65°C, 15 min) and cooled at room temperature
(15 min) to achieve duplex formation. To appropriate reaction samples was added DEB
(2 j.lL), DEO (4 j.lL), and HN2 (5.3 j.lL). HN2 stock was prepared fresh by adding
mechloroethamine (0.015 g) to cacodylate (1 mL), removing 10 j.lL of this sample and
adding to cacodylate (1 mL). Reaction samples were then incubated (37°C, 45 min). In
their respective cross-linking solutions, the concentration of DEB and DEO was 250 mM,
while HN2 had a concentration of 50

J-M.

Plate Preparation
Corresponding plates (one slightly larger than other) were washed with soap and
water. followed by a cleaning with GELPLATE-clean (Geno Technology, Inc.) and
dH2 0. Sigmacote was applied to larger plate evenly and allowed to sit for approximately
2 minutes, followed by a dH20 wash. Plates were pUl together, with spacers in between,
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and clipped down the sides, leaving about 6 inches unclipped at the bottom. Tape was
applied along bottom of plates to seal off space and clips were added to each side until
reaching the bottom.

Cross-linking (20%) Denaturing Polyacrylamide Gel Preparation
Gel was prepared by dissolving acrylamide (19 g), bis-acrylamide (1 g), and urea
(49.5 g) in lOX TBE buffer (0.87 M Tris, 0.89 M Boric acid, 25 roM EDTA) (10 mL)
and dH20 (20 mL). Solution was brought to 100 mL with dH20 and filtered. 20%
ammonium persulfate (APS) (350 j..tL) was added to solution, and approximately 5 mL
was removed into separate beaker. To this aliquot was added N,N,N',N'
tetramethylethylenediamine (TE.MED) (5 j..tL), and solution was squirted down sides of
prepared plate, with a pasteur pipette, as a plug. Once the plug polymerized, TEMED (35
~)

was added to the bulk solution and the gel was poured. Comb was inserted, the top

of the plates was covered with Saran Wrap, and the comb was clipped to plate. The
plates were leveled, and the gel was allowed to polymerize for at least 60 minutes. Once
polymerized, the gel was pre-run (60 W) on a Hoefer Poker Face sequencer, with IX
TBE buffer, for at least 60 minutes.

Cross-linking denaturing Polyacrylamide Gel Electrophoresis (dPAGE)
Reaction samples were ethanol precipitated (as above) and each was dissolved in
5 M urea/O.I% xylene cyanole solution (10 j..tL) with vortexing and incubation (37°C, 10
min). Samples were loaded onto a 20% denaturing gel and run at 55 W (10 em). After
completion of run, the plates were separated leaving the gel on the smaller plate. The gel
was covered with Saran Wrap and put down with film in the darkroom for at least 2 hr to
reveal cross-linking bands (Figure 8). For development of the film, the film was placed
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Elution buffer (500

~)

was added to gel-containing rnicrocentrifuge tubes and incubated

(37°C, 10 min). From this was removed eluant (750 ).IL), which was added to spin filter
containing microcentrifuge tubes, and spun (4000 RPM, 3 min). All spin filtered samples
were ethanol precipitated (as above), and glycogen (l

~)

was added with 3 M NaOAc to

aid in precipitation. In the second step of ethanol precipitation, the two rubes for each
sample were pooled together by adding dH20 (300

~)

to first tube, followed by

vortexing and incubation (37°C, 10 min). 100% ethanol (800

~)

was added to second

tube, and the two tubes were pooled together into one microcentrifuge tube. The samples
were then chilled (10 min), centrifuged (4°C, 12,000 RPM, 6 min), the ethanol was
removed, and the samples were lyophilized to dryness.

Piperidine Cleavage
A 10% piperidine solution was prepared fresh in dH 20, and 100

~

was added to

each sample. The samples were incubated (900C, 30 min), lyophilized to dryness, and
dissolved well in dH20 (40
(40

~).

Samples were lyophilized to dryness, dissolved in d.fuO

J.!L), and lyophilized again.

Sequencing (25%) dPAGE
The gel was prepared by dissolving acrylamide (23.75 g), bis-acrylamide (1.25 g),
and urea (49.5 g) in lOX TEE buffer (10 mL) and dH 20 (20 mL). The solution was
brought to 100 mL with dH2 0 and filtered. 20% APS (350 IJL) was added to solution,
and approximately 5 mL was removed into separate beaker. To this aliquot was added
TEMED (5 J!L), and solution was squirted down sides of prepared plate, with a pasteur
pipette, as a plug. Once the plug polymerized, TEMED (35

JJL) was added to the bulk

solution and the gel was poured. Comb was inserted, the top of the plates was covered
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with Saran Wrap, and the comb was clipped to plate. The plates were leveled. and the gel
was allowed to polymerize for at least 60 minutes. Once polymerized, the gel was pre
run (65 W, 50°C) on a Hoefer Poker Face sequencer, with IX TBE buffer, for at least 60
minutes. Reaction samples dissolved in 5 M urea/O.l% xylene cyanole solution (10

~)

with vonexing and incubation (37°C, 10 min). Samples were loaded onto a 25%
denaturing gel and run at 60 W (50°C, 9 cm). After completion of run, both plates were
separated from gel and the gel was then covered in Saran Wrap. The gel was put onto
filter paper and dried for 45 minutes with heat (5erC) and 45 minutes without heat. The
gel was put in a cassette (containing an intensifying screen) with film, and then placed in
freezer (-20°C) for developing overnight.

Phospho rimagery
After development of the film, the gel was put in a sample exposure platform to
prepare it for phosphorimagery. After several days, the exposed plate was scanned by a
Bio-Rad Molecular Imager System to generate a computerized image of the gel which
was then used to compare the band color density for each of the fragments generated by
piperidine cleavage (Figure 9).
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Ethanol Precipitation
Ethanol precipitation is a very widely used technique to concentrate DNA and
precipitate it out of a solution. This precipitation occurs at low temperatures when in the
presence of moderate concentrations of monovalent cations. The positively charged
cations interact with the negatively charged DNA backbone forming a precipitate. which
can then be collected through centrifugation. This precipitation method is also very
effective at stopping a reaction by removing the DNA from solution, such as stopping the
cross-linking reaction.

Importance of Cross-linking Exposure Time
With the cytotoxic agents known to cross-link duplex DNA at the sequence 5'
GNC site through distal deoxyguanosine residues (3.5), the length of time that the
oligonucleotides are exposed to cross-tinker is very important. Ideally there will be a
phenomenon known as "single-hit alkylation", where each DNA duplex is only alkylated
at one site. This phenomenon allows for the cross-linking frequency of each sequence to

be determined. If more than one site. due to an extended exposure to the agent, is
alkylated on each duplex, then the frequency cannot be accurately detennined. The ideal
time of exposure is approximately 45 minutes for DEB, but it has not yet been
detennined for DEO and HN2.

Denaturing Polyacrylamide Gel Electrophoresis
Polyacrylamide gel electrophoresis separates molecules based OD their charge to
mass ratio. With DNA having a uniformly negative charge by nature, by providing a
separation of charge the DNA migrates to the positive charge, with the heaviest
molecules traveling the least distance (2.5). Polyacrylamide form gels with very
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consistent pore size, allowing for the separation of molecules with very small differences

in molecular weight. Acrylamide forms very small pores and is useful in the separation
of DNA oligonucleotides of 100 base pairs or less. The size of the pores in the gel is
directly related to the ratio of bis-acrylamide to acrylamide, as well as the overall
percentage of acryJamide. The use of urea makes the gel denalUring to DNA, which
means turning the double-stranded DN A molecules into single strands (under normal
conditions). However. DNA that is covalently cross-linked is not separated into single
strands.

Piperidine Cleavage
Piperidine cleavage is used to cleave sites of N7 alkylation on DNA strands.
Piperidine displaces the alkylated nitrogenous base from the DNA deoxyribose
phosphate backbone, and then catalyzes a ~-elimination of phosphate groups from the
DNA backbone, resulting in cleavage of the DNA strand. The end result of this cleavage
is a 5' -end radiolabeled DNA fragment and an unlabeled fragment (17). Only the
radiolabeled fragment is visualized on the separation dPAGE when the gel is imaged on a
phosphorimager.

Phosphorimagery
The Bio-Rad Molecular Imager system forms digital images based upon
radioactivity detected on a storage phosphor imaging screen cassette. The imaging
screen contains storage phosphor particles that are very sensitive to radioactive emissions
from decay ofr_32p particles. This generates an image on the screen that can be
converted to a digital image on the computer by scanning with an infrared laser. This
image can then be manipulated to extract data.
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Materials and Methods- Phase Two
Plate Preparation
Two matching sets of gel electrophoresis plates were obtained and washed with
soap and water, followed by a cleaning with GELPLATE-clean (Geno Technology, Inc.)
and dH20. Each set was put together using thick spacers, and clipped all the way around
the perimeter of the plates.

Prep Gel Preparation
Urea (50.4 g), 40% (37.5:1) acrylamide (60 mL), lOX TBE (12 mL) were
dissolved with heating and stirring. 20% APS (600

~)

and TEMED (80 IJL) were added

to the solution and two gels were poured. Inserted a thick comb and allowed the gels to

polymerize (60 min). The gels were pre-run (400 V, -60 rnA) .with IX TEE buffer for at
least 60 minutes.

Sample Preparation and Gel Electrophoresis
TE Buffer (20

~)

was added to 2 Sl and 2 ~ oligonucleotide-containing tubes,

followed by vortexmg and incubation (37°C, 10 min). The 2 Sl and 2 S2 tubes were
combined into one for each strand. Forrnamide dye (40 ~) was added to each tube,
followed by vortexing, incubation (37°C, 10 min), and brief centrifugation. The Sl
sample was loaded onto one gel, and the S2 sample was loaded onto the other and both
were run at 400 V (7 em). Upon the completion of the run, the gels were removed from
the electrophoresis apparatus and put onto a fluorescent plate to view the DNA band
using an ultraviolet light source. The DNA band was excised for each gel, put into 5
microcentrifuge tubes for each sample with elution buffer (1.5 mL), and vortexed
overnight.
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DNA/Gel Separation
The samples were centrifuged (12,000 RPM, 15 min) and the eluant was removed
into new microcentrifuge tubes. Elution buffer (1.5 mL) was added to tubes still
cODtaining gel, followed by vortexing (30 min), and centrifugation (l2,OOO RPM, 15
min). The eluant was removed and added to the tubes containing previously collected

eluants. Two Sep-Pak columns were obtained and 100% acetonitrile and dH20 were run
through them. SI sample was added to one of the columns and the 52 sample was added
to the other. The DNA eluant addition was followed with an N&OAc and dH20 rinse,

and then 25% acetonitrile was added to the columns. The 25% acetonitrile wash (1.5
mL) was collected into 2 microcentrifuge tubes for each sample. The samples were then

lyophilized to dryness.

Optical Density Detennination
TE buffer (20 !JL) was added to the tube containing less DNA for each strand and
the DNA was dissolved via vortexing and incubation (37°C, 10 min). The two tubes for
each strand were combined into one and then the sample was allowed to completely
dissolve with vortexing and incubation (37°C, 10 min). I

~

of each strand was removed

and added to dH20 (1 mL). The absorbance was measured at 260 run to get the OD's/~
for each sample.

Radiolabeling
The data obtained from the absorbance measurement was used to determine the
amOUDt of each strand needed for 0.5 OD's. One of the strands (SI or S2) was
radiolabeled by aliquoting the appropriate amount (0.5 OD's) into microcentrifuge lubes
and adding lOX Buffer (T4 PNK buffer) (2 ~), y- 32p ATP (2 !JL), and dH20 to bring the
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total volume to

20~.

After spinning, T4 polynucleotide kinase (1

~)

was added,

mixed with the tip (no vonexing). and each tube was incubated (37°C, 30 min).
Following incubation, the tubes were ethanol precipitated and then annealed to the
appropriate amount of the complementary strand (0.5 OD's). To the DEB and DEO
reaction samples was added TE buffer (to bring total volume of tube to 98

~

and 96

~

respectively), and to HN2 reaction samples was added cacodylate (to bring total volume
of tube to 90

~).

The samples were incubated (65°C. 15 min) and then set at room

temperature (15 min).

Cross-linking Time Trial
At Lhis point, the samples were divided into two separate experiments (three in
each), with one sample a control and having no cross-linker added to it. In experiment
one, the appropriate amount of cross-linking agent (DEB=2
~)

~,

DEO=4

~,

HN2=5.3

was added to the samples. The samples were then incubated (37°C). After 30

minutes, 45 minutes, 60 minutes, and 90 minutes, 20

~

of each sample was removed

and ethanol precipitated immediately. The control sample was also ethanol precipitated.
The samples, including the controL were dissolved in 5 M urea/D. I % xylene cyanole
solution (10

~)

with vonexiog and incubation (3rC, 10 min). The samples were tben

loaded onto a pre-run 20% denaturing polyacrylamide gel and run at 55 W (10 em). The
gel was dried on a speed vacuum dryer and phosphorimaged.
In the second experiment, the appropriate amount of cross-linking agent (DEB=2
~,

DE()=4

J1l"

HN'2=5.3

~)

was added to the samples. The samples were then

incubated (37°C). After 45 minutes and 90 minutes, a 40 Ill. aliquot was removed from
each and ethanol precipitated immediately. These samples were then subjected to

38

piperidine cleavage and later dissolved in 5 M urealO.l% xylene cyanole solution (10

~)

with vortexing and incubation (37°C, 10 min). The samples were loaded onto a pre-run
25 % denaturing polyacrylamide gel and run at 60 W (50°C, 9 em). The gel was dried on

a speed vacuum dryer and phosphorimaged.
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Results
Flanking Sequence Experiment
The concentration of mechlorethamine used for DNA duplex cross-linking was 50
~

while the concentrations for DEB and DEO were both 250 mM in solution. This is

necessary because nitrogen mustard is a much more efficient cross-linker than are the
epoxides (l8. 20). When the annealed duplexes were subjected to the necessary amount
of cross-linker, this generated cross-linked duplexes, monoadducts, and other
unnecessary break-down products. The cross-linked duplexes have the largest molecular
mass, and thus travel the least distance. This clearly separates them from the remainder
of bands on the 20% gel (Figure 8), making for an easy extraction in the gel separation
ponion of the experimental procedure. One monoadduct is used for each drug treatment
because monoadduct formation is relatively random (20). and this serves as a good
control comparison on the 25% gellhat separates cleavage products.
Phosphorimagery of the 25% sequencing gel of the samples generally revealed
very clear-cut band patterns (Figure 9). Piperidine cleavage is a very effective tool for
cutting DNA at N7 alkylated sites. Each image revealed at least four solid bands
corresponding to a particular 5'-GNC site. The only potential problem is the appearance
of other bands for cross-linked guanine residues. As an example, in the N2 variation
nucleotide, one site of study contains the sequence GGC, which has two potential
guanines available for cross-linking (Figure 7). This slightly complicated the
determination of which bands correspond to which ONC site. but it was done using a
comparison of total molecular mass and distance traveled on the polyacrylamide gel.
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Also, previous work on this subject has shown that the S'-GGC site is preferred over the
S'-GC site (21).
A sample N 1 phosphorimaged gel contains three sets of data: HN2, DEB, and
OEO (Figure 10). Each set of data contains infonnation from the cross-linked samples
(XL) and the monoadduct samples (M). Moving from the top of the gel to the bottom,

there are many bands present, separated out according to molecular mass. Looking at the
DNA sequence for the oligonucleotide with N 1 variation (Figure 7), the appropriate 5'
N,GNC bands can be located for analysis (Figure 11). For this oligonucleotide, the 5'
N\GNC fragment that will travel the furthest is TGAC (4), followed by CGAC (3),
GGAC (2), and AGAC (1).

DEO

mmll

Figure 10. Sample Nt variation Sequencing Gel
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In the data analysis, small rectangular boxes (of equivalent size) were drawn
around the bands to be analyzed and this area was integrated to produce a table set (Table
1). The Molecular Analyst program assigns a pixel density to the band, and uses this

value to compare the bands to one another. From this data set, the real useable value is
the % volume, which can be used as a unit of comparison amongst the four bands. In this
sample gel, the % volume determined is for a

cross~linked

sample of nitrogen mustard. It

shows adenine (-35%) to modulate cross-linking more efficiently than guanine (-30%).
thymine (18%), and cytosine (-17%).

...

Figure 11. Analysis of Sample Nt VariatoD Sequencing Gel. In a cross-linking lane of nitrogen
mustard, comparison of the band intensities reveals in the N 1 position, A.>G>T-CO In this depiction, lhe

5'-N 1GNC fragment that will cravellhe furthest is TGAC (4), CGAC (3), GGAC (2), and
AGAC (1).
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Table 1. Molecular Analyst Data for Nt Variation HN2 Cross-Linked Sample.

A sample N2 phosphorimaged gel also contains three sets of data: HN2, DEB, and
DEO (Figure 12). Each set of data contains information from the cross-linked samples
(XL) and the monoadduct samples (M).

DEB

mml!

DEO
m~1I

---
Figure 12. Sample N 2 Variation Sequencing Gel.

43

Looking at the DNA sequence for the oligonucleotide with N2 variation (Figure
7), the appropriate 5'-GN2C can be located for analysis according to the understanding
that larger DNA fragments travel further during gel electrophoresis (Figure 13). For this
oligonucleotide, the 5'-GN2C fragment that will travel the furthest is GAC (4), GTC (3),

GGe (2), and GCC (1).
The analysis for the N2 oligonucleotide is the same as that of the Nt
oligonucleotide. In this sample gel, the % volume determined is for a cross-linked
sample of diepoxybutane (Table 2). It shows adenine and cytosine to have a near
equivalent percent volume (-28%), which is greater to that of thymine and guanine
(-22%).

Figure 13. Analysis or Sample N2 Variaton Sequencing Gel In a cross-linking lane of diepoxybutane,

comparison of the band intensities reveals in the N 2 position. A-C>T -G. In this depiction. the 5'-GN~
fragment that will travel the furthest is GAC (4). GTe (3), GGC (2), and Gee (1).
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Table 2. Molecular Analyst Data for N1 Variation DEB Cross-Linked Sample.

Flanking Sequence Experiment Analysis
The N, flanking sequence experiments were perfonned during the 2002-2003
academic year and returned mixed results. There were 12 trials performed for DEB, 11
for OED, and 10 for HN2 (Table 3). For each N,GAC site, the average % volume was
calculated for all the trials, and from this a standard deviation was detennined. For all
four sites and all three drugs, the standard deviation values are quite low and very
acceptable. However, there seems to be no significant differences between very many of
tbe sites for any of the drugs. For DEO there is no significant difference between any of
the four sites. For DEB, thymine clearly stimulates cross-linking more efficiently in the
N I position than do cytosine, guanine, and adenine. From this data, these three bases
have no significant difference between one another in their effect on cross-linking. For
HN2, taking standard deviation into consideration, guanine has an approximately
equivalent effect on cross-linking in the N 1 position as does adenine. Both of these
nitrogenous bases have a greater effect than does thymine or cytosine.
The N2 flanking sequence experiments were perfonned during the summer of
2002. There were 10 lTials performed for DEB, 14 for DEO, and 17 for HN2 (Table 3).
For each GN 2C site, the average % volume was calculated for all the trials, and from this
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a standard deviation was determined. The data generated for DEB looks very promising.
The guanine and cytosine residues have an approximately equivalent effect on cross
linking, and this effect is greater than that of adenine and thymine, which are also
approximately equivalent with one another. The data for DEO and HN2 is not nearly as
useful as that of DEB. As for the N1 position, there is no significant difference between
any of the N2 nucleotides for DEO. With HN2 it appears that, taking standard deviations
into account, adenine and cytosine have an approximately equivalent effect on cross
linking, and this effect is greater than that of thymine and guanine.

Table 3. Compilated data for the cross-linking efficie.ncies of DEB, DEO, and HN2 for various
nitrogenous bases in the Nt and N1 nanking position.
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Time- Trial Experiments
The goal of the time trial experiments was to determine the ideal amount of time
tbat a DNA duplex should be subjected to each cross-linking agent for "one-hit
alkylation". The need for this experiment was evident when tbe amount of cleavage at
each site seemed to be equivalent, which could be a result of over-alkylation by the cross
linker. Unfortunately, the time trial experiments were unsuccessful, most likely due to
laboratory errors. In several trials, the dye still remained in the wells, as a result of the
DNA not rwming through tbe gel or the dye not doing its job. Therefore, the 5 M

urea/D. I % xylene-cyano Ie dye was remade, as well as new 1X TBE and new LOX TBE.
Unfortunately by the time that these corrections were made, the semester was nearly
over, and tbere was no longer time for more trials of this sort. However, this
determination of the time necessary to achieve "one-hit alkylation" should be a major
priority in the Millard research group.
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Discussion
Very little work has ever been done with the possible effect of flanking sequences
on DNA interstrand cross-linking. especially with diepoxybutane, diepoxyoctane, and
nitrogen mustard. There have been two studies on the effect of flanking sequences on
cross-linking. The first was done with the cross-linking agent mitomycin C, which cross
links deoxyguanosine residues preferentially at duplex 5'-CG sites. It was found that the
identity of the neighboring residues has a significant impact on the reactivity of the 5'-CG
sites (19). The second experiment was done with the cross-linking agent c1S
diamminedichloroplarinum(ll). This compound functions by forming 1,2-intrastrand
cross-links of adjacent deoxyguanosines at the N7 position. It was found that flanking
sequences played no role in the formation of cross-links with this compound (8).
Therefore, our group is doing ground-breaking work with our three cytotoxic
agents. Looking at the results obtained during the many trials performed both in the
summer of 2002 and the 2002-2003 school year, very little can defInitively be concluded
at this point. Looking at the data obtained in Table 3. including both the Nt and N2 DNA
sequences only the DEB for the N2 variation presents seemingly appropriate data.
Looking at the model DNA duplex sequence (Figure 14), for the N2 oligonucleotide there
should be an approximately equivalent effect on cross-linking for complementary base
pairs: adenine and thymine, cytosine and guanine. This is the case in the DEB data,
where in ten trials, the cytosine and guanine have a very similar cross-linking effect,
which is greater than that of adenine and thymine, which are also nearly identical. The
data is not as good for DEO and HN2 where there are no similarities in the effect of
complementary bases on cross-linking. However, wnh the promising results obtained for
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DEB, it appears as though the N2 position plays a significant role in the cross-linking
efficiencies of interstrand cross-linking agents.

5'

N1 G N2 eN 3 3'

3'

N 1 C N2 G N3

5'

Figure 14. Model DNA Duplex. This model DNA duplex contains three potential flanking sequences of

For the N 1 oligonucleotide, looking at the model DNA duplex sequence (Figure
14), the similarity between complementary bases should also exist. In some cases the N 1
position can also be equivalent to the N 3 position, due to symmetry. However, the data
for the N 1 variation is very inconsistent despite at least ten triais being performed for all
three cross-linking agents. This result is perplexing, but these trials should continue in
order to verify that the data is appropriate. At this point, it might be safe to assume that
variation in the N l position plays a minor role in cross-linking efficiencies.
5'-end labeling of the DNA strands with y)2 p ATP works very effectively in this
experiment. As mentioned earlier, 3'-end labeling is also a viable option, but one that has
not been used during my time on this project because of the convenience of 5'-end
labeling. With radioactivity the on!y method of DNA detection and quantification in this
experiment. it is very important to work efficiently but without loss of counts. The
radioactivity levels throughout the experimental trials were monitored using a GeigerMuller counter.
The cross-linking time used in the majority of these trials was 45 minutes, for
both the N I and N2 runs. Since DEB provided very solid data and seemingly appropriate

49

amounts of alkylation with the N2 oligonucleotide, its 45-minute cross-linking time was
never varied. However, with this same oligonucleotide for DEO and HN2, the amount of
time subjected to the cross-linking agent was varied. For much of the summer, it
appeared that the DEO was over-alklyating the DNA duplex, resulting in aU four 5'
GN 2C sites showing equivalent amounts of cross-linking. Therefore for several of the
later trials, the cross-linking time was reduced to 30 minutes. This random altering of the
cross-linking time is inefficient and ineffective in determining the ide3l time for "one-hit
alkylation". This is the reason that it is very important for the success of this experiment
that the time trial studies are continued and are successful.
Gel electrophoresis is very effective for purifying the cross-linked DNA.
However, in the process of separating the DNA from the gel there must be some loss of
DNA. This loss is generally unavoidable and should not have a serious impact on the
results.

Future Work
This determination of the effect of flanking sequences on the cross-linking
efficiencies of diepoxybutane, diepoxyoctane. and nitrogen mustard is a work in progress.
There are many factors that need to be taken into consideration before drawing fmal
conclusions on a project such as this. The oligonucleotides are designed to contain four
test 5'-GNC sites. However, for a definitive conclusion to be made in regards to which
flanking sequences modu late cross-linking more efficiently, the order of the four test sites
must be mixed up within the oligonucleotide to take into account any end effects. For the
flanking sequences that I bave been able to work with, N I and N2, this would take many
more trials to be able to take these effects into consideration. On top of this, the ultimate
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sequence targeted by diepoxides is 5'-N\GN2CNJ . To date in the Millard Research group
no work has been done with the N 3 site and this would have to be included in a full, all
inclusive determination of the flanking sequence effects.
Ultimately, with the completion of this project, the Millard Research group will
be the first to have determined the effects of flanking sequences on the cross-linking

efficiencies of DEB, DEO, and HN2. This will be another step in the right direction
toward the understanding of the mechanisms of action of these potential antitumor drugs.
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