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Abstract

Bioreductive agents are an important class of anti-cancer dmgs. The prototypicd
agent for this class of compounds is Mitomycin C, MMC. MMC is an agent used in the
treatment of breast, gastrointestinal, non-small ce11 lung, and head and neck tumors. These
agents are pro-dmgs that require intracellular reduction by enzymes, such as
NADPH:cytochrome P-450 reductase and DT-diaphorase in order to display maximal
activity. The level of DT-diaphorase activity is higher in many solid turnors in cornparison
to normal tissue. Bioreductive agents that are activated by DT-diaphorase may be used to
target tumors high in DT-diaphorase activity. Additionally bioreductive agents are generally
more toxic under hypoxic conditions, which may result fiom more efficient activation by
NADPH:cytochrome P-450 reductase. Agents that are activated by NADPH:cytochrome P450 reductase may be effective for the treatment of hypoxic regions of turnors when used in

combination with radiation.

The role of functional groups in modulating bioreductive d m g activation by either
DT-diaphorase

or

NADPH:cytochrorne

P-450

reductase

was

studied.

2-

(Di(chloroethyl)amino)-1,4-benzoquinone, BM was used as a mode1 bioreductive. Three
analogs of BM were studied: 5-methoxy-2-(di(chloroethy1)arnino)- 1,4benzoquinone
(MBM);

5-chloro-2-(di(chloroethyl)amino~1,4-benzoquinone

(CBM);

6-phenyl-

2(di(chloroethyl)amino)-1 ,CbenzoqUinone (PBM). MBM was chosen to illustrate ihe eEect
of an electron releasing group, CBM was chosen to illustrate the effect of an electron

withdrawing group, while PBM was chosen to illustrate the effect of a stencaiiy b u w group.

The cytotoxicities of the BM analogs were measured in H661 ceus, a human non-smdl ceil
lung carcinoma cell line and in SK-MEL-28, a human melanoma ce11 line, in the presence
and absence, of dicournarol, an inhibitor of DT-diaphorase. These studies have illustrated

that BM and CBM may be inactivated, while MBM may be activated by DT-diaphorase.
Addtionaily, PBM may not be dependent on DT-dïaphorase activity. H66 1 cells were found
to have five times higher NADPH:cytochrome P-450 reductase activity than SK-MEL-28.
Using dicoumarol to inhibit DTdiaphorase activity, a comparison of the cytotoxicities of the

BM analogs in H661 versus SK-MEL-28 cells illustrated that PBM may be activated by,
while CBM may not be dependent on the activity of NADPH:cytochrome P-450 reductase.
The role of a methoxy group in reversing the effect of DT-diaphorase on the
cytotoxic activity of BM and MBM was studied. MBM had a less negative fust and second
redox potential, and was reduced more slowly by DT-diaphorase, in comparison to BM.
Addtionally, MBM may, while BM may not be able to resxidize. Two theories are
suggested to explain the overali effect of each of these differences in reversing the effect of
DT-diaphorase on the cytotoxic activity of MBM and BM.
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Introduction

Bioreductive Agent.

Overview

Bioreductive agents are a relatively new class of anti-cancer chemotherapeutic prodrugs that are activated via intracellular enzymatic reduction (Moore, 1977).

The

prototypical agent is Mitornycin C, MMC. MMC is an anti-tumor antibiotic, which first
gained attention as an anti-neoplastic agent in the 1960's (Crooke and Bradner, 1976). Initial
clinical trials in Japan showed an overall response rate of 37%, as reviewed by Frank and
Osterberg (1960).

Since this study, dinical use of MMC as a single agent and in

combination therapy has continued (Hortobagyi, 1993; Coia, 1993; Folman, 1993; Schnall
and Macdonald, 1993). MMC is widely used in the treatment of breast (Hortobagyi, 1993),

gastrointestina1 (SchnalI and Macdonald, 1993), non-small-ce11 lung (Folman, 1993) and
head and neck tumors (Coia, 1993). In general?studies using MMC as a single agent have

produced an overall response rate of 1M O % (Crooke and Bradner, 1 976), while combination

with other agents has generally produced higher response rates (Hortobagyi, 1993; Walters
et al., 1992; Coia, 1993; Folman, 1993; SchnalI and Macdonald, 1993). The response rate

is limited by the dosage of MMC which c m be used. Higher doses of MMC c m result in

the development of leukopenia and thrombocytopenia (Crooke and Bradner, 1976).
Leukopenia and thrombocytopenia are a result of bone rnarrow suppression (Crooke and
Bradner, 1976). The overall response rate and bone marrow toxicity increases with

increasing dosage of MMC (Crooke and Bradner, 1976).
Bioreductive anti-tumor agents can be activated by a number of inûacellular enzymes

and the mechanisms involved have been extensively studied (Rockwell et al., 1993; Ross er

al., 1993). These agents c m be activated by one-electron reducing enzymes such as
NADPH:cytochrome P 4 5 0 reductase (Pan et al., 1984; Keyes et al. 1984), xanthine oxidase

(Pan et al., 1984; Pritsos et al., 1986) and NADH:cytochrorne b, reductase (Hodnick er al.,
1993), and by two-electron reducing enzymes such as NAD(P)H:(quinone accepter)

oxidoreductase (DT-diaphorase)

(Siegal et al., 1992) and xanthine dehydrogenase

(Gustafson et al., 1992).
The structures of presently developed bioreductive agents are based on one of three
principle reductive elements: a quinone, a nitro group and an N-oxide (Figure 1-1).
Reduction of each of these reductive elements by one- and two-electron reducing enzymes
can directiy contribute to the cytotoxicity of a bioreductive anti-tumor agent.

Reduction of a quinone, nitro group, or N-oxide reductive element by a one-electron
reducing enzymes generates the corresponding fiee radical states: semiquinone, nitro radical

anion, or nitroxide r a d i d , respectively. Because of their thermodynamic potential, the Free
radical states of each of the reductive elements are considered extremely reactive and may
undergo one of several reactions (Tmh et al., 1982). They can add across double bonds, or
abstract hydrogen fiom other molecules ( T m h et al., 1982). Each of these reactions may
serve to degrade cellular components, such as proteins, lipids and DNA, and is thus
considered cytotoxic.

The free radical states of the reductive elements may oxidize to the original fuily-

oxidized state by activating molecular oxygen to a univalent superoxide anion (Kappus,
1986). The superoxide anion can rapidly dismutate to fonn hydrogen peroxide (Kappus,
1986). A metal catalyzed reaction of superoxide anions and hydrogen peroxide c m produce

extremely reactive hydroxyl radiais (Kappus, 1986). Of the oxygen f i e radicals produced,
the hydroxyl radicais are the most reactive (Kappus, 1986). Similar to the fiee radical state
of each of the bioreductive agents, the hydroxyl radicals rnay degrade cellular components,
such as proteins, fatty acids and nucleic acids. Hydroxyl radicals are integral to radiationinduced cellular damage ( T w h et al., 1982).
The fkee radical state of each of the reductive elements may bind covalently to the
tripeptide y glutamyl cysteinyl glycine, glutathione, (Kappus, 1986). The conjugate may be
transported out of the cell, and this serves as a detoxification rnechanism (Kappus, 1986).
Fïnally, the fiee radical state of each of the reductive elements may be M e r reduced
by a one-electron reducing enryrne to a two-electron reduced state. Depending on the redox
potentiai of the twoelectron reduced state, it rnay or may not undergo a re-oxidation reaction
and produce hydroxyl radicals similar to the semi-reduced species. The two-electron reduced

state cm conjugate with cellular nucleophiles, such as glucuronic acid or sulfate (Prestera
et al., 1993@)). n i e conjugation products are more readily excreted fiom the cell, thus this

conjugation reaction is also considered a detoxificatioi. rnechanism (Prestera et al., 1993(a)).
In total, reduction of each of a quinone, nitro, pyridine N-oxide, or pyrimidine N-oxide

reductive group by a one-electron reducing enzyme can contribute to the cytotoxicity of a
bioreductive agent by direct interaction with cellular components, andor activation of
molecular oxygen. The relative importance of each of these modes of cytotoxicity to the

overall cytotoxicity of a bioreductive agent may be dependent on the bioreductive agent and
the level of oxygen (Elwell et al., 1997; Cone et ol.. 1976).
Reduction of the quinone, nitro, pyridine N-oxide, or pyrimidine N-oxide reductive
element by two-electron reducing enzymes will produce a hydroquinone, amino, or M l y
reduced nitrogen group, respectively. Depending on their stability, each of these reduced
species may re-oxidize and produce hydroxyl free radicals, similar to re-oxidation of the free
radical state, or react with cellular nucleophiles. such as glucuronic acid or sulfate (Prestera
et al., 1993@)). ïhus, reduction of the reductive elenient by a two-electron reducing enzyme

rnay also directly contribute to the cytotoxicity of a bioreductive agent or to detoxification.
Cytotoxicity directly resulting from reduction of the reductive element is the most
important mechanism of action for sorne bioreductive anti-tumor agents, such as
tirapazarnine (Elwell er al., 1997) and streptonigrin (Cone et al., 1976) (see Figure 1-2). It
may be less important for other bioreductive agents such as MMC (Rockwell et al., 1993),

3-hydroxymethyl-5-aziridinyl- 1-methyl-2(1 H-indole-4,7-dione)prop-pn-a-ol, E09,(Bailey
et al., 1992),2,5-diazi.ridine-3,6-bis(carboethoxyamino)-l,4-benzoquinone, AZQ, (Siegal et

al., 1992) and 2-(di(chloroethy1)amino)- 14-benzoquinone, BM, (Begleiter and Blair, 1984),

which are also alkylating agents. Reduction of the reductive elernent of a bioreductive
allqlating agent by one- and two-eiectron reducing enzymes can indirectly contribute to
cytotoxicity by activating the alkylating groups. Reduction of the quinone reductive element
of MMC results in the loss of a methoxy and a carboxy-amino leaving group (see Figure 1-3).
Loss of these leaving groups f?om the MMC rnolecule activates two alkylating sites and can
result in aikylation of cellular cornponents, such as DNA and proteins. Alkylation of DNA

by both alkylating sites on a single MMC molecule can result in the formation of an inter

strand cross-link (Lown et al.,1976; Pan et al., 1986; Pan et al., 1984; Tomasz et al., 1986;

Tomasz et al., 1987; Ross et al. 1993) (see Figure 1-3). Reduction of the quinone reductive
element of AZQ can activate aziridinyl groups. The aziridinyl groups can alkylate DNA and
proteins, and cross-link DNA (Bailey et al., 1992)(see Figure 14). Reduction of the quinone
reductive group of BM can activate the mustard alkylating group. The mustard group can
also alkylate DNA and proteins, and cross-link DNA (Begleiter and Leith, 1990) (see Figure
1-5).

Major Activating Enzymes for Bioreductive Agents

DT-diaphorase

DT-diaphorase kvas first described by Ernster et al., (1958) and partially purified in
1960 (Ernster et al., 1960). DT-diaphorase is primarily located in the cytosol with 5- 10%
being membrane bound to mitochondria, microsornes and Golgi apparatus (Riiey and
Workrnan, 1992). The enzyme, which requires reduced P-nicotinamide adenine dinucleotide

(NADH) or reduced P-nicotinamide adenine dinucleotide phosphate (NADPH) as an electron
donor for enzymatic activity, has two identical subunits with individual molecular weights

of 32 D
a
,and contains two molecules of Bavin adenine dinucieotide (FAD) (Riley and
Workman, 1992). The FAD molecule remains bound during the catalytic activity, and may
be integral to the reductive process of DT-diaphorase (Li et al., 1995). The threedimensional

structure of rat liver DT-diaphorase was determined with 2.1 À resolution by Li er al.,

(1995). Their model for the three-dimemionai stnicture localized the binding sites for F A D

and NAD(P)H in the dimenc protein. Additionally, their model suggested a direct hydride

transfer fiom NAD(P)H to FAD and fkom FADH, to the quinone substrate (which occupies
the site vacated by NAD(P)H). This provides a rationale for NAD(P)H and the substrate for
DT-diaphorase occupying the same active site (a "ping-pong" mechanisrn for reduction).
Many bioreductive agents are better substrates for rat than human DTdiaphorase (Siegal et
al., 1990;Beall et al., 1994). A sitedirected mutagenesis study by Chen et al., (1997) found

that the catalytic differences between human and rat DT-diaphorase may be due to a
difference in a single amino acid at position 104 where human DT-diaphorase has a glycine,
while rat DT-diaphorase has a tyrosine. Additionally, this study showed a difference in a

single amino acid residue in the binding site of NAD(P)H between rat and hurnan DTdiaphorase. Hurnan DT-diaphonse has an alanine, while rat DT-diaphorase has a threonine
at position 130. This structural information may be very important for designing suitable
dmgs and approaches for human cancer chemotherapy mediated by DT-diaphorase.

NADPHxytochrome P-450reductase

NADPH:cytochrome P-450 reductase is a membrane bound protein that is an integral
member of the monooxygenase system (Goldstein and Faletto, 1990). This system is
important for oxidative metabolisrn of both endogenous compounds, including fatty acids,
steroids and prostaglandins, and exogenous compounds ranging nom therapeutic drugs and
enviromentai toxins to carcinogens. In the monooxygenase system, NADPH:cytochrome P-

450 reductase is responsible for redox cycling of cytochrome P-450(Goldstein and Falleto,

1990). NADPH:cytochrome P-450 reductase is one of only hvo known mammalian enzymes
containing both flavin mononucieotide, FMN, and FAD prosthetic groups (Wang et al.,

1997). NADPH is the electron source for reduction reactions by NADPH:cytochrome P-450
reductase. NADPH:cytochrome P-450 reductase accepts a pair of electrons from NADPH

as a hydride ion with FAD and FMN king the en-

and exit pot respectively, and traders

these electrons one at a time to cytochrome P-450 or a bioreductive agent (Wang et al..
1997). The redox potentials of each flavin half-reaction have been detennined (Iyanagi et
al., 1974; Vermillion and Coon, 1978). The enzyme cycles between one- and three- electron
reduced levels (or two- and four- electron), with the one-electron reduced semiquinone of
the FMN being the highest oxidation state during catalytic turnover (Masters et al., 1965;
Backes and Backers, 1988). The arnino acid sequence of NADPH:cytochrorne P-450
reductase is highly homologous arnongst species ranging fiom yeast to trout to humans (Shen
ef al., 1993). NAD(P)H:cytochrome P-450 reductase has two fùnctional domains, a

hydrophilic C-terminal catalytic domain and a hydrophobic N-terminal domain that serves
as an anchor to the endoplasmic reticulum (Kasper, 197 1). The N-temiinus can be removed

by proteolytic cleavage, and the C-terminal is still capable of passing electrons to
bioreductive agents, but not to cytochrorne P-450 (Wang et al., 1997). The C-terminal
catalytic domain can be M e r segmented into two structural domains. The N-terminal
domain is likely to bind FMN and the C-terminal domain is likely to bind FAD and NADPH
(Porter and Kasper, 1986; Smith et al., 1994; Narayanasami et al., 1995). The three
dimensional structure of rat liver ~ ~ ~ ~ ~ : c y t o c P-450
hrom
reductase
e
has been determined
to 2.6

A resolution by Wang et al. (1 997).

Their model indicated that the FAD and FMN

rings are juxfaposed and the closest distance between them is approximately 4

A.

Additiody, their mode1 indicated a bowl-shaped d a c e near the FMN-binding site, which
is likely to be the binding site of cytochrome P450 and bioreductive agents. Similar to the
structurai studies with DT-diaphorase, structural studies of N ADPH:cytoc hrome P-450

reductase may provide ver- important information for designing suitable dmgs and
approaches for human cancer chemotherapy mediated by NADPH:cytochrome P-450
reductase.

Enzyme-Directed Approach to Anti-Cancer Dnig Development

Current interest in bioreductive agents is due to their potential use in an enzyme
directed approach to anti-tumor chemotherapy. The bioreductive anti-tumor agents are
activated by one- or two-electron reducing enzymes and rnay be selectively toxic to tumor
cells if the tumor cells have higher levels of activating enzyme(s), or a different
microenvironment compared with normal cells (Workman et al., 1993).

It has k e n shown that DT-diaphorase level and activity is elevated, relative to normal
tissue, in primary solid tumors from breast, colon, liver, lung (Schlager and Powis, 1990;
Smitskamp-Wilrns et al., 1995) and head and neck (Srnitskamp-Wilms et al., 1995). The
greatest difference was noted for a lung adenoma carcinoma, which was 123-fold higher than
normal lung (Schlager and Powis, 1990). In addition to an elevation of DT-diaphorase in
established tumors, enzyme levels may be elevated in pre-neoplastic modules (Riley et al.,
1992(b)).

The potential for exploiting the increased level and activity of DT-diaphorase in some

tumors can be recognized with E09. E09 is a good substrate for, and is activated by DTdiaphorase (Collard et al., 1995). The sensitivity of tumor ce11 lines to E 0 9 correlates with

the level of DT-diaphorase (Fitzsimmons et al., 1996; Butler et al., 1996; Robertson et al.,
1992; Collard er al., 1995; Smitskarnp-Wilms et al., 1995). Unfortunately, E 0 9 has been

found to have minimal anti-tumor activity in Phase II clinical trials (Dinx et al., 1996). The
poor anti-tumor activity of E 0 9 may be attnbuted to the very short plasma half-life of this
drug (McLeod et al. 1996; Schellen et al.. 1996; Workrnan et al., 1992). Thus. the
limitations of E 0 9 may not be a general phenornena to a11 bioreductive agents, and the
enzyme-directed approach may be applied to anti-turnor chemotherapy using other novel
bioreductive agents.
The cytotoxicities of MMC. porfiromycin and tirapazamine are dependent on the
extent of oxygenation of the tumor cell. In general, MMC, porfiromycin and tirpazamine are
more cytotoxic tû cells under hypoxia than aerobic conditions (Workrnan er al., 1993). The
increased cytotoxicity under hypoxia may be the result of more efficient activation by
NADPH:cytochrome P-450 reductase (Workrnan el al., 1993).
Bioreductive agents may be effective anti-tumor treatments for hypoxic regions of

a tumor. The presence of regions of low oxygen tension in a variety of tumors is well
established and this hypoxia can predispose the failure of some treatments with radiotherapy
(Patterson et al., 1995). It has been postulated that bioreductive agents may be useful for
treatment of solid tumors when used in combination with radiation therapy and/or other
cytotoxùis (Workrnan et al., 1993). Tirapazamine is one of the leading compounds for this
approach (Workrnan et al., 1993). It exhibits a 15 to 200 fold greater toxicity for hypoxic

cells as compared to oxygenated cells (Zeman et ai., 1986) and is activated by
NADPH:cytochrorne P-450 reductase. (Beidermam et al., 1991;Fitzsimmons et al., 1994).
The CO-administrationof tirapazamine with other cytotoxins, notably cisplatin (Holden et al.,
1992; Dorie et al., 1993) and also during radiotherapy (Brown et al., 1990) produces
selective in vivo enhancement of tumor kill. Tirapazamine is cmently being studied in
Phase IVIII clinical triais in combination with conventional cytotoxins (Senan et al., 1997).
It is proposed that the use of bioreductive agents in the treatment of tumors with
elevated DT-diaphorase activity rnay require the use of a bioreductive agent that is very
dependent on DT-diaphorase activity, and this approach rnay be increasingly effective if the
agent is specifically activated by DT-diaphorase. Secondly, it is proposed that the use of
bioreductive agents in the treatment of hypoxic regions of solid tumors rnay be more
effective using a bioreductive agent that is specifically activated by NADPH:cytochrome P450 reductase.
The above proposais can be rationalized by identifjing the targets of the bioreductive
agents for both enzyme-directed approaches. For the use of bioreductive agents to treat
tumors high in DT-diaphorase, they m u t be activated by DT-diaphorase. Activation by
NADPH:cytochrorne P-450 reductase is not required, and may produce unwanted toxicity.

For the use of bioreductive agents to treat hypoxic regions of solid m o r s , the agent must
be activated by NADPH:cytochrome P-450 reductase. In this case, activation by DTdiaphorase is not required and may iikewise produce unwanted toxicity.

The above proposais rnay also be rationaiized h m the clinical exerience with MMC.
The dosage of MMC used was generally 50-100 mg total, which limited anti-neoplastic

activity (Crooke and Bradner, 1976). In generd, the dosage of MMC was limited by the
development of myeolopoeisis and thrornbopeoisis resulting from bone marrow toxicity
(Crooke and Bradner, 1976). Bone marrow is composed of hematopoietic progenitor cells
and stromal cells (Ganousis et al., 1992). Stroma1 cells regulate growth and differentiation
of both myeloid and lymphoid progeniton, and are critical in the regulation of hemopoiesis
(Lichtman, 1981;Dorshkind, 1990). There are at least four types of stroma1 cells: adipocyte.
endothelid, fibroblast and macrophage. Fibroblasts and macrophage are known to be
important in the regulation of hernopoiesis (Dorshkind, 1990). Fibroblasts are believed to
have significant Ievels of DT-diaphorase activity (Thomas et al.. 1990). The level of DTdiaphorase activity in fibroblasts is 100-fold less than the activity in some types of tumors,
but it is similar to the Ievel in other types of turnors (Fitzsimmons et al., 1996). The level

of NADPH:cytochrorne P-450 reductase activity in stromal fibroblasts is uncertain. It is
postulated that bone marrow toxicity rnay be the result of the lethal effect of MMC on bone
marrow fibroblasts, which may be the result of activation of MMC by DT-diaphorase in
these cells. Depletion of the fibroblast population may disrupt hemopoiesis. This theory
suggests that anti-tumor activity of al1 bioreductive agents that are activated by DTdiaphorase may be complicated by bone rnarrow toxicity. However, the bone marrow
toxicity associated with MMC was dose dependent (Crooke and Bradner, 1976),and MMC
is a poor substrate for DTdiaphorase (Beall et al., 1995). These together suggest that it may
be possible to rninirnize the bone marrow toxicity associated with treatment of tumors with
elevated DTdiaphorase by using an agent that is a better substrate for DTdiaphorase than

MMC. E09 is an exarnple of a better substrate for DTdiaphorase (Beall et al., 1995). It

illustrated no bone marrow toxicity in clinicals trials. Lack of bone marrow toxicity may be
due to rapid clearance of EO9 (McLeod et al., 1996; Schellen et al., 1996; Workman et al.,

1992).
Bone rnarrow toxicity may reduce the effectiveness of bioreductive anti-tumor agents

in treating hypoxic regions of solid tumors, if the bioreductive agent is a good substrate for
and is activated by DT-diaphorase. For such an agent, the dosage required to effectively treat
the hypoxic fractions of solid turnors may correspond with a dosage that is toxic to bone
rnarrow. Use of an agent specifically activated by NADPH:cytochrome P-450 reductase to
treat hypoxic regions of solid tumors may minimize bone marrow toxicity, since activation
by DT-diaphorase is minimized. An exarnple of such an agent is tirapazamine. It is
activated by NADPH:cytochrome P-450 reductase (Riley et al., 1992; Walton and Workman,
1990; Wang et al., 1993) and inactivated by DT-diaphorase (Riley and Workman, 1992;
Riley and Workman, 1992; Wdton and Workman, 1990). In Phase 1 clinical trials it has
s h o w no bone marrow toxicity (Senan et al., 1997).

Specificity for Activation by DT-Diaphorase or NADPH:Cytochrorne P-450 Reductase

It is postulated that specificity for activation of a bioreductive agent by DTdiaphorase or NADPH:cytochrome P-450 reductase may be generated by strategic placement
of f h c t i o d groups on the reductive element of the bioreductive agent. A functional group
can potentially generate specificity for activation by altering one of four properties of a

bioreductive agent It rnay alter affinity for the active site and/or overall rate of reduction of
the bioreductive agent by DT-diaphorase or NADPHxytochrome P-450 reductase, the

stability of either the free radical or two-electron reduced States, the efficiency of the
cytotoxic mechanism of the bioreductive agent, or the rate of conjugation of the free radical
state with the detoxifjhg peptide, glutathione, or the two-electron reduced state with
detoxifying nucleophiles, such as glucuronic acid and sulfate.

Effect on affinity for active site and/or overall rate of reduction
A fimctionai group rnay increase or decrease the affinity of a bioreductive agent for
DT-diaphorase and/or NADPH:cytochrome P 4 j 0 reductase. To a limited extent, an increase

in the affinity of a bioreductive agent for DT-diaphorase and/or NADPH:cytochrome P-450
reductase rnay result in an increase in the rate of reduction of the bioreductive agent by DTdiaphorase andor NADPH:cytochrome P-450 reductase, respectively. An increase in the
rate of reduction of a bioreductive agent by DT-diaphorase or NADPH:cytochrome P-450
reductase rnay contribute to an increase in cytotoxicity. As an example, Ross et ai. ( 1995)
studied a series of bioreductive agents and found that increasing afinity for the active site
of DT-diaphorase corresponded to an increased toxicity towards a cell line high in DTdiaphorase.

Depending on the effect of the fùnctional group on the affinity of the

bioreductive agent for DT-diaphorase or NADPH:cytochrorne P-450 reductase, specificity
for activation by DT-diaphorase or NADPH:cytochrome P-450 reductase rnay result.
A functional group rnay increase or decrease the rate at which the bioreductive agent

is reduced by DT-diaphorase andlor NADPH:cytochrome P-450 reductase independent of

an effect on the afinity for the active site of these eruymes. This rnay result fiom an effect
of the fûnctional group on rate of the reduction reaction of a bioreductive agent by DT-

diaphorase andor NADPH:cytochrome P-450 reductase. This would be evident as an
increase or decrease in the overall rate of reduction of the bioreductive agent by DTdiaphorase a d o r NADPH:cytochrome reductase. An increase in overail rate of reduction
of a bioreductive agent by DTdiaphonw a d o r NADPH:cytochrome P-450 reductase rnay
result in an increase in cytotoxicity. Depending on the effect of the functional group on the
overall rate of reduction of the bioreductive agent for DTdiaphorase or NADPH:cytochrome
P-450 reductase, specificity for activation by DT-diaphorase or NADPH:cytochrome P-450

reductase rnay be generated.

Effect on stability of the free radical and two-electron reduced states
A functional group rnay affect the stability of the free-radical and two-electron

reduced states of a bioreductive agent. As mentioned previously, the free-radical and twoelectron reduced states of a bioreductive agent rnay re-oxidize to the hlly oxidized and free
radical state, respectively, by activating molecular oxygen. An increase or decrease in the
stability of the semi- and two-electron reduced state decreases and increases the rate of reoxidation of a bioreductive agent, respectively. A change in the rate of re-oxidation of a
bioreductive agent rnay affect the importance of DT-diaphorase or NADPH:cytochrome P450 reductase for the cytotoxicity of a bioreductive agent.
The production of hydroxyl free radicals rnay increase with increased rate of reoxidation and decreased stability of the fiee radical state. Increased production of hydroxyl
free radicals may translate to an increase in the cytotoxicity of the agent. Thus, a decrease
in the stability of the fiee radical state rnay increase cytotoxicity resulting from reduction to

the free radical state, and increase the importance of NADPH:cytochrome P-450 reductase
for the cytotoxicity of the agent.

This rnay generate specificity for activation by

NADPH:cyiochrome P-450 reductase, if the twoelectron reduced state of the agent is quite
stable and does not readily resxidize.
The extent of akylation of an alkylating group on a bioreductive agent that is active
only in the fiee radical and/or two-electron-reduced srates rnay decrease with increasing rate
of re-oxidation of each of these States. If a functional group increases the stability of the
semi-reduced state of a bioreductive alkylating agent, it rnay reduce re-oxidation and increase
the extent of alkylation of the alkylating cytotoxic group. Thus, an increase in stability of
the semi-reduced state rnay increase the importance of NAJ3PH:cytochrome P-450 reductase

for the cytotoxicity of the agent. Additionally, an increase in the stability of the twoelectron-reduced state rnay reduce re-oxidation of the nvo-electron-reduced state and increase
the extent of alkylation of an alkylating cytotoxic group. Thus, an increase in the stability of
the fully-reduced state of a bioreductive allqlating agent rnay increase the importance of DTdiaphorase for the cytotoxicity of the agent. Depending on the effect of a functional group
on stability of the free radical and two-electron-reduced state of the bioreductive alkylating
agent and the rate of alkylation of the free radical and two-electron reduced species,
specificity for activation by DTdiaphorase or NADPH:cytochrorne P-450 reductase rnay be
generated.

Direct effect on efficiency of the cytobxic mechanism
Imespective of an efTect that a fitnctional group rnay have on the stability of the semiandlor two-eiectron-reduced states, or the affinity andor overall rate of reduction by DTdiaphorase a d o r NADPH:cytoc home P-450 reductase, the functional group rnay direcdy
affect the efficiency of the cytotoxic mechanism of a bioreductive agent. The functional
group rnay increase or decrease the rate of alkylation by the alkylating group bound to the
reductive element in the free radical a d o r two-electron-reduced state of the bioreductive
agent. An increase or decrease in alkylation rnay result in an increase or decrease in
cytotoxicity, respectively. Depending on the effect of the functional group on the alkylating
activity of the bioreductive agent in the free radical or two-electron-reduced state, specificity
for activation by NADPH:cytochrome P-450 reductase or DT-diaphorase rnay be generated.

Effect on rate of conjugation
As noted earlier, the free radical state of a bioreductive agent rnay conjugate with

glutathione, and the two- electron reduced state of a bioreductive agent rnay conjugate with
glucuronic acid or sulfate. Each of these conjugation reactions rnay enhance the excretion
of the bioreductive agent out of the cell, and can be considered cellular detoxification
mechanisms.
A hinctional group rnay increase or decrease the rate of conjugation of the fiee radical

state of a bioreductive agent with glutathione, or the two-electron-reduced state with
glucuronic acid andior the two-electron reduced state with sulfate. An increase in the rate

of conjugation of the fiee radical state with glutathione rnay reduce the concentration of the

fiee-radical state of the bioreductive agent in a cell, which rnay reduce the cytotoxic activity

of the bioreductive agent following activation by NADPH:cytochrome P-450 reductase.
Alternatively, an increase in the rate of conjugation of the two-electron reduced state with
either glucuronic acid or sulfate may reduce the concentration of the two electron reduced
state of the bioreductive agent in a cell, which may reduce the cytotoxic activity of the
bioreductive agent following activation by DT-diaphorase. Thus, depending on the effect
of the functional group on conjugation of the free radical state with glutathione and
conjugation of the two-electron reduced state with glucuronic acid or sulfate, specificity for
activation by activation by NADPH:cytochrome P-450 reductase or DT-diaphorase may be
generated.

Structure-Activity Studies

The development of a bioreductive agent that is specifically activated by DTdiaphorase or NADPH:cytochrome P-450 reductase by strategically placing functional
groups at various positions on the reductive element requires an understanding of the efiect
of several functional groups on specificity for reduction by DT-diaphorase or
NADPH:cytochrome P-450 reductase. Additionally. it requires a detailed understanding of
the effect of the same fimctional groups on each of the stability of the semi- and two-electron
reduced States, the affinity for and overall rate of reduction by DT-diaphorase and
NADPH:cytochrorne P-450reductase, the efficiency of the cytotoxic mechanism and the rate
of conjugation of the free radical and My-reduced state. Information from these two areas
rnay be combined to design novel bioreductive agents that will be useful for the e n y m e

directed approach to chemotherapy.

There are two fundamental properties to a functional group. The first fundamental
property of a fiinctionai group is its electronic effect. A functional group may increase or
decrease the electron density around atoms to which it is bound. A functional group that
increases the electron density around atoms to which it is bound is referred to as electron
releasing. Altematively, a fûnctionai group that decreases the electron density around atoms
to which it is bound is referred to as electron withdrawing. Electron withdrawing and
releasing properties of a functional group can be broken down M e r . Addition to or

removal of electrons fiom an adjacent atom may be through a x-type bond or a o-bond.
Addition or removal of electrons through a sr-bond is referred to as electron release or
withdrawl through resonance, respectively. Addition or removal of electrons through a obond is referred to as inductive electron release or withdrawl, respectively.

The second fundamental propeq of a functional group is stenc bulk. This refers to
the volume that the functional group occupies. The volume a functional group occupies is
dependent on the type of atoms that compose the group and the electron density surrounding
each of these atoms.
Functional groups with one of the properties of electron releasing, electron
withdrawing, or steric bulk are desirable for study. This type of functional group will
illustrate a specific property of a functional group, which may assist in developing
generalizations for properties of fhctional groups. Examples of good functional groups for
study are as follows. A methoxy group is a strong electron releasing group with little steric
bulk, an acetyl group is a strong electron withdrawing group with little steric bulk, while a

t-butyl group is a weak electron releasing group with steric bulk.

2-(Di(chloroethy1)arnino)-1,4-benzoquinone (BM) was chosen to study the role of
functional groups on specificity for activation by DTdiaphorase or NADPH:cytochrome P-

450 reductase. BM is a mode1 bioreductive agent, which was previously studied in our
laboratory (Begleiter, 1983; Begleiter and Leith, 1990). BM and several BM analogs have
been synthesized (Makarov et al., 1967; Ross. 1964). BM contains a quinone reductive
n , AZQ and streptonigrin. BM is a proven
element sirnilar to MMC, p ~ ~ r o m y c i E09,
bioreductive agent.

It has been shown to be 30,000 times more cytotoxic than 2-

(di(hydroxyethy1)amino)-l+benzoquinone

and 600 times more cytotoxic than N,N-

di(chloroethy1)aniline in a L5 l78Y mouse lymphoma ce11 line (Begleiter and Leith' 1990;
Begleiter, 1983). Additionally, BM is believed to be activated by NADPH:cytochrome P450 reductase and may be inactivated by DT-diaphorase (Begleiter and Leith, 1990). BM
has been shown to produce DNA strand breaks, which may be the result of the production

of hydroxyl radicals (Begleiter and Leith, 1990; Begleiter and Blair, 1984). Finally, BM also
produces DNA cross-links (Begleiter and Leith, 1990; Begleiter and Blair, 1984). Both
mechanisms appear to contribute to the cytotoxic activity of BM.

Outline of Research

i. Synthesis of several BM analogs each with a single fûnctional group that is electron

withdrawing, electron releasing or stencally bulky.

ii. Screen for a dependence of the cytotoxicity of the BM analogs on DT-diaphorase activity
andor NADPHxytochrome P-450reductase activity to identify effects of three functional
groups.

iii. Study the underlying mechanism for the effect of each functional group on the
dependence of the cytotoxicity of a BM anaiog on DT-diaphorase or NADPH:cytochrome

P-450 reductase.
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Figure 1-1: Examples of bioreductive agents containing one of the three types of
reductive elements.
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OCONHz

DT-diaphorase

Nïi

NADPH:cytochrornc
reductase

DNA or protein
---DNA or protsin

Figure 1-3: Model for activation of MMC by DT-diaphorase and
NADPH:cytochrome P-450 reductase

~~~I?JH?JHOC2Hj

DNA or pmtein

/

HjCzOOCHN \
OH

OH

T

DT-Diap ho rase
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Figure 1-5: Mode1 for activation and toxicity of benzoquinone mustard.

Materials and Methods

Materials

Al1 media and fetal bovine s e m were obtained fiom Gibco BRL (Grand Island, NY,
USA).

Ail reagents for the DT-diaphorase assay, NADH, FAD, dicournarol.

di(chloroethy1)amine hydrochloride, potassium chlonde, Tris HCI, potassium carbonate,
vanillin, silver oxide, 13-benzoquinone, acetic anhydride, chromic acid, t-butylhydroquinone, 2-phenyl- l +benzoquinone, 2-chloro- 1,4benmquinone and DEAE Sephadex

A-25 anion exchange column were fkom Sigma (St. Louis, MO, USA). DichIoromethane,
methanol, hexanes, 95% ethanol, ethyl acetate, silica gel (1 000 mesh), glacial acetic acid,
sucrose, benzene, anhydrous ether, H,O, solution and potassium Buonde were from
Mallinkrodt and Baker Inc. (Phillipsburg, NJ, USA). Dimethyl sulfoxide (DMSO) and
dirnethyl formamide @MF) were fiom BDH Laboratory Supplies (Darset, England). Protein
molecular weight standards, Silver stain kitm, --Gel

Bluen' (100-200 mesh) affinity

column and SDS PAGE reagents were fiom Biorad (Mississauga, ON, Canada). Cupnc
acetate, Sephadex G- 100 size exclusion column material were fiom Fisher Scientific
(Nepeau, ON, Canada). Ic Hind III fragments, 4 acetone, CDCl, and [ a - 3 2 P ] dwere
~~~
fiom Amersham Life Science (Oakville, ON, Canada). NCI-H661 human non-small ce11
lung carcinoma cells were obtained nom American Type Culture Collection. SK-MEL-28

hurnan malignant melanoma cells were obtained from American Type Culture Collection.

HT-29human colon adenocarcinorna cells were obtained fiom Dr. J.B. Johnston, Manitoba

Cancer Treatment and Research Foudation, Winnipeg, MB, Canada E09 was kindly
supplied by Dr. H.R.Hendriks, New Drug Development Office, European Organization for
Research and Treatment of Cancer, Amsterdam, The Netherlands.

Synthetic Chemistry

Synthesis of 2-(di(ch1oroethyl)amino)-1,4-beazoquinone, BM

BM was synthesized using the method developed by Makarova ei a[.(1973). Bnefly,
di(chloroethy1)arnine hydrochlonde (0.25 grams, 1.4 mmoles), and potassium fluoride (0.2
grams. 3.2 rnmoles) were added to a suspension of 1,4-benzoquinone (0.25 grams, 2.3

mmoles) in 5 rnL of HZO.The resulting reaction mixture was stirred at room temperature
for 2 hours. A purple precipitate was collected by filtration, dried and re-crystallized fiom

hesanes to give 0.102 grams (0.41 mmoles) of 2-(di(chloroethy1)amino)- 19-benzoquinone,

BM. The structure was confirmed and purity assessed by 'Hnrnr analysis in D6acetone
(Figure M-1):

h,.:

4.29 pprn (dd), Jle3(6.0 Hz)J,*,(2.3 Hz);6

a: 3.83 ppm (dd),

Jl-j(2-3)J1.3(6Hz);25: at 6.15 ppm (d), J3s(2.3Hz); 6,: 7.03 ppm (dd), J3&.3 Hz)J,(lO Hz);

6,: 7.06 ppm (d), J,(10

Hz). Melting point of product: 1 12-1 13OC; literature melting point

of BM: 1 12-113°C (Makarova et al., 1973).

Synthesis of 2-methoxy-1,4-dihydroxybenzene
2-Methoxy- l,4-dihydroxybenzene was synthesized using the rnethod developed by
Corral (1957). Vanillin (7.6 grams, 45 mmoles) was dissolved into 25 mL of H,O containing

sodium hydroxide (2 grams, 50 mmoles). The resulting solution was cooled on ice and
treated with 17 rnL of 10% H24,
added dropwise over a period of 5 minutes. The reaction

was stirred at room temperature for one day. Next the mixture was extracted 3 times with
an equal volume of diethyl ether. The extracts were combinecl, dried with magnesium sulfate
and rotary evaporated in vacuo to dryness to give a dark brown oil. The dark brown oil was
distilled in vumo (5 mm Hg pressure), which produced a clear brown oil that crystallized to
a cream paste. The cream paste was re-crystallized using dichloromethane to give 2methoxy- l,4-dihydroxybenzene (3-5 grams, 25 mmoles). The product was confirmed and
purity assessed by 'H nmr anaiysis in CDC1, (Figure M-2): 6,.: 3.84 ppm (s); 6,: 6.30 ppm
(dd), J,,(2.8 Hz)J5A8.5 Hz); 6-3: 6.44 pprn (d), 5,,(2.7 Hz); 6,: 6.75 ppm (d), J,,(8.5 M).

M e l h g point of product: 80-85°C; literature melting point of 2-rnethoxy-1,4dihydroxybenzene: 82-86OC (Corral, 1957).

Synthesis of 2-methoxy-1,4=benzoquinone

2-Methoxy-1 ,Cbenzoquinone was synthesized using a modified method of Corral
(1957). 2-Methoxy-1,4-dihydroxybenzene(3.37 gams, 24 mmoles) was added to an

emulsion composed of 50 mL of dichloromethane, 50 rnL of 60% glacial acetic acid and
chromic acid (2.4 grams, 24 mmoles). The suspension was stirred vigorously for 30 minutes.

The dichloromethane layer was removed and the aqueous layer extracted twice with equal
volumes of dichloromethane. The dichloromethane extracts were pooled with the original
dichloromethane layer, nelmalized with sodium bicarbonate, dried with magnesium sulfate
and rotary evaporated in van«> to dryness to give 2-methoxy- l,4-benzoquinone (2.4 grams,

'

17 mmoles). The structure was confimeci and purity assessed by H nmr analysis in CDCI,
(Figure M-3): 6,.: 3.83 pprn (s); &: 5-94 ppm (s); 6,:

6.71 pprn (unresolved). Melting point

of product: 145-l46OC; literature melting point of 2-methoxy- 1,4-benzoquinone: 145- 146°C
(Corral, 1957)

Synthesis of 5-methoxy-2-(di(chlo roethy1)arnino)-1,4-benzoquinone, MBM

MBM was synthesized using a combination of the method descnbed by Crosby er al.
( 1956) for oxidative amination of 1,4-benzoquinones and Makarova et al. ( 1973) for

synthesis of BM. Di(chloroethy1)arnine hydrochloride (0.32 grams. 1.8 mrnoles), potassium
fluoride (0.17 grams, 2.9 mmoles) and cupnc acetate (0.36 grams, 1.9 rnmoles) were added
to a solution of 3-methoxy- 1,4-benzoquinone (0.25 gram, 1.8 mmoles) in 5 mL of 95%
ethanol. The reaction mixture was stirred at room temperature for 3 days with minimum

light exposure. The mixture was filtered and the filtrate was washed 4 times with 20 mL of
ethyl acetate. The extracts were pooled with the original supernatant liquid. The pooled
solution was washed with an equal volume of 0.1 M HCI to remove any remaining cupnc
acetate. The ethyl acetate layer was separated, dried with magnesium sulfate and rotary
evaporated in vacuo to dryness to give a red solid. The red solid was re-aystallized using

95% ethanol to give MBM (0.117 grams, 0.42 mmoles). The structure was confirmed and
purity assessed by 'Hnmr analysis in CDCI, (Figure M-4): 6, , :, 3.72 pprn (dd), 5,.,(6.7
Hz)J,(unresolved); 6,: 3.82 pprn (s); 6,. ,:3.87 pprn (dd), J,,(6.3 Hz);6, : 5-62 pprn (s); 6, :

5.72 pprn (s). Melting point of product: decomposed at 183T; literature melting point of
MBM: decornposed at 184- 185OC (Ross, 1964).

Synthesis of 6-phenyl-2-(di(chloroethyl)amino)-1,4-beonone PBM

PBM was syndiesized using a combination of the method described by Crosby et al.
(1956) for oxidative amination of 1,4-benzoquinones and Makarova et al. (1973) for
synthesis of BM. Di(chloroethy1)amine hydrochloride (2.56 grams, 14.4 mmoles), potassium
fluoride (1.33 grams, 22 mmoles) and cupric acetate (2.76 grams, 15 mmoles) were added
to a solution of 2-phenyl-1,4-benzoquinone(2.56 grams, 14 mmoles) in 20 mL of 95%
ethanol. The resulting mixture was stirred for 3 days in the absence of light. The reaction
mixture was applied to a 10 cm x 2 cm silica gel column to rernove the cupric acetate. The
impure mixture of starting matenal and addition product, pheny lbenioquinone mustard,
isorners was eluted with 50% ethyl acetate in hexanes. Fractions containing the impure
mixture were collected, dned with magnesium sulfate and rotary evaporated in vacuo to
dryness to yield a reddish oil.

'H nmr analysis indicated a 7:l rnolar ratio of

phenylbenzoquinone rnustard, to 2-phenyl- 1,Pbenzoquinone. Additionally, it indicated the
presence of the ortho, meta and para isorners of phenylbenzoquinone mustard in a ratio of
approximately i :2: 1, respectively. The meta isomer was purified fiom the impure mixture,
first, by flash chromatography using a 100 mL silica gel column (1000 mesh) with 10% ethyl
acetate in hexanes as the mobile phase. Those fractions containing m-phenylbenzoquinone
rnustard, determined by TLC, were collected and rotary evaporated to dryness in vacuo. The
resulting semi-solid matenal was re-crystallized using methanol to give PBM (1 IO mg, 0.33
mmoles). The structure was confmed and purity assessed by 'H nmr analysis in D, acetone

(Figure M-5):a
,
,
:

3.93 ppm (unresolved complex of two dd); &: 5.75 ppm (d), .f3,(2.5 Hz);

6,: 6.66 ppm (d), J,,(2.4 Hz); 6,:7.44

ppm (m);,,a,

:,

7.52 ppm (m).

Synthesis of 2tbutyl-1,4benzoquinone

2-f-Butyl-l,4be1lz~quinone
was synthesized using the method for oxidation of 1.4dihydroxybenzene developed by C o d (1957). 2-t-Butyl-1.4-dihydroxybenzene(7.4 g r a s ,
44 mmoles) was added to a suspension composed of 50 mL of dichloromethane and 50 rnL
of 60% glacial acetic acid, which contained anhydrous chrornic acid (4.4 gram, 44 rnmoles).
The suspension was stirred vigorously for 30 minutes. The dichloromethane Iayer was
removed, and the aqueous layer extracted with an equal volume of dichloromethane, twice.
The dichloromethane extracts were pooled, neutralized with sodium bicarbonate, dned with
magnesium sulfate and rotary evaporated to dryness to give 2-f-butyl- l,4-benzoquinone (5

grams, 30 mrnoles). The product was confirmed and purity assessed by 'H nmr analysis in

CDCI, (Figure M-6):

&: 1.28

ppm (s); 8,: 6.59 ppm (unresolved); 6,,: 6.67 ppm

(unresolved).

Synthesis of 6-&-butyl-2-(di(chloroethyl)-amino)-l,benzoquinone, TBM

TBM was synthesized using a combination of the method described by Crosby er al.
(1956) for oxidative amination of 1,4-benzoquinones and Makarova et al. (1973) for
synthesis of BM. Di(ch1oroethyl)amine hydrochloride (1 -5 grarns, 8.4 mmoles), potassium
fluoride (0.8 grams, 13.8 mrnoles) and cupric acetate ( 1.7 grams, 9.3 mmoles) were added
to a solution of 2-t-butyl-1.4-benzoquinone (1.4 grams, 8.3 mmoles) in 25 rnL of 95%
ethanol. The resulting reaction mixture was stirred at room temperature for 3 days with

minimum light exposure. The mixture was filtered and the precipitate washed 4 times with

20 rnL of ethyl acetate. The extracts were pooled with the original supernatant and washed

with an equal volume of 0.1 M HCl to remove any remaining cupric acetate. The ethyl
acetate layer was separated, dried with magnesium d f a t e and rotary evaporated in vacuo to

dryness to give a red/brown oil. 'H nmr analysis indicated the presence of 2-t-butyl-1,4benzoquinone and the addition product, t-butyl-1,4-benzoquinonemustard, in a ratio of
approximately 1:1. In an atkmpt to puri@ t-butyl- l,4-benzoquinone mustard ,0.5 g r a s of
the red/brown oil was applied to a 100 mL silica gel column. Fractions were eluted using
10% ethyl acetate in hexanes. Fractions were analyzed by TLC. Fractions containing only
one band were combined. 'H nmr analysis indicated the presenceof the meta isomer as the

major component. Flash chrornatography using a 100 mL, silica gel column and 10Y0ethyl
acetate in hexanes was camied out a second time. In this case, 0.09 grarns of 6-t-butyl-2-

((dichloroethy1)amino)-1,4 benzoquinone was obtained in 90% purity, as analyzed by 'H
nrnr. Flash chromatography using a 50 mL silica gel column and 10% ethyl acetate in

hexanes was carried out a third tirne to yield 0.0 13 grarns (0.004 mmoles) of 6-t-butyl-2((dichloroethy1)amino)-1,4-be[1zoquinone. The structure was confirmed and purity assessed
by 'H nrnr analysis in CDCI, (Figure M-7): 6,,: 1.27 pprn (s);6,,.:

Hz)J#

3.72 pprn (dd), J,.,(5.8

Hz);&: 3.75 ppm (dd), J,.,(5.7 Hz)J,.d4Hz); 6,: 5.60 pprn (d), 5,,(2.5 Hz); 8,:

6.44 ppm (d), J3,(2.5 Hz).

Synthesis of 5-chloro-2-(di(chloroethyl)amino)l,4-benzoquinone, CBM

CBM was synthesized using the method descnbed by Makarova et al. (1973).
Di(chloroethy1)amine hydrochloride (0.32 grams, 1.8 mmoles), potassium fiuonde (0.1 7
grams, 2.9 mmoles) and cupnc acetate (0.36 grams, 1.9 mmoles) were added to a solution

of 2-chloro-1,4-benzoquinone(0.25 gram, 1.8 rnmoles) in 5 mi,of 95% ethanol. The
reaction mixture was stirred at room temperature for 3 days with minimum light exposure.
The mixture was filtered and the filtrate was washed 4 times with 20 rnL of ethyt acetate.
Extractions were pooled with the original supematant liquid. The pooled solution was
washed with an equal volume of 0.1 M HCI to remove any remaining cupric acetate. The

ethyl acetate layer was separated, dried with magnesium sulfate and rotary evaporated to
dryness in vacuo. The resulting purple solid was resrystallized using methanol to give CBM
(0.09 grarns, 0.32 mmoles). The structure was confinned and punty assessed by 'H nmr

analysis in D,acetone (Figure M-8): 6,+ 3.87 pprn (m); &:3.96 ppm (m); 6,: 5.85 ppm (s);

6,: 5.91 ppm (s). Melting point of product: 165-166OC; literature melting point of CBM:
165- 166°C (ROSS,1964).

Synthesis of 2-aceîyl-l,4-benzoquinone

2-Acetyl-1,Cbenzoquinone was synthesized using the method descnbed by
Kurosawa (1 960). 2-Acetyl-l,4-hydroquinone(1 gram, 6.5 mmoles) and fkeshly prepared
anhydrous silver oxide (2 grarns ,8.6 m o l e s ) were added to a flame dned flask containing

anhydrous K2C03(0.65 grarns, 6.58 rnmoles). A volume of 20 mL of benzene was added,
and the resulting suspension was shaken for 10 minutes and filtered. The filtrate was

suspended in another 10 mL of benzene and filtered. The supematant Iiquids fiom both
filtrations were collected, and rotary evaporated in vacuo to dryness to give 0.549 grams of

a redorange semi-solid product. The semi-solid product was suspected to contain 2-acetylI ,4-benzoquinone in addition to 2-acetyl- 1,4dihydroxybenzene, which was confmed by 'H

n.m
J&3

in D6acetone (Figure M-9): 6,; 2.49 pprn (s),
Hz);

4:6.90 ppm, J6&6

6:6.88 pprn (s); as: 6.88 pprn (d),

Hz). This product mixture readily decomposed upon

standing in air-

Syathesis of 3-acetyl-2-(di(chloroethyl)amino)-1,4-

ABM

The impure oil containing 2acetyI- 1-4-benzoquinone was used in an attempt to
synthesize 3-acetyl-2-(di(chloroethy1)amino)- 1A-benzoquinone, since attempts to pun @ 2acetyl- l,4-benzoquinone were unsuccessful. The rationale for this approach is that the
rnustard denvative of acetyl-benzoquinone rnay be stable enough to allow funher
purification. Therefore, di(chloroethy1)amine hydrochloride (0.653 grams, 3.7 mmoles),
anhydrous K2C03(1 gram, 7.2 mmoles) and anhydrous silver oxide (1 gram, 4.3 mmoles)
were added to a solution of 0.54 grams of the red/orange oil dissolved in 10 mL of anhydrous
ether. After 4 houn of stimng with minimum light exposure, the reaction mixture was
filtered. The filtrate was washed with 10 mL of anhydrous ether. Supernatant liquid was
collected and rotary evaporated in vacuo to dryness to yield a red-brown oil.

'Hnmr anaiysis

Ui D, acetone indicated the presence of ABM amongsr various irnpurities (Figure M- 10): 8
,:

2.45 pprn (s); 6 ,3.67
~ pprn (m); 6,: 6.67 pprn (d), Js6(10Hz); 6,: 6.73 pprn (d), J,,(lO Hz).
The impure mixture readily decomposed after work-up was completed

Analysis of Cytotoxicity of BM Analogs

Preparation of solution of BM analogs

Al1 analogs were prepared fkshon the day of the experiment in dimethyl formamide,

DMF. Exposure to light was minimized at al1 stages due to photochernical decomposition
for each of the analogs. Al1 dilutions were carried out in DMF,with the exception of the
final dilution into growth media. In al1 cases, a final concentration of 1% DMF in growth
media was used.

Cytotoxicity assay

H66 1 cells were grown in RPMI 1640 plus 10 % fetal bovine serum. Cells were

seeded in FalconTM6-well plates at 2.5 x 106/wellone day pnor to the experiment, or 1.5 x
1O6/we1ltwo days prior to achieve a final ce11 nurnber of 3 x 1O6/wel1. Cells were incubated
with, or without, 100 p M dicoumarol in 3.0 mL of fresh RPMI plus 10% fetai bovine S

e m

for 20 minutes at 37OC in 5% CO,.. Media was removed, and cells were treated with, or
without, 100 p M dicoumarol and various concentrations of a BM analog in 3 rnL RPMI plus
10% fetal bovine serum for 60 minutes at 37OC in 5% CO,. Cells were washed with 2 mL

of citrate d i n e (1 30 m M KCl and 15 m M Na citrate), treated with 1 mL of 0.05 % trypsin
in citrate saline for 10 minutes at 37°C in 5% CO, and suspended in 3 mL RPMI 1640 plus

10% fetal bovine serum. Cells were diluted in RPMI 1640 plus 10% fetal bovine se=,
seeded at 1600, 1200, 1000, 800, 400 and 200 cellslwell in FalconTM96-well plates in

triplicate or quadniplicate and incubated at 37OC in 5% CO, for 7 days. The swiving ce11

fraction was determined by MTT assay, as described by Johnston et al. (1994).

SK-MEL-28cells were grown in DMEM plus 10% fetal bovine s e m . Cells were
seeded in alc con^^ 6-well plates at 2.5 x 106/well one day prior to the experiment, or 1.5 x
106/welltwo days pnor to achieve a final ce11 nurnber of 3 x ~ b / w e i i .Cells were incubated

in 3 mL of fiesh DMEM plus 10% fetal bovine s e m with, or without, 100 p M dicournarol
for 20 minutes at 37°C in 5% CO,. Media was removed and cells were treated with, or
without, 100 FM dicournarol and various concentrations of the BM analogs in 3 mL DMEM
plus 10% fetal bovine semrn for 60 minutes at 37°C in 5% CO,. Cells were washed with 2

mL of citrate saline' treated with 1 mL of 0.05 % trypsin in citrate saline for 20 minutes at

3ï°C in 5% CO, and suspended in 3 mL of DMEM plus 10% fetal bovine senim. Cells were
diluted in DMEM plus 10% fetal bovine serum, seeded at 1000. 750, 500, 250 and 125
cells/welt in t al con^^ 96-well plates in triplicate or quadruplicate and incubated at 3 P C in

5% CO, for 9 days. The surviving ce11 fraction was determined by M X assay, as descnbed
by Johnston et al. (1994).

NADPH: cytochrorne P-450reductase activity
NADPH:cytochrome P-450 reductase activity in H66 1 and SK-MEL-28 was
determined in supernatant solutions fiom ce11 sonicates by a spectrophotorneîric assay using
cytochrome c as the artificial electron acceptor (Strobel and Digman, 1978)

Purification of DT-Diaphorase

Purification

Human DTdiaphorase was purified fiom HT-29 human colon carcinoma cells using
a modified method of Sharkis et al. (1989).

HT-29cells were grown to confluence on 180

NuncTM 135 mm plates in RPMI 1640 plus 10% fetal bovine serum to give approximately
1 x 10' cells. For each plate, cells were washed twice with 12 mL of PBS (1 50 rnM sodium
chloride, 5 mM potassium phosphate, pH 7.4) scraped into 5 mL of PBS and spun at 480 xg
for 10 minutes to give a 30 rnL pellet. The pellet was suspended in 30 mL of 0.25 M
sucrose. The suspension was sonicated 3 times for 10 seconds each. The resulting emdsion
was ultracentrifüged at 10,000 x g for 90 minutes at 4°C. The supernatant liquid was

collected and applied to a 10 mL Affi-Gel BlueTM,100-200 mesh, affinity column that was
pre-equilibrated with 0.25 M sucrose in 50 mM Tris HCl (pH 7.2), Buffer A. Using a flow
rate of O. 1 mL/min., the column was washed at 4°C with at least 300 mL of Buffer A. The
column was washed at 4°C with Buffer A plus 0.5 M KCI to remove proteins nonspecifically bound. The wash with Buffer A plus 0.5 M KCI was continued until the
absorbance at 280 nm of the eluant was less than 0.02. The coiumn material was removed
and suspended in 20 mL of Buffer A containing 0.5 M KCI, 10 m M NADH and 5 m M FAD.
The suspension was mked for 1.5 hours at 4°C and centnfuged at 480 xg for 10 minutes at
4°C. The supernatant was removed, and the pellet resuspended in 20 mL of Buffer A

containing 0.5 M KCI, 10 rnM NADH and 5 m M FAD. The resulting suspension was mixed
for 1.5 hours at 4°C. The suspension was eluted through a mesh filier to remove al1 Affi-Gel

BlueTMresin. The resulting solution was pooled with supernatant h m the first wash with
Buffer A containing 0.5 M KCl, 10 rnM NADH and 5 mM FAD, and ultrafiiltered at 4°C to

a final volume of 2 mL using a Centriprep-1oTMu l t d ~ l t e r .At 4'C, the concentrate was
applied to an 80 rnL SephadexTMG- 100 siz-exclusion column pre-equilibrated with 50 mM

Tris HCI (pH7.2). One mL fractions, 60 in total, were eluted using 50 m M Tris HCl (pH
7.2). The fractions were monitored by measuring the absorbance at 280 nM. The DTdiaphorase activity of 10 pL of each fraction was measured using the method described by
Prochaska and Santamaria (1 988). The elution profile obtained is illustrated in Figure M-11.
Fractions 17-20 and 2 1-27 were pooled and concentrated to 400 pL by ultra-filtration at 4°C
using a ~ e n t r i ~ r eultra-filter.
~ - l ~ ~ ~At 4"C, the concentrates were applied to a 1 mL DEAE
Sephadex A-25 anion exchange chrornatography column pre-equilibrated with 50 mM Tris
HCl @H 8.9). The column was treated with 50 mM Tris HCI @H 8.9), and 400 pL fractions
were collected. DT-diaphorase activity was measured for 10 pL of each Fraction using the
rnethod descnbed by Prochaska and Santamaria (1 988). Fractions containing DT-diaphorase
activity were pooled, and buffered to pH 7-8 by adding an appropriate volume of 1.O M Tris
HCI (pH 4.0). The solution was then ultra-filtered to a final volume of 1 mL,and fiozen at

-80°C.Purity was assessed using 1,2, 4 and 8 pg of protein, and SDS PAGE. The gel was
stained using Silver StainTM.

DT-diaphorase activity
DT-diaphorase activity for purified DT-diaphorase was detexmined using menadione
a s the electron accepter, a s described by Begleiter et al. (1997).

Gel electrophoresis

Protein samples were treated with SDS reducing sample buffer, boiled for 5 minutes
and loaded on a 160 x 200 x 1 mm 12% SDS Page gel. A 10 mA current was applied to the

gel over 16 houn. Gels were stained using Coomassie Blue R-250 andor Silver stainTM.

Analysis of Rate of Aerobic and Anaerobic
Reduction of MBM and BM by DT-diaphorase

Preparation of solutions of BM and MBM

BM and MBM were prepared fresh on the day of the experiment in DMF. Exposure
to light was minimized at al1 stages due to photochernical decornposition for each of the

analogs. Al1 dilutions were c-ed

out in DMF, with the exception of the final dilution into

50 mM Tris HCI (pH 7.4). In d l cases, a final concentration of 1% DMF in 25 mM Tris HCl

(pH7.4) was used.

Aerobic reduction

Reactions were carried out in 25 mM Tris HCl (pH 7.4) at 2S°C using 0.1 p g / d of
DTdiaphorase purified fiom HT-29 (see Purification of DT-diaphorase), fieshly prepared

100 pM NADH,0.5 pM FAD and 50 pM BM or MBM in a volume of 1 mL. DT-diaphorase
was prepared fresh on the day of the experiment from -80°C fiozen stock, and activated with

0.0 1% Tween 20 pnor to addition to the reaction mixture.

Aliquots of the reaction mixture were removed at various time points, and
irnmediately h

n at -8bC for HPLC analysis. Sarnpies were kept fiozen, prior to analysis,

for no longer than 5 days.

Hypoxic reduction
A seaied 1.5 mL ~ ~ ~ e n d o tube
f f Mcontaining reaction buffer (1 rnL of 50 mM Tris
HCI, pH 7.4) was perforated twice with a needle to create an inlet and outlet hole. A 1.5
inch stainless steel needle was placed through the inlet into the reaction buffer. Using this
needle, nitrogen gas with 5% CO, was purged into the reaction buffer for at least 1.5 hours
at 25OC. DTdiaphorase ,prepared using the sarne method as described for aerobic analysis,
was added to the reaction buffer through the outlet hole to give a final concentration of 0.1

pg/mL of DT-diaphorase. Freshly prepared NADH and FAD were added to the reaction
buffer through the outlet hole to give a final concentration of 100 pM and 0.5

FM,

respectively. Nitrogen gas with 5% CO, was bubbled into the reaction buffer for an
additional 10 minutes. BM or MBM was added through the outlet hole to the reaction buf6er
to give a final concentration of 50 FM.Nitrogen gas with 5% CO2 was bubbled into the
reaction vesse1 for the entire time course.
Aliquots of the reaction m i m e were removed îhrough the outlet hole at various time

points, and were immediately fiozen at -80°Cfor HPLC analysis. SarnpIes were kept fiozea,
prior to andysis, for no longer than 5 days.

HPLC analysis of NADH
The rate of reduction of BM and MBM was determined by measuring the rate of
consumption of NADH. The rate of consumption of NADH was quantified by HPLC,as
described by Gibson el al. (1992). Samples were quickly thawed fiom -8PC storage, and

15 pL of sample was applied to a PhenomenexTM Prodigy 5 p m ODS 150 x 4.6 mm
andytical column using a WISPm autoinjection system and a watersTMprogrammable multisolvent delivery system. The following linear gradient program was used to separate NADH:
Solvent A: 10 mM potassium phosphate (pH 6.0), Solvent B: HPLC grade methanol

Time (min.)

Percent A

Percent B

NADH levels were quantified by measuring the absorbency at 340 nM using a watersTM
programmable multi-wavelength detector, and a Hewlett packardTMintegrator. A typical
chromatogram is illustrated in Figure M-12. The area under the NADH peak was shown to
be linearly related to the concentration of NADH in a range of O to 100 FM, as illustrated in

Figure M- 13.

Redox Potentials

Preparation of solutions of BM analogs

BM analogs were prepared fiesh on the day of the experiment in DMF. Exposure to

light was minimirred at al1 stages due to photochernical decomposition for each of the
analogs. Ail dilutions were carrieci out in DMF,with the exception of the fmal dilution into

50 mM potassium phosphate bufTer (pH 7.4). In all cases, a final concentration of 1% DMF
in 50 mM potassium phosphate bufTer (pH 7.4) was used.

Cyclic voltammetry

The redox potentials of 500 pM of each BM analog in 50 mM phosphate (pH 7.4)
was determined by cyclic voltammetry using a glassy-carbon electrode. Sarnples were

degassed for 5 minutes using nitrogen prior to analysis, and scanned at 50 mV/s over a
potential range of +O.3O V to - 1.30 V. Redox potentials were measured by Dr. Joseph Wang,
Department of Chemistry and Biochemistry, New Mexico State University, New Mexico,
USA.

Analysis of Cross-Linking Activity of BM and MBM

Preparation of pBR322 plasmid DNA

E. coli were transformed with pBR322 plasmid purchased fiom SigmaTMusing the
InvitrogenTMkit, and grown on an LB agar plate containing 50 pg/rnL of ampicillin for 16
houn. Multiple colonies formed, and the plate was stored at 4 OC for one week. A single
colony on the plate was used to innoculate 500 mL of Luria Broth ,LB, media containing 50

pg/rnL of ampicillin. E. coli were grown to saturation by incubating at 37 OC for 12 hours.

LB media was centrifuged at 1480 xg for 15 minutes to pellet the E. d i . The supernatant

liquid was removed and the pellet suspended in IO0 mL of ice cold STE bufTer (0.1 M NaCl,
0.01 M Tris HCI, 2 mM EDTA, pH 8.0) and the resulting suspension centrifugai at 1480 xg
for 15 minutes. The supematant liquid was removed and the pellet suspended in 18 mL of
solution 1 (0.05 M glucose, 25 m M Tris HCI, 10 rnM EDTA, pH 8.0) followed by the
addition of 12 mL of 10 rng/rnL lysozyme. The resulting solution was mixed well and lefi
to stand for 10 minutes on ice. A volume of 40 mL of solution II (0.2 M NaOH and 1%

SDS) was added and the resulting solution lefi to stand for 10 minutes on ice. A volume of
20 rnL of ice-cold solution III (3 M potassium acetate and 11.5% (v/v) acetic acid) was added
and the centrifuge tube inverted several times which produced a flocculent white precipitate.

The tube was kept on ice for 10 minutes and centrifuged at 1940 xg for 25 minutes. The
supematant liquid was removed and filtered through 5 layers of cheese cloth into a fresh
centrifuge tube. A volume of 50 mL of 2-propanol was added to the filtered supematant
liquid and left ta stand at room temperature for 15 minutes. The resulting suspension was
centrifuged at 3020 xg for 15 minutes. The supematant liquid was removed, and the pellet
was washed with 50 mL of 70% ethanol. n i e ethanol solution was aspirated, and the pellet

lefi to dry at roorn temperature for 10 minutes. The pellet was dissolved in 3 mL of TE
buffer (10 mM Tris HCl, 1 rnM EDTA, pH 8.0), and 0.5 mL of the resulting solution was
transferred to each of 6 sterile 1.5 mL ~ ~ ~ e n dtubes.
o r p A volume of 0.5 mL of ice-cold

5M LiCl was added to each tube, and tubes were centrifuged at 8 160 xg for 10 minutes at
4°C. 'The supernatant liquid fiom al1 tubes was transferred equally to 12 fresh sterile 1.5 mL

EppendorfM tubes. A volume of 0.5 mL 2-propanol was added to each tube, and tubes were
lefi to stand for 10 minutes at roorn temperature. Tubes were centnfuged at 8 160 xg for 10

minutes at room temperature. For each tube, liquid was decanted, and the pellet was washed

with 70% ethanol. The ethanol was removed and the pellet left to dry at roorn temperature
for 5 minutes. For each tube, the pellet was dissolved in 500 PL of TE buffer followed by
the addition of 500 pL of 6 M NaCl containing 13% (wfv) polyethylene glycol (PEG8000).

Contents of each tube were mixed well, and each tube was centrifuged at 11750 xg for 5
minutes at 4 O C . The supernatant liquid was removed and pellets from each tube were
dissolved into a total volume of 3 mL of TE buffer. A volume of 0.5 rnL of the resulting
f ~ and 500 PL of
solution was transferred to each of 6 fiesh nerile 1.5 mL ~ p p e n d o f tubes,
1:1 phenollchloroform (equilibrated with TE buffer) added. Contents of each tube was

vortexed, and centrifuged at 13800 xg for 3 minutes. For each tube, the upper aqueous layer
was removed and transferred to a fresh sterile 1.5 mL ~ppendorfT~
tube. To each tube, 500

pL of chloroforrn was added. Tubes were vortexed and centrifuged at 13500 xg for 3

minutes. For each tube, the upper aqueous layer was removed and transferred to a fresh
stenle 1.5 mL E p p e n d o p tube. To each tube, 670 pL of ethanol and 23 pL of 3.0 M
ammonium acetate (pH5.2) was added. Tubes were left to stand at -80°Cfor 15 minutes and
centrifuged at 13800 xg for 15 minutes. For each tube, the supernatant liquid was aspirated,
and the pellet was washed with 500 pL of 70% ethanol. For each tube, the ethanol wash was
aspirated. The pellets from al1 6 tubes were dissolved into a total volume of 250 pL of TE
buKer. A volume of 20 pL of 10 rng/mL of RNAase was added, and the resulting solution

was incubated a 37°C for 1 hou. A volume of 1 FL of the solution was used to detemine
the purity of the pBR322 DNA preparation by agarose gel electrophoresis. A volume of 9

PL of sterile de-ionized water and 1 pL of Loading buffer (50% (v/v) glycerol, IrnM EDTA

(pH8.0), 4.6 mg/rnL xylene cyan01 and 4.6 mg/mL brornophenol blue) was added to the 1
pL of DNA solution, and the resulting solution was loaded onto a 1% TBE a g a m e gel

containing 1 p g h L ethidium bromide. Additionally, A HNld III hgrnents fiom GibCoTM
were loaded ont0 the gel as size markers. The gel was irnrnersed in TBE buffer (89 m M Tris
HCl, 89 mM boric acid, 10 rnM EDTA, pH 8.3) and a voltage of 80 V was applied to the gel
for 2 hours. DNA bands were detected using a transilluminator. For the 1 pL solution of

DNA from the maxi preparation, a band at approximately 4.3 kbp was detected
corresponding to the length of pBEG22 plasmid DNA. Additiondly, two other bands
corresponding to supercoiled and supercoiled-nicked DNA were detected.

Using a

comparison of the intensity of DNA band at 4.3 kbp with the intensity of the h Hind III
fragments, the concentration of pBEU22 plasmid was approximated to be 200 ng/pL.

EcoRl cut of pBW22 plasmid DNA

The pBR322 plasmid DNA prepared, as described above, was cut with EcoRI. A
volume of 30 pL of EcoR1 (5000 units/pL) and 30 pL of 10 times BRL buffer was added to

250 pL of 200 ng/pL pBR322 plasmid DNA. ï h e reaction mixture was incubated at 44OC
for one hour. The reaction mixture was cooled to room temperature, 20 pL of 3.0 M

ammonium acetate (pH 5.0) and 660 PL of ethanol were added. The solution was mixed, lefi
to stand at -80 OC for 15 minutes and centrikgcd at 13800 xg for 15 minutes at 4°C. The

supernatant liquid was aspirated, and the pellet was dissolved in 250 pL of TE buffer.

Gel purifkation of EcoRl eut pBR322 plasmid DNA
A volume of 20 pL of Loading buffer was added to 200 pL of TE buffer containing

approximately 200 ng/pL of EcooR1 cut pBR322 plasmid DNA. A volume of 50 pL of the
resulting mixture was added to each of 4 wells of a 1% TBE agarose gel. Additionally, I

Hind III fragments fiom ~ i b c were
o ~ Ioaded
~
onto the gel as size markers. The gel was
submerged in TBE and a voltage of 80 V was applied to the gel for 2 hours. DNA bands
were detected using a transilluminator. For each of the 4 lanes used, an intense band of DNA
was detected at 3.7 kbp which corresponds to the length of pBR322 plasmid DNA. A slit
was cut just in front of this band of DNA, and a 1.5 cm x 0.5 cm strip of NA45 DEAE
cellulose membrane inserted into the slit. A voltage of 80 rnV was applied to the gel for 20
minutes and membranes were removed. Each membrane was cut into several small segments
and distributed equally into 4 ~ ~ ~ e n dtubes
o r peach containing 200 PL of 1 M NaCl.
Tubes were incubated at 68 OC for 16 hours. A volume of 440 pL of ethanol was added to
each tube and lefi at -80 O C for 16 hours. Tubes were centrifuged at 13800 xg for 15 minutes.

For each tube, supernatant liquid was aspirated and pellets were dried at room temperature
for 10 minutes. A volume of 20 yL of sterile deionized water was added to each tube, and
solutions from each tube were combined.
Agarose gel electrophoresis was used to determine the concentration and purity of 1

pL of the 20 PL solution of the EcoRl cut pBR322 plasmid DNA. A volume of 10 pL of
sterile deionized water and 1 pL of Loading b a e r was added to 1 PL of the purified EcoRl
cut pBR322 plasmid DNA and the resulting solution loaded ont0 a 1% TBE agarose gel.
Additionally,

Hind III fragments from ~ i b c were
o ~ loaded
~
ont0 the gel as size markers.

The gel was submerged in TE buffer and a voltage of 80 V applied for 2 hours. DNA bands

were detected using a transilluminator. A single DNA band at approximately 4.3 kbp was
detected for the sample from the purified EcoRl cut pBR322 plasmid DNA. Using a
comparison o f the intensity of the band at 4.3 kbp with the intensity of the

A Hind III

fragments, the concentration of the DNA was approximated at 90 ng/pL.

3' end-labeling of EcoRI cut pBR322 plamid DNA

The 3' end of EcoR1 cut pBR322 plasrnid DNA was radio-labeled with [a-32P]d~TP
using Kelnow fragment. A reaction mixture consisting of 0.25 m M dTTP, 50 pCi of [ a-

"PI~ATP,l U of Klenow Fragment, 400 ng of purified EcoRl cut pBR322 plasrnid DNA,
0.01 M MgCI,, 1 mM DTT and 0.05 mg/mL BSA in 20 pL of 0.05 M Tris HCl (pH 7.5) was

incubated at 37°C for 15 minutes. Another 1 U of Klenow Fragment was added to the
reaction mixture and the mixture was incubated at 37°C for 10 minutes. Unincorporated

DNA was removed using a 3 rnL NICKTMColumn fiom Pharmacia ~ i o t e c (a
h ~pre-packed
~
Sephadex G-50 DNA grade column). Labeled EcoRl cut pBR322 plasrnid DNA was eluted
with 400 pL of TE Buffer.

Agarose gel analysis of cross-linking activity
The cross-linking activity of BM and MBM was studied using the agarose gel assay
developed by Hartiey et al. (199 1). In detail, I O ng of [ d 2 ~ ] d ~ TIabeled
P
pBR322 plasmid

DNA was treated with one of O S , 1,5 or 10 p M of MBM or BM in the presence of 0.01 pg
purified DT-diaphorase, 100 PM NADH and 5 p M FAD under aerobic conditions at 25°C

for 2 hours in 100 pL of25 m M Tris HCVl rnM EDTA (pH 7.4) in silicon coated Eppendorf
TM

tubes. For each concentration of BM or MBM reactions were stopped and DNA was

precipitated at room temperature by the addition of 100 pL of 2-propanol (or 220 pL of
ethanol) and 10 pL of 3.0 M sodium acetate (pH5.0) and centrifuged at 13800 xg for 20
minutes. Supernatant liquid was removed and 100 PL of 70% ethanol added. The ethanol
solution was rernoved. A volume of 5 pL of sterilized and de-ionized water was added to
each tube and tubes were vortexed for 20 minutes. A volume of 5 pL of Strand Separating
Buffer (30% DMSO in 1 m M EDTA (pH 8.0) with 0.04% xylene cyanol and 0.04%

bromophenol blue) was added, and tubes were vortexed for 20 minutes. A volume of 20 pL
of sterilized and de-ionized water was added, and tubes were vortexed for 20 minutes. Tubes
were placed in boiling water for 2 minutes, and were rapidly cooled on ice. Samples were

loaded ont0 a 1% TBE agarose gel. Single-stranded and double-stranded controls were
~eneratedas follows. [ a 3 2 ~ ]labeled
d ~ ~ pBR322
~
plasmid DNA (10 ng) in a volume of 10

C

pL of TE buffer was treated with 10 p L of Strand Separating Buffer in a silicon coated
Eppendorf tube. The tube was placed in boiling water for 2 minutes, quickly cooled on ice,

and loaded onto the agarose gel. This served as the single stranded control. Another 10 ng

of [ a 3 ' P ] d ~
labeled
~ ~ pBR322 plasmid DNA in a volume of 10 pL of TE b a e r was treated
with 10 p L of 0.3

M sucrose (0.04% xylene cyanol and 0.04% bromophenol blue), and

directly loaded ont0 the agarose gel. This served as the double stranded control. The agarose
gei was submerged in TBE b a e r and a voltage of 40 mV applied for 16 h o m . The agarose
gel was dried at 80 OC for 2 ho-,

and exposed to a phosphor-imaging plate for 16 hours.

The phospho-image was scanned for signals using a phosphonrnager, and was viewed using

Molecular Dynamic Phosphorimaging software, version 3-3.
Controls for the cross-linking reaction of BM and MBM were prepared as follows.
10 ng [a3*p]d~TPlabeled pBR322 plasmid DNA (10 ng) was treated with one of each of the
following: (a) 0.1 pg/rnL of purified DT-diaphorase, 100 pM NADH, 5 p M FAD (b) 50 p M

BM (c) 50 pM MBM (d) 0.1 pg/mL purified DT-diaphorase, 50 p M BM (e) 0.1 p g h L
purified DT-diaphorase, 50 p M MBM (f) 50 p M BM, 100 p M NADH, 5 FM FAD (g) 50

p M MBM, 100 pM NADH, 5 p M FAD. Al1 controls were incubated at 25 OC for 4 hours in
100 PL of 25 m M Tris HCI/l mM EDTA (pH 7.4)in silicon coated ~ p p e n d o ptubes.

DNA was treated and loaded, and the agarose gel was treated using the sarne protocol
descnbed above for preparation and analysis of DNA treated with reduced BM or MBM.
A rnodified procedure of Hartley er al. (199 1) was developed. [ a 3 2 ~ ] d ~ T
labeled
P

pBR322 plasmid DNA (10 ng) was treated with one of 25 or 50 p M BM or MBM in the
presence of 0.0 1pg of purified DT-diaphorase, 100 pM NADH and 5 pM FAD in 100 pL of

25 mM Tris HClll m M EDTA @H 7.4) in silicon treated Eppendorf TM tubes for 2 hours.
A volume of 10 p L of

Loading buffer (1:l glycerol: 1 m M EDTA (pH 8.0), 0.04%

bromophenol blue and 0.04% xylene cyanol) was added to each tubes. Tubes were place in
boiling water for 2 minutes, cooled quickly on ice, and loaded ont0 a 1% TBE agarose gel.

The agarose gel was submerged in TBE buffer, and a voltage of 40 V applied for 16 hours.
The gel was dned at 80 OC for 2 hours, and exposed to a phosphor-image plate over night.
The phosphor-image was scanned for signals using a phosphorimager, and was viewed using
Molecular Dynamic Phosphorirnaging software, version 3-3.
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Figure M - I l : Elution profile for Sephadex G-100 size exclusion colurnn. An impure
mixture of various nucleotide binding proteins were applied to an 80 mL DEAE Sephadex
(3-100 column. Fractions were eluted using 50 m M Tris HCI (pH 7.4). Fractions were
assayed for protein content by measuring absorbency at 280 nm,and DT-diaphorase activity
using the method described by Prochaska and Santarnaria ( 1988).

TIME (MIN.)

Figure M-12: Chromatogram of 100 pM of NADH in 25 rnM Tris HCI (pH 7.4).
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Resulîs

Synthesis of the BM Analogs

Analogs of 2-(di(ch1oroethyl)amino)- l,4-benzoquinone, BM were chosen to study
the effect of functional groups on a quinone ring of a bioreductive agent. Initially, three

analogs were chosen, each to illustrate a specific property of a functional group. They were:

5-methoxy-2-(di(chloroethyl)amino)- 1,4-benzoquinone,

MBM,

6-t-butyl-2-

(di(chioroethyl)amino)-1,Cbenzoquinone, TBM and 3-acetyl-2-(di(chloroethy1)amino)- 1,4benzoquinone, ABM. MBM was chosen to illustrate the effect of a methoxy group, an
electron releasing group, TBM was chosen to illustrate the effect of a t-butyl group, a stenc
bulky group, and ABM was chosen to illustrate the effect of an acetyl group, an electron
withdrawing

group, on

the specificity for activation by

DT-diaphorase or

NADPH:cytochrome P-450 reductase. BM was used as a control in these studies.
Reaction conditions for prepmtion of each of the BM analogs chosen for study are
summarized in Figure R-1. BM was synthesized using the method descnbed by Makarov
et al. (1967). MBM was successfully and reproducibly synthesized in sufEcient quantity for

f'rther study by using a combination of the rnethod descnbed by Crosby et al. (1956) for
oxidative arnination of 1,4-benzoquinones and Makarova et ai. (1973) for svnthesis of BM.
This method involved use of cupric acetate as an oxidant and the use of 95% ethanol in place
of water as the solvent. Preparation of TBM by using similar reaction conditions as used for
synthesis

of

MBM yielded approximately a

1:1:2

mixture

of

3-t-butyl-2-

(di(ch1oroethy1)amino)-1,4-benzoquinone,

5-t-buty1-2-(di(chloroethy~)amino)-1,4-

benzoquinone and 6-t-butyl-2-(di(chloroethy1)amino)- l,4-benzoquinone, respectively. 6-tButy l-2-(di(ch1oroethyl)amino)-1,4benzoquinone, TBM (0.0 13 grams) was purified from

the isomeric mixture using silica gel flash-chromatography repeated three times. This
quantity of TBM was insufficied for M e r analysis, and subsequent attempts to prepare
this compound were unsuccessful.
As an altemate compound, 6-phenyl-2-(di(chloroethyl)amino)- 1,Cbenzoquinone,

PBM, was chosen for study. PBM contains a phenyl group substituted meta to the
di(chloroethy1)amino group on the quinone ring, and may illustrate the effect of a steric bulky
eroup on specificity for activation by DT-diaphorase or NADPH:cytochrome P-450

C

reductase. Preparation of PBM using similar reaction conditions as used for the synthesis
of MBM yielded approximately a 1:1:2 mixture 3-phenyl-2-(di(ch1oroethyl)arnino)- 1,4benzoquinone, 5-phenyl-2-(di(chloroethy1)amino)- l,4-benzoquinone and 6-phenyl-2(di(chloroethy1)amino)-1,4-bemquinone (PBM),respectively. PBM was p u ï fied from the
isomeric mixture using silica gel flash-chromatography Ovice followed by re-crystallization
in 95% ethanol. This method was reproducible and allowed the preparation of PBM in
sufficient quantity for m e r analysis.
Attempts to synthesize ABM using the reaction conditions used for the synthesis of

MBM were unsuccessful. Using completely anhydrous conditions and silver oxide in place
of cupnc acetate, ABM was prepared as an impure mixture. However, ABM readily
decomposed and could not be purified for M e r study. As an alternate compound, 5-

chloro-2-(di(ch1oroethyl)amino)- 1,4-benzoquinone, CBM, was chosen for study. CBM

contains a chloro group substituted para to the di(chloroethyl)amino group on the quinone

ring, and may illustrate the effect of an electron withdrawing group on specificity for

activation by DT-diaphorase or NADPHxytochrome P-450reductase. CBM was prepared
using a method developed by Makarova et al. (1967). This method afforded CBM in
sufficient quantity for further study.

Studies into the Effect of Functional Groups on Cytotoxicity

Dependence of cytotoxicity of BM analogs on DT-diaphorase activity in H661 cells

H661, a human non-small ce11 lung cancer ce11 line, was chosen to study the
dependence of cytotoxicity of the BM analogs on DT-diaphorase activity. H66 1 cells have
a moderate level of DTdiaphorase activity, 1 12.7I12.4nmolelmin/mg protein (Begleiter et

al., 1997). The cytotoxicities of the BM analogs at 2 p M were studied in H66 1 cells in the
presence, and absence, of 100 p M dicoumarol, an inhibitor of DT-diaphorase. This
concentration of dicoumarol completely inhibited the cytotoxicity of E09 (data not shown).
The results are illustrated in Figure R-2.The surviving ce11 fractions, ratios of the nurnber
of viable to non-viable cells, for the BM analogs in the absence of dicoumarol were: 0.23 k

*

*

0.03 for BM,0.50 0.09 for PBM,0.40& 0.06 for CBM and 0.09 0.01 for MBM. The

*

surviving ce11 fiactions for the BM analogs in the presence of dicoumarol were: 0.13 0.03

*

*

for BM,0.3 1 0.05 for PBM, 0.30 0.06 for CBM and 0.20

* 0.01 for MBM. Using p <

0.05 as the cut off point for statistical significance, the cytotoxicities of BM and MBM were
dependent on the presence of dicoumarol, while the cytotoxicities of CBM and PBM were

not significantly altered by the presence of dicoumarol. Additionally, the cytotoxicity of

MBM decreased in the presence of dicoumarol, while the cytotoxicity of BM increased.

Thus, in H661 cells, BM and MBM may be dependent on and CBM and PBM may be
independent of DT-diaphorase activity. Additionally, BM may be activated by and MBM
rnay be inactivated by DT-diaphorase.
The dependence of cytotoxicity of MBM and BM on the DT-diaphorase activity
illustrated at 2 p M BM and MBM in the presence, and absence, of dicoumarol was validated
by obtaining a full dose-response curve for the cytotoxicity of each of BM and MBM in the

presence, and absence, of dicoumarol. The results are illustrated in Figures R-3 and R-4.The

D,, ,the concentration of dmg require to kill90 % of a tumor cell population, for each of BM
and MBM in the presence and, absence of, dicoumarol was determined. In the absence of
dicournarol, MBM and BM had D,,of 0.10

* 0.09 p M

and 3.4

0.3 PM, respectively. In

cornparison, in the presence of dicoumarol MBM and BM had D,,of 0.38 + 0.01 p M and
2.4

* 0.2 PM.

Thus, the results fiom the full concentration-responsedata were in agreement

with the single concentration data.

Dependence of cytotoxicity of BM analogs on DT-diaphorase activity in SK-MEL-28
cells
The cytotoxicities of BM, MBM, CBM and PBM were studied in SK-MEL-28 cells.

SK-MEL-28 is a human melanoma ce11 line with a DT-diaphorase activity of 586.7H9.6
nmole/min/mg protein (Begleiter et ai. 1997). The cytotoxicities of BM analogs at 2 pM
were studied in SK-MEL-28 cells in the presence, and absence, of 100 pM dicournarol. The

results obtained are iliustrated in Figure R-5.The suniving ce11 fiactions for the BM analogs
in the absence of dicownarol were: 0.5 & 0.2 for BM, 0.7

* 0.2 for PBM, 0.68 * 0.09 for

CBM and 0.065 * 0.006 for MBM. The surviving ceIl fractions for the BM analogs in the
presence of dicoumarol were: 024 k 0.08 for Bw0.7

* 0.1 for PBM,0.28* 0.08 for CBM

and 0.29 I 0.09 for MBM. Using p < 0.05 as the cut-off point for statistical significance, the
cytotoxicities of MBM, CBM and BM were dependent on the presence of dicoumarol, while
the cytotoxicity of PBM was independent of the presence of dicoumarol. Additionally, the
cytotoxicities of BM and CBM increased, while the cytotoxicity of MBM decreased in the
presence of dicoumarol. Thus, in SK-MEL-28 cells, BM, MBM and CBM may be dependent
on and PBM may be independent of DT-diaphorase activity. Additionally, BM and CBM
may be inactivated by and MBM rnay be activated by DT-diaphorase.

Dependence of cytotoxicity of BM analogs on NADPH:cytochrome P-450 reductase

activity

The dependence of the cytotoxicities of BM analogs on NADPH:cytochrome P-450
reductase activity were studied using H661 cells and SK-MEL-28.

The level of

NADPH:cytochrome P-450 reductase activity in H66 1 cells is 17.2 nmoles/min/mg protein
and is 5.83 nmoles/min/mg protein in SK-MEL-28cells. The cytotoxicities of the BM

analogs at 2 FM in the presence of 100 pii4 dicoumarol in SK-MEL-28 and H661 cells were
compared. Dicoumarol was used to muiimize complications associated with the difference
in DT-diaphorase ievels in H66 1 and SK-MEL-28 cells . The cornparison is illustrated in
Figure R-6. In the H661 the surviving ce11 fractions for the BM analogs in the presence of

dicournarol were: 0.13

*

0.04 for BM, 0.3 1 0.05 for PBM,0.30

0.06 for CBM and 0.20

* 0.01 for MBM In the SK-MEL-28the surviving ce11 fiactions for the BM analogs in the
presence of dicournarol were: 0.24 0.08 for BM, 0.7 * 0.3 for PBM,0.28 * 0.08 for CBM
and 0.29

0.08 for MBM. Using p < 0.05 as the cut off point for statistical significance,

PBM had a greater cytotoxicity in H661 than SK-MEL-28 cells while the cytotoxicities of
BM, CBM and MBM were sirnilar in SK-MEL-28 and H661 cells. Thus, P B M may be
dependent on and BM, CBM and MBM may be independent of NADPH:cytochrome P-450
reductase activity. Additionally, PBM may be activated by NADPH:cytochrome P-450
reductase.

Purification of DT-Diaphorase

DT-diaphorase was purified from HT-29, a human colon cancer ce11 line.
Purification of DT-diaphorase from HT-29 cells was initially carried out, as described by

Sharkis et al. (1 989). Using this procedure, DT-diaphorase was purified to approximately
70%, as determined by SDS PAGE of 13 pg of protein stained using Coomasie Bluem (see

Figure R-7). This was considered inadequate, and DTdiaphorase was further puri fied using
a DEAE Sephadex column at a pH of 8.0, as suggested by Dr. Su Shu Pan, University of
Maryland Cancer Center, Baltimore, MD, USA (private communication). Using this
procedure, DT-diaphorase was purified to greater than 98% purity with a dicoumarol
inhibitable specific activity of 38,000 m o l e MTT reduced/rnin/mg protein.

This

corresponded to a 76-fold increase in specific activity. Purity was estimated by SDS PAGE

of 1,2,4 and 8 pg of protein stained using Silver stainTM(see Figure R-8).

Redox Potentials of BM Analogs

The redox potentials of BM analogs were determined u i n g cyclic voltammetry. The
resulting voltarnrnograms are illustrated in Figures R-9 to R-13. Each voltammogram
represents a scan for the current generated by applying various voltages to a solution of the

BM analog. Peaks in the voltammogram represent points of maximal current output, which
correspond to a redox potential of an analyte in the solution. Thus, peaks correspond to first
and second redox potentials of BM analogs.

The first and second redox potentials for each of the BM analogs is sumrnarized in
Table 1. CBM, PBM and TBRi had similar first redos potentials. The first redox potential
of MBM was less than BM, which was less than CBM. PBM and TBM. BM, CBM, PBM
and TBM had similar second redox potentials, while MBM had a much less negative second

redox potential. The first and second redox potentials are assumed to be the redox potentials
of the semiquinone and hydroquinone States, respectively.

Reduction of MBM and BM by DT-Diaphorase

The rate at which DT-diaphorase reduces BM and MBM was studied by measuring
the rate of consumption of NADH. NADH is a CO-factorfor the reduction of substrates by
DT-diaphorase. The rate of consurnption of NADH \vas quantified by HPLC, as described

by Gibson et ai. (1992).

The level of consumption of NADH was determined at O, 1,3,5, 10 and 20 minutes
for BM, and 0,5, 10,20,30,50,60 and 120 minutes for MBM. Reactions were canied out
under aerobic and hypoxic conditions with a 2: 1 ratio of NADH to BM or MBM.

The results obtained for reduction of MBM are illustrated in Figure R-14. Tke
consurnption of NADH under aerobic and hypoxic conditions was completed at
approximately 60 minutes. At 60 minutes, two equivalents of NADH was consurned under
aerobic conditions, while one equivalent of NADH was consurned under hypoxic conditions.
Thus, reduction of MBM under aerobic conditions was twice as fast as under hypoxic
conditions, and MBM may be able to re-oxidize and continue to be reduced by DTdiaphorase.
The resdts obtained for reduction of BM are illustrated in Figure R-15. NADH is
consurned at a similar rate under aerobic and hypoxic conditions, and the consumption of
NADH was completed at approximateiy 5 minutes under aerobic and hypoxic conditions.
Additionally, in contrat to MBM, approximately one equivalent was consumed under both
aerobic and hypoxic conditions. T'us, BM was reduced by DT-diaphorase at a sirnilar rate
under aerobic and hypoxic conditions, which was faster than the rate at which MBM was
reduced by DT-diaphorase. BM does not appear to re-oxidize and continue to be reduced by
DT-diaphorase.

Analysis of Cross-Linking Activity of BM and MBM

Various controls were studied to illustrate the effect of the different components of
the reaction mixture on the DNA. DNA was treated for 4 houn with each of (a) DTdiaphorase, 100 FM NADH and 5 p M (b) 50 pM BM (c) 50 pM MBM (d) 50 FM BM in the
presence of DT-diaphorase (e) 50 p M MBM in the presence of DT-diaphorase (f) 50 pM
BM, 100 p M NADH and 5 p M FAD (g) 50 pM MBMI 100 pM NADH and 5 pM FAD.
Cross-linking activity was analyzed using an agarose gel method developed by Hartley et
al. (1991). The resulting agarose gel is illustrated in Figure R-16. Denatured and nondenatured DNA corresponds to single- and double-stranded DNA, respectively. For each
sample, single- and double-stranded DNA correspond to non-cross-linked and cross-linked
DNA, respectively. Single stranded bands were present and no double stranded bands were
present for al1 controls.
[ a - 3 2 ~ ]labelled
d ~ ~ ~pBR322 plasmid DNA (10 ng) was treated with one of 0.5, 1,

5 or 10 FM of MBM or BM in the presence of DT-diaphorase. 100 pM NADH and 5 pM

FAD under aerobic conditions at 25OC for 2 hours in 25 m M TnsHCV1 mM EDTA (pH7.4),
and cross-linking activity was analyzed using an agarose gel method developed by Hartley
et al. (1991). The resulting gel is illustrated in Figure R-17. Denatured and non-denatured
DNA corresponds to single- and double-stranded DNA, respectively. For each sample,
single- and double-sttanded DNA corresponds to non-cross-linked and cross-linked DNA,
respectively. For each sample loaded single- and/or double-stranded DNA bands were not
consistently present. Additionaily, no dose response of the cross-linking activity was
82

observed. DNA was present in the location of the loading well for each sample.
A modified procedure of Hartiey et al. (1991) was developed in an attempt to

elirninate the the inconsistencies associated with the method developed by Hartley et al.

(1991). [ a 3 ' P ] d ~ Tlabelled
~
pBR322 plasmid DNA (10 ng) was treated with 25 or 50 p M

BM or MBM in the presence of DTdiaphorase, 100 pM NADH and 5 yM FAD for 2 hours.
Loading buffer was added to each sample, sarnples were heat-denatured and directly loaded
ont0 a 1% non-denaturing TBE agamse gel (see Experimental for details). The resulting gel
is illustrated in Figure R-18.
precipitation.

Results were sirnilar to those obtained using ethanol

( N H ~ ( C H ~ C H ~ C CII)~)+

2 hr., 2SoC, H20

( N H ~ ( c H ~ c H ~ c I )Cl',
~ ) +KF, CU(OAC)~

2 days, 250C,95 % EtOH

R = OMe or Cl

R = OMe or CI

( N H ~ ( c H ~ c H ~ c I CI-,
)~)+
KF, CU(OAC),
2 days, 25*C, 95 % EtOH

R = phenyl or t-butyl

-

R = phenyl or t-butyl

\

( N H ~ ( C H ~ C H ~ CCI-,
~ ) ~K2C03.
)+
Ag20
t

1 hour, 2 5 W , Et$

FIGURE R-1: Reaction conditions for the syntlteçis of the Bhl analogs.
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Figure R-3:Cytotoxicity of BM in H661 human non-small cell lung line in the presence
and absence of dicoumaroi. Cells were incubated with, or without, 100 p M dicoumarol at
37°C and 5% CO2 for 20 minutes. Media was removed and cells were incubated with
vvious concentrations of BM and with, or without, 100 pM dicoumarol at 37OC and 5% CO2
for 1 hou. Cells were washed with citrate saline, trysinized, diluted and incubated at 37OC
and 5% CO, for 7 days. The s w i v i n g ce11 fraction was determined by MTT assay as
described by Johnston et al. (1994). Points, mean of 1 1-15 deteminations; bars, standard
error; lines, regression 1ines.

O*1

0.2

MBM CONCENTRATION (PM)

Figure R-4: Cytotoxicity of MBM in H661 human non-small ce11 lung Line in the
presence and absence of dicoumarol. Cells were incubated with, or without, 100 pM

dicoumarol at 37°C and 5% CO, for 20 minutes. Media was removed and cells were
incubated with various concentrations of MBM and with, or without, 100 p M dicoumarol
at 37°Cand 5% CO, for 1 hour. Cells were washed wïth citrate saline, trysinized, diluted and
incubated at 37°C and 5% CO, for 7 days. The swiving ce11 fraction was detemined by
MTT assay as described by Johnston et ai. (1994). Points, mean of 11-15 determinations;
bars, standard error; lines, regression lines.
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Figure R-7: SDS PAGE gel of human DT-diaphorase purified using the method
described by Sharkis et al. (1989). Lane 1:Biorad protein standards: 80,46.9 and 33.5 D a
(in descending order); Lane 2: 13 pg of protein fiorn concentrate of fractions 17-20 from
Sephadex G-100 size exclusion column. Lane 3: 13 pg of protein from concentrate of
fractions 2 1-27 from Sephadex G-100 size exclusion column. A current of 10 mA was
applied to the gel ovemight and the gel was stained using Silver stainm.

Figure R-8: SDS PAGE of human DT-diaphorase purified using the modified
procedure. Lane 1 : Biorad protein standards: 140,80,46.9,33.5, 28.5 and 19.6 kDa (in
descendhg order); Lane 2: 1 pg of protein; Lane 3: 4 pg of protein; Lane 4: 2 pg of protein;
Lane 5: 8 pg of protein. A current of 10 mA was applied to the gel ovemight and the gel was
stained using Silver stainTM.

Figure R-9:Cyclic voltammograrn of BM. The redox potential of 500 p M BM in 50 mM
potassium phosphate (pH 7.4) was determined using a glassy-carbon electrode. Samples
were degassed for 5 minutes using nitrogen prior to analysis, and scanned at 50 mV/s over
a potential range of +O. 1 V to -1 -30 V.

Figure R-10: Cyclic voltammogram of MBM. The redox potentiai of 500 pM MBM in
50 rnM potassium phosphate (pH 7.4) was determined using a glassy-carbon electrode.
Sarnples were degassed for 5 minutes using nitrogen prior to analysis, and scanned at 50
mV/s over a potential range of M.1 V to - 1.30 V.

POTENTlAL (VOLTS)

Figure R-Il: Cyclic voltammogram of CBM. The redox potential of 500 FM CBM in 50
rnM potassium phosphate (pH7.4) was determined using a glassy-carbon electrode. Samples
were degassed for 5 minutes using nitrogen prior to analysis, and scanned at 50 mV/s over
a potential range of +O. 1 V to -1.30 V.
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Figure R-12:Cyclic voltammogram of PBM. The redox potential of 500 p M PBM in 50
rnM potassium phosphate (pH7.4) was determined using a glassy-carbon electrode. Samples
were degassed for 5 minutes using nitrogen pnor to analysis, and scanned at 50 mV/s over
a potential range of +O. 1 V to -1 -30 V.

Figure R-13:Cyclic voltammogram of TBM. The redox potential of 500 ph4 TBM in 50
m M potassium phosphate (pH 7.4) was detemuned using a glassy-carbon electrode. Samples
were degassed for 5 minuies using nitrogen prior <O analysis, and scanned at 50 mV/s over
a potential range of +O.3 V to -1 -30 V.
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Figure R-14: Time course for aerobic and hypoxic reduction of MBM by human DTdiaphorase punfied from HT-29 colon cancer cells. Aerobic and hypoxic reactions were
canied out in 50 m M Tris HCl (pH7.4) at 25°C using 0.1 pg of DTdiaphorase purified fiom
HT-29, 100 pM NADH, 0.5 FM FAD and 50 FM MBM. Consumption of NADH was
quantified using HPLC, see materials and rnethods. Points, mean of 3 determinations; bars;
standard error.
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Figure R-15: Tirne course for aerobic and hyposic reduction of BM by human DTdiaphorase purified from HT-29 colon cancer cells. Aerobic and hypoxic reactions were
carrieci out in 50 m M Tris HCl @H 7.4) at 2S°C using 0.1 pg of DT-diaphorase purified 60x11
HT-29, 100 p M NADH, 0.5 p M FAD and 50 p M BM. Consumption of NADH was
quantified using HPLC, see materials and methods. Points, mean of 3 determinations; bars;
standard error.
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Figure R-16:Cross-linking activity of controls. Various controls were analyzed for cross-linking
activity using the agarose gel method developed by Hartley et al. (1991). Lane 1 : non-denatured
pBR322 plasmid DNA; Lane 2: denatured pBR322 plasmid DNA; Lane 3: pBR322 plasmid DNA
treated with 0.1 pg/100 pL purified human DT-diaphorase, 100 PM NADH and 0.5 p M FAD for
3 hours; Lane 4: pBR322 plasmid DNA treated with 50 p M BM for 3 hours; Lane 5: pBEU22
plasmid DNA treated with 50 p M MBM for 3 houn; Lane 6: pBR322 plasmid DNA treated with
0.1 @100 PL purified DT-diaphorase and 50 p M BM for 3 hom; Lane 7: pBR322 plasmid DNA
treated with 0.1 pg/100 pL punfied human DT-diaphorase and 50 p M MBM for 3 hours; Lane 8:
pBR322 plasmid DNA treated with 50 p M BM,100 FM NADH and 0.5 p M FAD for 3 hours; Lane
9: pBR.322 plasmid DNA treated with 50 p M MBM, 100 pM NADH and 0.5 p M FAD for 3 hours.

Figure R-17:Cross-linking activity of BM and MBM. The cross-linking activity of BM
and MBM was snidied using the method developed by Hartley et al. (1991). Lane 1: nondenatured pBEU22 plasmid DNA; Lane 2: denatured pBR322 plasmid DNA; Lanes 3-13:
pBR322 plasmid DNA treated for 2 hours with 0.1 &100 pL purified human DTdiaphorase, 100 p M NADH and 0.5 p M FAD in addition to: Lane 3: 1 p M BM; Lane 4: 5
p M BM; Lane 5: 10 FM BM; Lane 6: 0.5 p M MBM; Lane 7: 1.0 p M MBM; Lane 8: 5 p M
MBM; Lane 9: 10 p M BM;Lane 10: 10 pM MBM;Lane 1 1: 25 p M BM;Lane 12: 10 pM
MBM; Lane 13: 25 p M MBM. Lane 14: pBR322 treated with 0.1 pgI100 pL putified
human DT-diaphorase for 2 hours.

Figure R-18:Cross-linking activity of BM and MBM. The cross-linking activity of BM
and MBM was studied using a modified method of the method developed by Hartley et al.
(1991). Lane 1 : non-denatured pBR322 plasrnid DNA; Lane 2: denatured pBR322 plasmid
DNA; Lanes 3-7:pBR.322 plasmid DNA treated for 2 hours with 0.1 pg/100 PL purified
human DTdiaphorase, 100 p M NADH and 0.5 p M FAD in addition to: Lane 3: 10 p M BM;
Lane 4: 25 p M BM; Lane 5: no dmg was added; Lane 6: 10 FM MBM; Lane 7: 25 p M

MBM.

ANALOG

FIRST REDOX POTENTlAL
(VOLTS)

SECOND REDOX
POTENTlAL (VOLTS)

BM
MBM

PBM
CBM

TBM

TABLE 1: Surnmary of first and second redox potentials for BM analogs. The redox potentials
of 500 p M of each of the BM analogs in 50 rnM potassium phosphate (pH 7.4) was determined by
cyclic voltammetry using a glassy-carbon electrode. Samples were degassed for 5 minutes using
nitrogen pnor to analysis, and scanned at 50 mV/s over a potential range +0.3V to -0.130 V.

Discussion

Analogs of 2-(di(chloroethyl)amino)- 14-benzoquinone, BM, were chosen to study
the effect of functional groups on specificity for activation of a quinone bioreductive agent

by DT-diaphorase or NADPH:cytochrome P-450 reductase. Analogs were chosen to attempt

io illustrate the effect of a specific class of functional groups. The analogs initially chosen
were:

5-methoxy-2-(di(chloroethy1)arnino)- 1,4-benzoquinone,

MBM,

6-t- butyl-2-

(di(chloroethyl)amino)-I ,4-benzoquinone, TBM and 3-acetyl-2-(di(chloroethy1)amino)- 1,4benzoquinone, ABM. MBM would illustrate the effect of an electron releasing group. TBM
would illustrate the effect of a sterically bulky group. ABM would illustrate the effect of an
electron withdrawing group.

MBM was successfully prepared in sufficient quantity for M e r study using a
combination of the method descnbed by Crosby et al. (1956) for oxidative amination of 1,4benzoquinones and Makarova et al. (1973) for synthesis of BM by a Michael-type addition.
Preparation of TBM, using a rnethod, sirnilar to that used for the preparation of MBM,
produced a mixture of f-butyl-2-(di(chioroethy1)amino)- 1+benzoquinone isomers. TBM
could not be purified in sufEcient quantity for biological study. The lack of success may be
attributed to a reaction of TBM with the silica gel column matenal. D-wing flash
chromatography of the impure isomenc mixture containing TBM, a reaction of the contents
of the mixture with the silica gel was noted. This reaction may have reduced the purification

efficiency of the column, which may have reduced the extent to which TBM was purified.
Preparation of ABM, using the rnethod developed for the preparation of MBM was
unsuccessful. It was possible that synthesis of ABM using this method was limited by high
reactivity of 2-acetyl- 1,4-beflzoquinone. 2-Acetyl- 1,4-benzoquinone may have reacted with
various nucleophiles in the reaction mixture, which may complicate and prevent the
formation of ABM. Reaction conditions were developed to maximize the reaction of 2acetyl- l,4-benzoquinone with di(ch10roethyl)amine~and minimize the reaction of 2-acety l1,4-benzoquinone with other nucleophiles. These reaction conditions involved the use of
anhydrous ether, anhydrous potassium carbonate as a drying agent and anhydrous silver
oxide as an oxidant. Using these reaction conditions, ABM was prepared arnongst other
impurities. PLBM could not be further purified, and readily decomposed on standing in air.
Since it was not possible to obtain sufficient TBM or ABM for biological studies,
altemate compounds, CBM and PBM, were prepared. CBM would illustrate the effect of a
mild electron withdrawing group, and PBM would illustrate the effect of a steric bulky
group, and may have neutral electronic properties.

CBM was prepared in suficient quantity for M e r study using a method developed
by Makarova et al. (1973). PBM was prepared in sufficient quantity for further study using
a combination of the method described by Crosby et al. (1956) for oxidative amination of
I,4-benzoquinones and Makarova et al. (1973) for synthesis of BM.

Studies into the Effect of Functional Groups on Cytotoxicity

Dependence of cytotoxicity of BM analogs on DT-diaphorase activity in H661 cells

The cytotoxicity of BM, CBM, PBM and MBM were studied in the H66 1 ce11 line
in the presence and absence of dicournarol. H661 is a hurnan non-small ce11 lung carcinoma
line shown to possess moderate DT-diaphorase activity, 112.7f12.4 nmoles/rnin/mg protein
(Begleiter et al.. 1997). Using dicoumarol, an inhibitor of DT-diaphorase, the cytotoxicity

of the agents in the H661 ce11 line can be studied in the presence and absence of DTdiaphorase activity. Thus. the dependence of the cytotoxicity of the analogs on DTdiaphorase can be studied. Analogs rvhose cytotoxicity is decreased in the presence of
dicournarol rnay be activated by DT-diaphorase, while analogs whose cytotoxicity is
increased in the presence of dicoumarol rnay be inactivated by DT-diaphorase. FinaIly,
analogs whose cytotoxicity is not affected by dicournarol rnay not be dependent on DTdiaphorase activity.
Initially, the cytotoxicity was studied at 2 pM of BM analog, in the presence, and
absence, of dicournarol (Figure R-2). This provided a preliminary screen for the dependence
of cytotoxicity of the BM analogs on DT-diaphorase. The cytotoxicity of BM increased and
the cytotoxicity of MBM decreased in the presence of dicoumarol, while the cytotoxicities

of CBM and PBM were unaffected by the presence of dicoumarol. Therefore, MBM rnay be
activated by DTdiaphorase, while BM rnay be inactivated by this enzyme. Additionally, the
cytotoxic activity of CBM and PBM rnay be independent of DT-diaphorase activity.

The dependence of the cytotoxicities of MBM and BM on DT-diaphorase detetmined

at 2 PM was validated by obtaining full concentration-response curves for each of BM and

MBM in H661 cells in the presence, and absence, of dicoumarol (Figures R-3 and R-4). In
the absence of dicoumarol, MBM and BM had a D,,of 0.10I0.09 FM and 3.4I0.3 FM,

respectively. In comparison, in the presence o f dicoumarol MBM and BM had a D,,of
0.38I0.01 pM and 2.4I0.2 PM, respectively. Thus, the results from the hiIl-concentration
response data were in agreement with the single concentration data.

Dependence of cytotoxicity of BM analogs on DT-diaphorase activiq in SK-MEL-28
ceIIs

The cytotoxicities of BM, MBM, CBM and PBM were studied at 2 PM in SK-MEL28 cells in the presence, and absence, of dicoumarol (Figure R-5). SK-MEL-28 is a human

melanoma cell line with moderately high DT-diaphorase activity, 586.7I19.6 nmoles/min/mg
protein (Begleiter et al., 1997). As with the H661 cells. a comparison of the cytotoxic
activity of the BM analogs in SK-MEL-28 cells in the presence, and absence, of dicoumarol
may illustrate the dependence of the cytotoxicity of the BM analogs on DT-diaphorase
activity and would confirm the resuits obtained using the H661 cell line.

The cytotoxicities of BM and CBM increased in the presence of dicoumarol, and
decreased for MBM. In contrast, the cytotoxicity of PBM \vas unaffected in the presence
of dicoumarol. Therefore, CBM and B M may be inactivated by DT-diaphorase, while MBM
may be activated by this enzyme. Additionally, the cytotoxicity of PBM may be independent

of DT-diaphorase activity. These resuits are in agreement with results fiom the study in the
H66 1 cells for BM, MBM and PBM, but are in disagreement for CBM. The difference

observed for CBM rnay be due to a difference in the level of DTdiaphorase activity between

SK-MEL-28venus H661 cells. The level of DT-diaphorase is five times higher in SKMEL-28 than in H661 cells. Thus, a larger change in the cytotoxicity of CBM in the
presence, and absence, of diocurnarol would be expected using SK-MEL-28 cornpared with

H661,which would be in agreement with the observed results.
It is important to note that MBM retained significant cytotoxic activity in H66 1 and
SK-MEL-28 cells in the presence of dicoumarol. This indicates that MBM rnay have
cytotoxic activity in its unreduced form and/or it rnay be activated by another reductive
e q r n e , such as NADPH:cytochrome P-450 reductase. Additionally. the cyrotoxic activity

of BM was significant in H661 and SK-MEL-28 cells in the absence of dicoumarol. This
suggests that, similar to MBM, BM rnay have cytotoxic activity in its unreduced forrn andor
it rnay be activated by other reductive enzymes. such as NADPH:cyrochrome P-450
reductase. Finally, the D,,of BM and MBM in the H661 cells were significantly different
in the the presence of dicoumarol. If we assume that BM and MBM have minima1
differences in the cytotoxic activity of their respective unreduced forms, the difference

between the cytotoxicity of MBM and BM in the presence of dicoumarol indicates that there
rnay exist differences in the contribution of other reductive enzymes, such as

NADPH:cytochrome P-450 reductase. to the activation of BM and MBM.

Dependence of cytotoxicity of BM analogs on cytochrome P-450 reductase activity

The dependence of the cytotoxicity of the BM analogs on NADPH:cytochrome P-450
reductase activity was studied by comparing the cytotoxicity of the BM analogs in SK-MEL-

28 and H661 cells in the presence of dicoumarol (Figure R-6). H661 cells have 3.0 fold
higher NADPH:cytochrome P-450 reductase activity chan SK-MEL-28 cells. Thus, a
cornparison of the cytotoxicity of the BM analop in SK-MEL-28 and H661 cells rnay
illustrate a dependence of the cytotoxicity of the BM analogs on NADPH:cytochrome P-450
reductase. However, SK-MEL-28 have approximately 5-fold higher DT-diaphorase activity
than H661 cells. Dicoumarol was used to inhibit DT-diaphorase activity in the ce11 lines so
that it did not interfere with the study of the effect of NADPH:cytochrome P-450 reductase.
Using p < 0.05 as the limit for statistical significance, the cytotoxicity of PBM was
significantly greater in H66 1 than SK-MEL-28, while the cytotoxicity of BM, CBM and

MBM was not significantly different in SK-MEL-28 and H661 cells. Therefore, the
cy totoxicity of PBM rnay be dependent on NADPH:cytochrorne P-450 reductase activity ,

while BM, CBM and MBM may be independent of NADPH:cytochrorne P-450 reductase
activity. These results suggest that PBM rnay be activated by NADPH:cytochrome P450
reductase. It is noted that the cytotoxicities of BM and MBM were 1.8-fold and 1.5-fold
greater in H66 1 and SK-MEL-28 cells, respectively. However, these differences were not
statistically signifiant, although the differences for BM approached statistical significance
for @ c0.1).

Surnmary

In summary, the cytotoxic studies in the H66 1 and SK-MEL-28 cells in the presence
,and absence, of dicoumarol illustrated that DT-diaphorase rnay activate MBM , rnay
inactivate BM and CBM, but rnay have no effect on the cytotoxicity of PBM. Additionally,

the cornparison of the cytotoxicity of the BM anaiogs in H661 veeus SK-MEL-28 cells in
the presence of dicournaml illustrated that cytochrome P-450 reductase may activate PBM,
but may have no effect on the cytotoxicity of CBM.
Severai notes of caution are suggested in the interpretation of the data presented.

Firsdy, the illustration of dependence of cytotoxicity on DT-diaphorase activity was done at
a single concentration in H66 1 cells for CBM and PBM, and at a single concentration in SK-

MEL-28 cells for BM, MBM, CBM and PBM. Additionaily, the cornparison of the
cytotoxicity of BM analogs in H661 cells in the presence of dicoumarol versus the
cytotoxicity of BM analogs in SK-MEL-28 cells in the presence of dicoumarol was done
using single concentration data. Single concentration data can be misleading, and it is
possible that subtle differences not seen at a single concentration may be uncovered with a
complete concentration-response study.
A second note of caution is suggested for the concentration of 100 p M dicoumarol

used for al1 studies. This concentration was chosen by studying the effect of various
concentrations of dicoumarol on the cytotoxicity of 1 pM E 0 9 in H661 cells.

A

concentration of 100 p M was found to completely inhibit the cytotoxicity of 1 p M E09. On
this basis, 100 p M was considered a good concentration to illustrate a maximum difference
in the cytotoxicity of the BM analogs in the presence, and absence, of dicoumarol. It is
possible that a concentration of 100 FM dicoumarol affects enzymes other than DTdiaphorase and may cause mitochondrial uncoupling (Preusch et al. 1991) which may affect
the cytotoxicity of the BM analogs.
A final note of caution is suggested in the interpretation of the cornparison of the
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cytotoxicity of B M analogs in H661 and SK-MEL-28 cells in the presence of dicoumarol.
It is unclear whether the DT-diaphorne activity in H661 and SK-MEL-28 cells was
completely inhibited. Residual DT-diaphorase activity may complicate the differences in
cytotoxicity of the BM analogs between H66 i and SK-MEL-28 cells. Additionally, there
rnay exist other subtleties between these two ce11 lines that could generate the differences
observed. A difference in the activity of DNA-repair enzymes, or detoxification enzymes.
such as glutathione S-transferase, rnay exist between H661 and SK-MEL-28 cells. A
difference in the activity of DNA-repair enzymes and glutathione transferase activity rnay
complicate the difference in cytotoxicity of bioreductive agents, such as the BM analogs.
Also, a difference in the uptake of the BM analogs into SK-MEL-28 and €4661 cells may
exist.

Role of a Methoxy Group in Reversing the Effect of
DT-Diaphorase for Cytotoxicity of BM versus MBM

The role of a methoxy group in reversing the effect of DT-diaphorase on the
cytotoxicity of BM versus MBM, such that BM is inactivated by DT-diaphorase and MBM

is activated by DT-diaphorase, was investiçated.

A rnethoxy group rnay affect the

dependence of the cytotoxicity of MBM on DT-diaphorase activity by altering the stability
of the semi-quinone andor hydroquinone States of MBM, the rate or ease of reduction of

MBM by DT-diaphorase, andor the cross-linking activity of the mustard group.

Stability of semi-quinone and hydroquinone states of the BM analogs
The stability of the semiquinone and hydroquinone state of the B M analogs can be
predicted by the redox potentiais of the semiquinone and hydroquinone states, respectively.

The redox potential of the semiquinone state and the hydroquinone state is related to the fiee
energy difference between the quinone and semi-quinone states and the quinone and
hydroquinone states, respectively, as described by the Nernst equation (Driebergen et al.,
1986). The more negative the redox potential of the semi-quinone and hydroquinone state,
the less stable the semi-quinone and hydroquinone state, in comparison to the quinone state.

CBM, PBM and TBM had similar first redox potentials (Table 1). The first redox
potential of MBM was less han BM, which was less than CBM, PBM and TBM. BM,

CBM, PBM and TBM had similar second redox potentials, while MBM had a much less
negative second redox potential. The first and second redox potentiais are assumed to be

the redox potentials of the semi-quinone and hydroquinone states, respectively. The first
redox potentiais of the BM analogs would predict that the semi-quinone state of MBM is
more stable than BM, which is more stable than the semiquinone state of CBM and PBM.
As discussed in the introduction, an increase in the stability of the semi-quinone state of

MBM may reduce fiee radical damage produced by re-oxidation, and increase the crossIinking activity of the semi-quinone of

MBM, in comparison to BM. The second redox

potential of the BM analogs wouid predict that the hydroquïnone of MBM is more stable

than BM, CBM, PBM,and TBM. The effect seen with MBM is similar to a study of the
effect of a methoxy group on the redox potential of AZQ (Driebergen et ai., 1986). Similar

to the change obsewed for the semiquinone states of the MBM and BM, an increase in the
stability of the hydroquinone state of MBM may reduce the k radical damage produced by
re-oxidation, and increase the cross-linking activity of the hydroquinone of MBM, in
comparison to BM. Depending on the contribution of fiee radical damage versus crosslinking activity to the cytotoxicity of MBM and BM, this may decrease or increase the
contribution of DT-diaphorase to the cytotoxicity of MBM, in comparison to BM. Crosslinking activity is the major mechanism of cytotoxicity of BM (Begleiter and Blair, 1984;
Begleiter and Leith, 1990). If there is a similar contribution of cross-linking activity to the
cytotoxicity of MBM, an increase in the stability of the semi-quinone ancilor the
hydroquinone state of MBM, in comparison to BM, it would predict that MBM may be more
cytotoxic than to BM. This is in agreement with the cytotoxicity results of BM and MBM
in H66 1 cells in the presence, and absence, of dicournarol.

Reduction of MBM and BM by DT-diaphorase

The rate at which DT-diaphorase reduces BM and MBM was studied by measuring
the rate of consumption of NADH. NADH is a CO-factorfor the reduction of substrates by

DT-diaphorase. It donates two electrons for the reduction reaction, and one molecule of

NADH is consurned for every molecule of substrate reduced.
For MBM, NADH was consurned more readily under aerobic than hypoxic
conditions, and the consumption of NADH under aerobic and hypoxic conditons was
completed at 60 minutes (Figure R- 14). However, approximately two equivdents of NADH
were consumed under aerobic conditions, while approximately one equivaient was consumed

under hypoxic conditions. These results suggest that MBM is reduced more rapidly under
aerobic than hypoxic conditions, and that it can re-oxidize and continue to be reduced by DTdiaphorase.
For BM, NADH was consurned at a similar rate under aerobic and hypoxic
conditions, and the consumption of NADH was complete at 5 minutes. Additionally, in
contras to MBM, approximately one equivalent was consumed under both aerobic and
anaerobic conditions. These results suggest that BM is unable to re-oxidize and continue to

be reduced by DT-diaphorase, and that BM is reduced by DT-diaphorase more readily than

MBM.
The greater rate of reduction of BM than MBM by DT-diaphorase rnay result in the
reverse effect of DT-diaphorase on the cytotoxicity of BM versus MBM. An optimal rate
of production of the hydroquinone by DT-diaphorase may be required to offset competing
inactivating reactions of the hydroquinone that would prevent the hydroquinone from
canying out its potentially cytotoxic reactions. The increased rate of formation of the
hydroquinone of BM rnay potentiate the hydrolysis of mustard groups. This may reduce
alkylation and cross- linking activity. Allqlation and cross-linking activity may be important
for the cytotoxicity of BM (Begleiter et al., IWO). The exact effect that an increased rate of
reduction would have on the inactivating reactions, such as hydrolysis, is uncertain.
Redox potentials of MBM and BM predicted that the hydroquinone of MBM would

be more stable than that of BM, and BM would redox cycle more readily than MBM, which
contradicts the observation that MBM is able, while BM rnay not be able, to re-oxidize and

continue to be reduced by DT-dipahorase. Two interpretations of these contrasting results

are suggested.
(i)

The difference between the redox potentials of MBM and BM rnay be

insignificant, and the hydroquinone of BM and MBM may be considered to have similar
thermodynamic stability. The re-oxidation reaction of the hydroquinone to the quinone
requires an interaction with, and activation of molecular oxygen. The methoxy group may
increase the interaction and activation of oxygen with the hydroquinone. This may increase
the rate of re-oxidation of MBM, which rnay explain why MBM is able, while BM rnay not
be able. to re-oxidize and continue to be reduced by DT-diaphorase. The increased formation
of reactive oxygen species, like hydroxyl radicals, rnay contribute to the increased cytotoxic
activity of MBM foilowing reduction by DT-diaphorase.
(ii) The hydroquinone o f BM and MBM rnay be considered thermodynamically
unstable. The hydroquinone of both BM and MBM rnay potentially be able to re-oxidize
readily. However, an inactivating mechanism rnay occur for the hydroquinone of BM. Two
potential reactions of the hydroquinone of BM are illustrated in Figure D-1. The first
reaction, reaction 1, involves the nitrogen group reacting with one of the mustard "axms" to
form an aziridiny1 group. This aziridinyl group can then alkylate DNA. The second mustard
"mm
rnay similarly form an aziridinyl ring and alkylate DNA thus forming a cross-link.

This pathway would contribute to the cytotoxicity of the agent.
Alternatively, as a second reaction, reaction 2, the mustard "ami" rnay internally
cyclize by reacting with the hydroxyl group of the hydroquinone. This cyclized product
would not be able to undergo re-oxidation and participate in redox cycling reactions.
Alkylation of DNA by the ether group would be unlikely. However, the second mustard

''ami"would be able to form an aziridinyl ring, and alkylate DNA. Thus,the cyclized
product would be able to alkylate DNA, but would be unable to cross-link DNA and would

have a greatly reduced cytotoxicity. Thus, the cyclization reaciion may be considered an
inactivating pathway,
For BM, it is possible that interna1 cyclization, reaction 2, occurs more readily than
the formation of the aziridinyl ring, reaction 1 (Figure D-1). This would mean that reduction
of BM by DT-diaphorase would lead to inactivation of BM, which would be in agreement
with the cytotoxic studies in H66 1 and SK-MEL-28 cells.

In contrast, it is possible that for MBM the formation of the aziridinyl ring, reaction
1, occurs more readily than the intemal cyclization reaction, reaction 2, (Figure D-2). This
may be the result of an increase in the electron density around the nitrogen due to donation
of electron density from the methoxy group to the nitrogen, inductively and through
resonance. The increased electron density around the nitrogen rnay increase the rate the
formation of the aziridinyl ring, reaction 1, so that it occurs more readily than intemal
cyclization, reaction 2. Thus, the aziridinyl ring would form preferentially, and would be
able to alkylate and cross-link DNA. Additionally, the hydroquinone would be able to reoxidize. Thus, reduced MBM would be able to allqlate and cross-link DNA, and participate
in redox cycling reactions. In this case, reduction of MBM by DT-diaphorase would lead to
activation of MBM, which would be in agreement with the cytotoxic studies in H66 1 cells.

Cross-linking activity of B M and MBM
The above explanation for the reverse effect of DT-diaphorase on the cytotoxicity of

BM and MBM is without evidence. To support this theory, analysis of the cross-linking
activity of BM and MBM, reduced by DT-diaphorase was attempted using the agarose gel
method developed by Hartley et al. (1 991). Using this method, [ ~ - " P ~ A T Plabeled
]
and
linearlized pBR322 plasmid DNA is incubated with BM and MBM, reduced by DTdiaphorase. The DNA is precipitated, dissolved in DNA-strand separating buffer and heat
de-natured, DNA that is cross-linked will remain double-stranded, and DNA that is noncross-linked will become single-stranded.

The single- and double-stranded DNA,

corresponding to non-cross-linked and cross-linked DNA, is separated using a nondenaturing TBE agarose gel, and quantified using autoradiography. A ratio of singlestranded IO double-stranded DNA will give an estimate of the cross-linking efficiency of BM
and MBM reduced by DT-diaphorase.

Attempts to use the method developed by Hartley et al. ( 1991 ) were unsuccessful.
The DNA could not be consistently loaded ont0 the gels due to difficulties in solubilizing the

DNA for loading. Several attempts were made to overcome the solubility problem. Firstly,
the concentration of DMSO in the Strand-Separating Buffer was varied, and other solvents,
such as acetone and DMF, were used to attempt to dissolve the DNA. A concentration of

8.5 % DMSO in 1 m M EDTA was found to panly dissolve the DNA treated with vanous
concentration of BM or MBM, reduced by DT-diaphorase. However, die DNA was not
consistently present on the agarose gel.
A second attempt to overcome the solubility problem involved the use of a wide

concentration range of BM and MBM (0.5 to 50 PM). It was postulated that the DNA may

be excessively cross-lirked, which may affect its solubility properties. Unfortunately, DNA

treated with 0.5 and 50 pM BM or MBM was similarly insoluble. Additionaily, the DNA
was not consistently loaded ont0 the agarose gel and a concentration-response was not

observed. In a third attempt, the incubation period \vas varied between 2 and 4 hours. Again
the DNA was not consistently loaded. In a final attempt, the DNA purification step, using
ethanol, was eliminated and the reaction mixture u a s directly loaded onto the agarose gel.
Once again, the DNA was not consistently loaded, and precipitation of DNA in the loading
wells of the agarose gel was observed.

In summary, the study of the cytotosicity of the BM analogs in SK-MEL-28 and
H66 1 cclls each in the presense. and absence. of dicoumarol has illustrated that CBM and

BM may be inactivated, while MBM rnay be activarsd by DT-diaphorase. Additionally, it
has illustrated that PBM rnay not be dependent on DT-diaphorase. A comparison of the
cytotoxicity of BM analogs in SK-MEL-28 versus H66 I in the presence of dicoumarol has
illustrated that PBM may be activated by. while CBM may not be

dependent on

NADPH:cytochrome P-450 reductase. Studies into the underlying mechanism contributing
to the effect of a methoxy group in reversing the effect of DT-diaphorase on the activity of

BM and MBM have showed that, in comparison to BM, MBM is more stable in its fieeradical and two-electron reduced state; MBM is more slcwly reduced by DTdiaphorase, and

the hydroquinone of MBM is able to re-oxidize. Two theories are suggested to explain these
differences between BM and MBM and their contribution to the observed effect of the

methoxy group in generating the reversed effect of DTdiaphomse on the activity of BM and

MBM. Theory 1: The methoxy group may increase the interaction and activation of oxygen
with the hydroquinone and the formation of reactive hydroxyl radicals. Theory 2: The

methoxy group may reduce the formation of an inactive cyclized product and increase the

formation of cross-Iinks with DNA.

DT-diaphorase

NADH, FAD

cf-

DNA

I

Figure D-1 : Postulated mechanism for inactivation of BM by DT-diaphorase.
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Figure D-2: Postulated mechanism for activation of MBM by DT-diaphorase.

Future Studies

Synthesis and Purification of TBM

PBM was chosen as a substitute for TBM to illustrate the efTect of a sterically bulky
group. However, a phenyl group has two planar faces, and has less stenc bulk than a t-butyl
group. Additionally, a t-butyi group is more electronically inert than a phenyl group. Thus.

TBM is an important analog for study to more specifically illustrate the effect of a steric
bulky group.
The synthesis of TBM has been worked out. but the purification of the rneta isomer
from the reaction mixture is difficult and the yield is poor.

The current method of

purification involves the use of silica gel flash chromatography 3 times. It was observed on
each occasion that the TBM reacted with the column. and became irreversibly bound. This
complicated the purification process. A better approach rnay be to use an ODS reverse phase
cohmn. ODS column matenal is silica gel that has been denvatized with ODS. This would
prevent the reaction of TBM with the silica gel, which may allow the use of flash
chromatography, once. This would simpliQ the purification process and may increase the
yield several fold.

Synthesis of a BM Analog with an Electron Withdrawing Group

ABM was too unstable to be purified for study. As a substitute, CBM was prepared.
The chloro group of CBM is a strong inductively withdrawing group, but can donate
electrons through resonance (McMurray, 19%). Thus, a chloro group on a quinone ring may
be an electron withdrawing group, while a chloro group on a hydroquinone ring may be an
electron donating and resonance stabilïzhg group. Therefore, the electronic properties of a
chloro group may be dependent on the redox state of CBM. This is unfavorable for proper
anaiysis of the efTect of an electron withdrawing group. Another BM analog is needed that
would be an electron withdrawing group in both the quinone and hydroquinone states in
order to complete the structure-activity study. Two possible electron withdrawing groups
are a carboxyi group and a nitrogen oxide group. These groups are considered strongly
electron withdrawing. A carboxyl group wouid be the preferred choice, because the nitmgen
oxide group may itself be reduced by DT-diaphorase.

Synthesis of a Second BM Analog with an Electron Releasing Group

MBM proved to be a very interesting analog. It demonstrated that a methoxy group
was able to reverse the role of DT-diaphorase, such that MBM was activated by DTdiaphorase. In order to establish whether this effect is specific to a methoxy group, or can
be applied to a11 electron releasing groups, a BM analog with a different eleceon releasing
group is needed for study . Other electron releasing groups that might be used are an ethoxy,

a butoxy or an amino group.

Studies of the Cytotoxicity of BM Analogs

A complete dose-response study of the cytotoxicity of CBM and PBM in H66 1 cells

in the presence, and absence, of dicoumarol is required. This wodd validate the results from
the single dose study .
The cornparison of the cytotoxicity of BM analogs in SK-MEL-28 and H66 1 cells in
the presence of dicournarol suggested that PBM was dependent on cytohrome P450 reductase
levels, but CBM was not. There appeared to be a small dependence for BM and MBM that
was not statistically significant. It is possible that a larger difference in the cytochrome P-

450 reductase levels would illustrate a dependence of the cytotoxicity of BM and MBM on
cytochrome P-450reductase levels. Thus, it may be better to study the cytotoxicity of BM
analogs in MDA-MB-A23 1 cells that have, or have not, been transfected with cytochrome

P-450 reductase. Wild-type MDA-MB-23 1 is a human breast cancer ce11 line which has very
low cytochrorne P 4 5 0 reductase activity. Patterson et al. (1 997) transfected MDA-MB-23 1
cells with h u m a cytochrome P-450 reductase to produce a ce11 line that had a 53-fold
increase in the cytochrome P-450 reductase activity. A comparison of the cytotoxicity of BM
analogs in these two ce11 lines may amplify the small differences that were seen in the
comparison of the cytotoxicity of BM analogs in SK-MEL-28and H66 1 cells.

Rate of Reduction of CBM and PBM by DT-Diaphorase

The study of the cytotoxicity of PBM in H66 1 and SK-MEL-28 cells in the presense,
and absence, of dicoumarol has suggested that PBM rnay not be a substrate for DTdiaphorase. Additionally, the study of the cytotoxicity of CBM in H66 1 cells in the presence,
and absence, of dicoumarol suggested that CBM rnay not be a substrate for DT-diaphorase.
In cornparison. the cytotoxicity of CBM in SK-MEL-28 cells in the presence. and absence,
of dicoumarol suggested that CBM rnay be inactivated by DT-diaphorase. Thus. it should
be determined whether CBM and PBM are substrates of DT-diaphorase. This could be done
by directly studying reduction of PBM and CBM by DT-diaphorase using a method similar

ro the study of the rate of reduction of MBM and BM by DT-diaphorase.

Rate of Reduction of BM Analogs by Cytochrome P 3 5 0 Reductase

The cornparison of the cytotoxicity of BM analogs in H66 1 cells and SK-MEL-28
cells in the presence of dicoumarol suggested that PBM is a substrate of cytochrorne P-450
reductase, while BM, CBM and MBM may not be substrates For cytochrome P-450
reductase. Each of these results could be confirmed by a direct study of reduction of BM
analogs by cytochrome P-450 reductase.
Analysis of the rate of reduction of BM analogs by cytochrorne P-450 reductase
would require the measurement of each of the rate of consumption of the BM analog, rate
of consumption of NADPH and rate of formation of the hydroquinone of the analog. The

rate of reduction of the BM analog would provide information on the rate at which the BM
analog is reduced by cytochrome P450 reductase to the semiquinone state. Additionally, the
rate of reduction of NADPH and rate of formation of the hydroquinone of the BM analog
could be compared with the rate of consurnption of the BM analog to provide information
on the rate of reduction of the semiquinone of the BM analog by cytochrome P450 reductase
to the hydroquinone.

Cornpiete Kinetic Analysis of Reduction of MBM and BM by DT-Diaphorase

A time course analysis of the reduction of MBM and BM by DT-diaphorase has

revealed that BM is reduced more readily than MBM. It remains to be determined whether
this difference is a result of a difference in the overall rate at which MBM and BM are
reduced by DT-diaphorase, or a difference in the affhity of BM and MBM for the active site

of DT-diaphorase.
Differences in the overall rate of reduction oEMBM and BM by DTdiaphorase could
be determined by measuring V,,,, the maximal initial velocity, of the reduction of both
MBM and BM by DT-diaphorase. The greater the V,,,,

the greater the overall rate of

reduction.
Difference in the affinity of MB M and BM for the active site of DT-diaphorase could
be illustrated by detennining the affïnity constant, K, of BM and MBM for reduction by
DTdiaphorase. KM is the concentration of BM or MBM that produces one-half the maximal
initial velocity of reduction of BM or MBM,respectively. The greater the &,, the lower the

mnity of BM or MBM for the active site of DTdiaphorase.
DTdiaphorase is a ping-pong type enzyme, and the rate of reduction of MBM or BM
is dependent on the concentration of MBM or BM, respectively, and the concentration of

NAD(P)H. The rate equation for a ping-pong enzymatic reaction is as follows:

1/v, = K,*N,,,~,[A] + KMB~,[B]+ INrn,

Where:

Voet er al. ( 1990).

v, is the initial rate of the reaction

KMAis the affinity constant for substrate A

KMBis the affinity constant for substrate B
V,

Based on this rate equation, V,

is the maximal velocity of the reaction

and K, for reduction of BM and MBM by DT-diaphorase

rnay be determined by measuring the initial rate of reduction of MBM and BM at various
concentrations of BM and MBM for various concentrations of NADH.

Cross- Linking Activity

It has been illustrated that the product of reduction of MBM by DT-diaphorase is able
to resxidize and continue to be reduced by DT-diaphorase, while the product of reduction

of BM by DT-diaphorase is unable to re-oxidize and continue to be reduced by DTdiaphorase. This difference rnay be due to the ability of the mustard moiety on the product

of reduction of MBM by DT-diaphorase to fom aziridinyl rings, versus the inability of the
mustard rnoiety on the product of reduction of BM by DTdiaphorase to fom azkidinyl rings
(see results and discussion). A difference in the ability of the mustard moiety of reduced BM
versus MBM to form aziridinyl rings suggests a difference in the dependence of the crosslinking activity of the mustard moiety on redox state. It would be expected that MBM
reduced by DT-diaphorase would form cross- links more efficiently, than BM reduced by
DT-diaphorase.
The agarose gel method for analysis of cross-linking activity, developed by Hartley
et al. (1 99 l), could not be applied to study the cross-linking activity of MBM or BM. The
lack of success may be due to an inherent problem with pBR.322 DNA. An alternative may
be to use Lambda phage DNA. Cross-linking activity of MMC and E 0 9 reduced by DT-

diaphorase using Lambda phage has been studied previousiy using the the ethidiurn bromide
iluorescence method (Maliepaard et al., 1995).

DNA Strand Break Activity

The illustration that the product of reduction of MBM by DT-diaphorase is able to
re-oxidize and continue to be reduced by DT-diaphorase, while the product o f reduction of
BM by DT-diaphorase is unable to re-oxidize and continue to be reduced by DT-diaphorase
additionally suggests that MBM is able to participate in redox cycling reactions to a much
larger extent than BM. It would be expected that MBM would be able to create a much
larger number of DNA strand breaks than BM.

The DNA strand break produced by the reduction of BM and MBM by DTdiaphorase could be evaluated using a method developed by Chen et al. (1995). pBR322

DNA is incubated with BM or MBM in the presence, and absence, of DT-diaphorase. Strand
breaks will relax the DNA, and convert it fiom supercoiled to a more relaxed form.
Supercoiled and relaxed pBR322 are separated using agarose gel electrophoresis, and each
can be quantified. The extent of strand break activity can be quantified by comparing the
amount of supercoiled to relaxed pBR.322. ï h e arnount of strand breaks in pBR322 treated
with BM and MBM in the presence, and absence, of DT-diaphorase could be compared to
illustrate differences in DNA strand break activity of BM and MBM reduced and not reduced
by DT-diaphorase.

Isolation of the Product of Reduction of BM and iMBM by DT-Diaphorasc

The products of reduction of BM and MBM by DT-diaphorase could be determined

by an 'Hnmr analysis of the reduction reaction. The formation of and fate of the respective
hydroquinone of BM and MBM could be determined by following the appearance and
disappearance of specific proton peaks on the 'H nmr spectnim of the reduction reaction.
The formation of the hydroquinone would be expected to produce a signifiant shift in the
resonance, or chernical shift, of each of the hydrogens on the quinone ring. The formation
of the aziridinyl ring versus the fonnation of the cyclized product (see Figures D- I and D-2)
would be expected to produce significantly different shifts in the resonance of the hydrogens
on the chloro ethyi groups of the rnustard moiety.

Completion of the above snidies would provide a solid understanding of the role an
electron releasing, electron withdrawing and sterically bulky group in generating specificity
for reduction of a benzoquinone mustard bioreductive agent by DTdiaphorase or
NADPH:cytochrorne P 4 5 0 reductase. The information generated from this work may be
useful in the design of future bioreductive agents that are specifically activated by DTdiaphorase or NADPH:cytochrome P450 reductase. Bioreductive agents could be developed
containing one or several functional groups, and functional groups would be selected based

on the results of the above studies.
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