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Four novel 4-substituted 5-nitrophthalimides (5-substituted-
6-nitro-1,3-dihydro-isoindol-1,3-diones), 6, 7, 10 and 11, and
the known 5 are prepared as analogs of the dinitrobenzamide
prodrug CB 1954, 1, and considered as potential candidates
for gene-directed enzyme prodrug therapy. All the phthali-
mides are poor substrates for Escherichia coli nitroreduc-
tase compared to CB 1954. However, 6, 7, 10 and 11 are
reduced by both the human and rat forms of DT-diaphorase;
10 is a particularly good substrate but 7 decomposes in
phosphate buffer. A cell-line panel consisting of V79 cells
that have been engineered to express various levels of either
the human or rat forms of DT-diaphorase in an identical
cellular background was used to evaluate these compounds
as prodrugs activated by this enzyme. The cytotoxic effect of
CB 1954 is proportional to the activity of either the rat or
human enzyme but cells expressing the rat enzyme were
much more sensitive (10000-fold at higher levels of DT-
diaphorase activity) than cells expressing comparable levels
of the human enzyme. These results demonstrate that the
resistance of human tumors to CB 1954 can be accounted for
solely by the kinetic properties of the enzyme for this
prodrug. The nitrophthalimide analogs overcome this kinetic
failing of CB 1954. However, these compounds are not
activated to produce cytotoxicity in these DT-diaphorase-
expressing cell lines. It is postulated their reduction products
fail to undergo an acylation reaction in a manner analogous
to CB 1954. Thus, reduction by DT-diaphorase is not
predictive of cytotoxicity in this class of prodrugs. [¢- 1999
Lippincott Williams & Wilkins.]
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Introduction

The aziridinyl benzamide derivative (1) (Figure 1),
known as CB 1954, was synthesized in the 1960s’ and
shown to have selective toxicity to Walker-256 tumor
cells. This toxicity is manifested for cultured cells
showing that the host animal plays no part in
activating the drug. The cause of this selective toxicity
has only been elucidated relatively recently® and is
known to be initiated by reduction of the 4-nitro group
to the hydroxylamine (2). The reduction can be
caused by DT-diaphorase (NQO1, EC 1.6.99.2) isolated
from rat Walker-256 carcinoma cells and from other
mammalian cells, although 1 is a better substrate for
the former.” Nevertheless, the catalytic efficiency of
the Walker enzyme is low.* An aerobic nitroreductase
isolated from Escherichia coli B has a more efficient
catalytic activity™” but causes reduction of either the 4
or 6mitro group. Interestingly, the 4-hydroxylamino
derivative (3) is a poor crosslinking agent and only
strand breaks have been observed in cells treated with
this compound.®

CB 1954 is a prodrug for Walker tumors in rats
because the monofunctional alkylating agent CB 1954
is converted by an enzyme present in the tumor to a
bifunctional alkylating agent. Unfortunately, CB 1954
is a much poorer substrate for the human form of DT-
diaphorase than it is for the rat form®>® and does not
show a marked antitumor effect against human
tumors.””® However, DT-diaphorase has been shown
to be elevated in a number of human tumors and thus
remains an attractive target for prodrug therapy.’
Using site-directed mutagenesis it has been found that
residue 104 (Tyr in the rat enzyme, and Gln in the
human and mouse enzymes) is very important, and is
responsible for the catalytic differences between the
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rat and the human enzymes.'’ With an exchange of a

single amino acid, the rat mutant Y104Q behaved like
the wild-type human enzyme and the human mutant
Q104Y behaved like the wild-type rat enzyme in their
ability to reductively activate the cytotoxic drug CB
1954."" These findings suggest analogs of CB 1954
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Figure 1. 5-(Aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954)
and its reduction products.
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could overcome the poor activation of the parent
compound by human DT-diaphorase.

The possibilities for the development of the gene-
directed enzyme prodrug therapy (GDEPT) approach
to cancer treatment’ has caused renewed interest in
CB 1954 and its analogs because the transduction of
mammalian cells with E. coli nitroreductase, using
retroviral vectors as a delivery system, has been shown
to produce greater sensitivity to CB 1954 in treated
cells when compared with uninfected cells in
vitro'"'? and regression of nitroreductase-expressing
tumors following administration of CB 1954 in vivo.'?

With these possibilities in mind, we have investi-
gated the bioreduction and cytotoxicity of novel
phthalimide analogs of CB 1954 (6, 7, 10 and 11)
(Scheme 1) and the known 5. In these compounds the
electron withdrawing 4-nitro group of CB 1954 is
replaced by an electron withdrawing carbonyl func-
tion which, together with the residue of the amide
group, is incorporated into the five-membered ring of
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§cheme 1. Synthesis of nitrophth_glimides. Reagents and conditions: (i) aq. Na,S,0,, added to hot MeOH solution of 4, 60%;
(i) NaNO,, ag. HCI, 0°C, CuCl; (i) fuming HNOj, fuming H,S0,, 80°C, 50%/78%: (iv) (HOCH,CH,)oNH, EtOH, reflux, 36%;
(v) DMF, SOCI;, room temperature, 55%; (vi) K,CO,;, EtOH, Efl, reflux, 60%; (vi) Hp, Pd-C, MeOH, 65%; (viii)
Br(CH;),NH;HBr, K,CO3 EtOH, reflux, 20%; (ix) azetidine, EtOH, reflux, 50%. , ,
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the phthalimide nucleus. Compound 7 has a nitrogen
mustard group and 10 has a group which is a potential
precursor of the aziridine nucleus which is present in
CB 1954. Compound 11 has the larger and less
reactive four-membered azetidine ring adjacent to the
nitro group.

In order to be able to screen candidate prodrugs,
both the rat and human forms of the enzyme have
been cloned into E. coli and the recombinant enzyme
isolated. Further, both forms of this enzyme have been
transfected into Chinese hamster V79 cells that
previously exhibited no detectable DT-diaphorase
activity and the cytotoxicity of the candidate prodrugs
assessed in the resulting DT-diaphorase-expressing cell
lines.

Materials and methods

The NMR spectra were obtained for solutions
containing tetramethylsilane as an internal standard
on a Bruker 360 spectrometer. The IR spectra are
for potassium bromide disks and were measured on
a Perkin-Elmer 1600 spectrometer. Low resolution
clectron impact mass spectra were measured on a
modified AEI MS-902 instrument but the accurate
mass data was provided by the EPSRC Mass
Spectrometry Service Centre (Swansea, UK). Analy-
tical thinlayer chromatography (TLC) was carried
out on silica gel G/UV,s; on precoated plastic sheets
from Camlab (Cambridge, UK). Column chromato-
graphy was performed on May & Baker (Dagenham,
UK) silica gel (40-60 ym) with solvents under slight
positive pressure.

Ether and petroleum spirit refer to diethyl ether and
petroleum ether (b.p. 40-60°C), respectively. Solvents
for chromatography were distilled before use. Azeti-
dine, 4-nitrophthalimide, 2-bromoethylamine hydro-
bromide, and all other chemicals and supplies were
obtained from Sigma-Aldrich (Gillingham, UK) unless
otherwise stated. Recombinant human and rat DT-
diaphorase was made as previously described.® E. coli
nitroreductase was a gift from Dr GM Anlezark (CAMR,
Porton Down, UK) and CB 1954 was a gift from Dr PJ
Burke (Enzacta, Salisbury, UK).

4-Bis(2-hydroxyethyl)amino-5-nitro-
phthalimide (6)

A mixture of 4-chloro-5-nitrophthalimide (0.2 g,
0.88 mmol), diethanolamine (0.72 g, 0.68 mmol) and
ethanol (25 ml) was heated under reflux for 24 h
(reaction monitored by TLC). The solvent was evapo-
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rated in vacuo and the residue chromatographed
(silica, ethyl acetate) to give a yellow solid which was
crystallized from a mixture of methanol and ether to
give 6 (94 mg, 36%), m.p. 193-194°C (found: C, 49.00;
H, 4.35; N, 14.21; C,,H,3N;0; requires C, 48.81; H,
4.40; N, 14.23%); IR vy 3440 (OHD, 3315 (NH), 1770
and 1720 (CO)cm ™ ; 6y [(CD3)>80] 3.37-3.42 (t, 4H, ]
5.5 Hz, CH,), 3.52-3.60 (t, 4H, J 5.5, CH,), 4.62-4.67
(t, 2H, exchanged with D,O, OH), 7.71 (s, 1H, 3-H),
8.03 (s, 1H, 6-H), 11.29 (br s, 1H, exchanged with D,O,
NH); m/z 295 (M*, 7%) and 264 (100).

4-Bis(2-chloroethyl)amino-5-nitro-
phthalimide (7)

To a solution of 4-bis(2-hydroxyethyl)amino-5-nitro-
phthalimide 6 (0.25 g, 0.08 mmol) in dry DMF (15 ml)
was added SOCI; (3.5 ml) and the mixture stirred at
room temperature for 1.5 h. The solution was
concentrated in vacuo (bath temperature <40°C)
and the residue cooled in an ice-bath. Cold methanol
(4 ml) was added to destroy the DMF-HCI complex
and the mixture concentrated in vacuo. The residue
was purified by column chromatography (silica; ethyl
acetate, petroleum ether, 1:1) and crystallized from
methanol to afford 7 (0.15 g, 55%) homogeneous by
TLC with three different solvent systems, m.p. 179-
180°C (found: M*, 331.0129; CH,,H;,N;OCl, re-
quires M*, 331.0125); IR Vmax 3200 (NH), 1774 and
1720 (CO), 1530 and 1328 (NO,) cm™'; dy
[(CD3),80] 3.61-3.78 (m, 8H, 4 x CHyp), 7.83 (s, 1H,
3-H), 8.14 (s, 1H, 6-H), 11.42 (br s, 1H, exchanged
with D0, NH); m/z 333 (M for *’Cl and >°Cl, 8.8%),
331 (M" for *°Cl, 12.7%), 284 (58) and 282 (100).

4-Chloro-N-ethyl-5-nitrophthalimide (9)

N-Ethyl-4-chlorophthalimide (0.9 g, 0.4 mmol) was
added to an ice-cold mixture of fuming sulfuric acid
(9 ml) and fuming nitric acid (1 ml). The orange-red
solution was then heated at 80°C for 30 min, cooled
and poured onto crushed ice to give a yellow
precipitate. The solid was filtered off, washed
thoroughly with ice-water, and crystallized from a
mixture of chloroform and petroleumether to give 9
(0.85 g, 78%), m.p. 134-135°C (found: C, 47.01; H,
2.73; N, 10.90; C,0H;N,0,Cl requires, 47.24; H, 2.75;
N, 11.02%); IR Vi, 1778-1716 (CO), 1544 and 1348
(NOp cm'; dy [(CD5),SO] 1.16-1.20 (t, 3H, J 7 Hz,
CH3), 3.60-3.66 (q, 2H, CH,), 8.34 (s, 1H, 3-H), 8.56
(s, 1H, 6-H); m/z 256 (M* for *Cl, 17.4%), 254 (M"* for
%°Cl, 60.6%) and 239 (100).
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4-(N-[2-bromoethyl]lamino)-N-ethyl-5-nitro-
phthalimide (10)

A mixture of 4-chloro-N-ethyl-5-nitrophthalimide 9
(0.1 g, 0.039 mmol), anhydrous potassium carbonate
(0.27 g, 0.19 mmol) and 2-bromoethylamine hydro-
bromide (0.32 g, 0.16 mmol) in ethanol (20 ml) was
refluxed until the phthalimide had all reacted (TLC).
The solvent was evaporated and the residue extracted
with chloroform. The residue obtained after evapora-
tion of chloroform was chromatographed (silica; ethyl
acetate, petroleum ether, 15:85) to give 10 (30 mg,
20%) homogeneous by TLC with three different
solvent systems, m.p. 178-180°C (found: M
341.0011; C,,H;>N;O Br requires M*, 341.0010); dy4
[(CD3),50] 3.55-3.66 (m, 2H, CH,), 3.97-4.06 (m, 2H,
CH,), 7.57 (s, 1H, 3-H), 8.39 (s, 1H, 6-H), 8.91 (m, 1H,
exchanged with D,O, NH); m/z 343 (M* for ®'Br,
28.4%), 341 (M" for 79Br, 27.5%) and 248 (100).

4-(1-Azetidinyl)- N-ethyl-5-nitro-
phthalimide (11)

A mixture of 4-chloro-N-ethyl-5-nitrophthalimide 9
©.1g, 0039 mmol) and azetidine (0.1 ml,
0.156 mmol) in ethanol (15 ml) was refluxed until
the starting materials had been consumed (TLC). The
solvent was evaporated off and the residue chromato-
graphed (silica; ethyl acetate, petroleum ether, 3:7) to
yield 11 (54 mg, 50%) homogeneous by TLC with
three different solvent systems, m.p. 169-70°C (found:
M*, 275.0906; C;3H,3N;0; requires M", 275.0905); oy
[(CD3),S0] 1.12-1.19 (t, 3H, J 7 Hz, CH3), 2.29-2.44
(m, 2H, CH>), 3.53-3.64 (q, 2H, CHy), 4.08-4.16 (m,
4H, 2 x CH)), 7.08 (s, 1H, 3-H), 8.08 (s, 1H, 6H); m/z
275 (M*, 18%), 216 (30), 129 (85) and 31 (100).

Plasmid vector construction

A combined expression cassette consisting of the
cytomegalovirus (CMV) promoter, chimeric intron and
multiple cloning site from the plasmid vector pCl
(Promega, Southampton, UK), attached to the bovine
growth hormone terminator/poly-A region from the
vector pRc/CMV (Invitrogen, Leek, Netherlands) was
constructed by standard cloning methods. This unit
was then transferred to the puromycin resistance
vector pBSpacAp (now available as pPUR from
Clontech, Cambridge Bioscience, Cambridge, UK) to
form the expression vector F179. Into this plasmid
backbone, either the human or rat DT-diaphorase gene
preceded by a Kozak sequence for good translation
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initiation was ligated in the sense orientation. These
produced plasmids designated F182 (human) and F186
(rat). The empty vector F179 was used as a control for
transfection.

Cell culture and transfection

V79 Chinese hamster lung fibroblasts were grown in
monolayer culture in Dulbecco’s modified minimal
essential medium containing 10% fetal calf serum and
4 mM glutamine. Cells were maintained in a humidj-
fied atmosphere at 37°C with 5% CO; and subcultured
twice weekly by trypsinization. All cells were deter-
mined to be free of mycoplasma. Transfection of
plasmid vectors into cells was achieved by calcium
phosphate  co-precipitation  (Profection; Promega,
Southampton, UK) and positive clones were selected
in growth medium containing 10 ug/ml puromycin
and maintained under selective pressure. DT-diaphor-
ase activity in the individual clones was measured by
NADH menadione oxidoreductase (NMOR) activity.

Determination of DT-diaphorase enzyme
activity in transfected cells

Cells were grown to subconfluence in 80 cm® tissue
culture flasks, trypsinized and the pellet obtained
washed several times in ice-cold PBS. The cells were
resuspended into 1 ml of lysis buffer (1% NP-40, 1%
aprotinin in PBS) at 4°C at a concentration of 5 X 10°
cells/ml. The suspension was centrifuged at 4°C to
pellet the cell debris and the supernatnant used to
determine NMOR activity.

NMOR activity was assayed by a spectrophotometric
method employing menadione (10 uM) as substrate
and cytochrome ¢ (70 uM) as terminal electron
acceptor. Activity was defined as the cytochrome ¢
reduction inhibited by 10 yM dicoumarol and ex-
pressed as nmol cytochrome ¢ reduced/min/mg
protein.

The protein concentration of the supernatants was
determined by a conventional assay (BioRad, Hemel
Hempstead, UK) and calibrated against a range of
bovine serum albumin standards.

Reduction of compounds

Reduction of compounds was measured by the
resulting oxidation of the NADH coenzyme and
measured by HPLC using an SAX column as previously
described.> The assay mixture contained the com-



pound under investigation (100 uM), NADH (500 M)
and enzyme in 10 mM sodium phosphate buffer, pH 7.
Typical enzyme concentrations were 1 ug/ml nitro-
reductase and 25 ug/ml DT-diaphorase; although, for
experiments involving CB 1954, 100 ug/ml of human
DT-diaphorase was used.

Cytotoxicity analysis

Cells in exponential phase of growth were trypsinised,
seeded in 96-well plates at a density of 5 x 10 cells/
well (100 ul) and permitted to recover for 24 h. Serial
dilutions of the drug (8 of 3.66 x ) were performed in
situ giving final concentrations of 1000-0.46 uM. Cells
were then incubated with drug for 72 h at 37°C. The
plates were fixed and stained with sulforhodamine-B,
the absorption at 590 nm read and results expressed
as percentage of control growth. The ICs,, values were
evaluated by interpolation.

Results and discussion
Chemistry

The known'? 4-chloro-5-nitrophthalimide (5-chloro-6-
nitro-1,3-dihydroisoindol-1,3-dione) (5) was prepared
from commercially available 4 by reduction to the
amine, followed by diazotization and Sandmeyer
reaction to give 4-chlorophthalimide'® (52%) and
nitration. Nucleophilic replacement of the activated
chlorine by diethanolamine gave the diol (6), which
was converted into the mustard (7) by the action of
thionyl chloride. 4-Nitrophthalimide (4) was N-ethy-
lated to give the known N-ethyl-4-nitrophthalimide,'®
converted by literature methods'® to the correspond-
ing amine and then to 4-chloro-N-ethylphthalimide (8).
Nitration of 8 gave 4-chloro-N-ethyl-5-nitrophthalimide
(9 (81%) and, again, replacement of the reactive
chlorine by the action of amines gave the bromoethy-
lamine (10) (in low yield) and the azetidine (11).

Biology

The nitrophthalimide compounds 5-11 were poor
substrates for the E. coli nitroreductase. Rates of
reduction were less than 10% of that obtained with CB
1954 (data not shown). Therefore, the activation of
these compounds by this enzyme was not investigated
further.

The chloro compound 5 was also a poor substrate
for both and human DT-diaphorase (Table 1). Further,

Phthalimide analogs of CB 1954

6 is activated by both human and rat DT-diaphorase to
approximately equal extents, and more efficiently than
CB 1954 is activated by rat enzyme (Table 1). These
results were encouraging, and the derivatives 7, 10
and 11 were investigated. The nitrogen mustard
analog of the aziridine CB 1954 has a much higher
hypoxia-selective toxicity than the parent com-
pound.'” This is probably because it is not a substrate
for DT-diaphorase and therefore cannot be reduced in
air by this enzyme.'” The nitrogen mustard 7 was a
substrate for both the rat and human forms of the
enzyme. Unfortunately, it decomposed in sodium
phosphate buffer solution at pH 7. Only about 20%
of 7 was unreacted after 20 min at 37°C (data not
shown). Presumably, this is due to hydrolysis of the
mustard moiety and suggests that this compound is
not fully deactivated by the electron withdrawing nitro
group. Both 10 and 11 are good substrates for both
human and rat diaphorase when compared with the
reduction of CB 1954 by rat diaphorase (Table 1); 10 is
a particularly good substrate. Importantly, these
compounds have overcome the intrinsic difference
between the rat and the human enzymes in their
ability to reduce CB 1954.>° Compound 10 is reduced
more rapidly than CB 1954 and twice as fast by the
human enzyme than the rat enzyme. The poor
reduction of CB 1954 is thought to account for the
resistance of human tumors towards CB 1954.3'%
Thus, these phthalimides are of particular interest as
potential prodrugs if they are activated to cytotoxic
species by DT-diaphorase.

To investigate the bioactivation of CB 1954 and the
above nitrophthalimides, a cellline panel has been
produced consisting of V79 cells that have been
engineered to express either the human (cell line 182)
or rat forms of DT-diaphorase (cell line 186). V79 cells
have practically no measurable DT-diaphorase activ-
ity'” and thus provide a suitable null background. As a
control for the vector, a cell line 179 was also
constructed where the rat DT-diaphorase gene was

Table 1. The relative rate of reduction of the nitrophthal-
imides and CB 1954 by rat or human

Compound DT-diaphorase
Rat Human

CB 1954 1.0 0.12
5 044 0.27
6 1.32 1.08
7 0.67 0.73
10 1.14 2.06
11 0.73 1.29

Anti-Cancer Drugs - Vol 10 - 1999 781



LK Mebta et al.

inserted in the anti-sense orientation. Thus, the panel
consisted of celllines expressing various levels of
either rat or human DT-diaphorase in an identical
cellular background (Figure 2). The sensitivity of these
various cell lines towards CB 1954 was determined by
staining the cells with sulforhodamine-B and measure-
ment of the absorption at 590 nm. On the basis of
these 1Cs, values, the cytotoxic effect of CB 1954 is
proportional to the activity of either the rat or human
enzyme (Figure 2). The cells expressing the rat
enzyme were more sensitive than cells expressing
the human enzyme at a comparable level of NMOR
activity. At the high levels of NMOR activity that have
been measured in tumor cell lines (about 20000 U/mg
cytosolic protein)” there is a 10000-fold difference in
the concentration of CB 1954 required to produce the
same cytotoxic response in cells expressing the rat as
opposed to the human form of DT-diaphorase (Figure
2). These results demonstrate that the resistance of
human tumors to CB 1954 can be accounted for solely
by the kinetic properties of the enzyme for this
prodrug and there is no need to invoke other
mechanisms of resistance.

A smaller number of cell lines expressing a range of
either rat or human DT-diaphorase activity was
selected to determine the cytotoxicity of compounds
5-11. Given the enzymology of these compounds,
results were disappointing, as there was no great
increase in cytotoxicity of any of these compounds in
cell lines expressing DT-diaphorase (Table 2). Follow-
ing reduction of CB 1954 to its 4-hydroxylamino
derivative, this reduction requires further activation to
form the ultimate reactive species. It can react

chemically with thioesters such as S-acetylcoenzyme
A to a highly reactive DNA-crosslinking species
probably  4-(N-acetoxy)-5<aziridin-1-yl)-2-nitrobenza-
mide.?® An analogous reaction in cells is presumed
to account for the cytotoxicity following bioactivation

102
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Figure 2. The sensitivity of V79 cell lines expressing either
rat or human DT-diaphorase to CB 1954. Cells expressing
rat DT-diaphorase (F186) (M), human DT-diaphorase
(F182) (@), vector control (F179) (A) and wild-type V79
cells (#). NMOR activity is in units of nmol cytochrome ¢
reduced/min. ICsy values are for a 72 h exposure to CB
1954, Error bars have been removed for clarity.

Table 2. The sensitivity of selected V79 cell lines expressing either rat (F186) or human DT-diaphorase (F182) to CB

1954 or nitrophthalimides

Cell line NMOR 1 (CB 1954) Compound ICsq (uM)?
activity®
(U/mg protein) 5 6 7 10 11

F179/1°¢ 106.6+17 262162 11411198 890475 >1000 92.3+14 542.4+82
F182/1¢ 10589.4+216  49.8+11 881+83 540498 >1000 433+6 261.3+21
F182/24 2875.7 +282 96.1+25 498+ 146 308+ 138 800+ 69 283+4 101.5+9
F182/3¢ 5760.678+514 255486 1033+256 955+103 950+ 32 475+6 1105+7
F182/4° 1544.6 +281 68.4+19 367+48 267+32 875+76 31.6+5 103.9+9
F186/1° 3693.9+12 58+2 427.5+63 285128 932+172 27949 301.9+69
F186/2° 21262.7+790 0.0046+0.0009 8244145 597 +144 >1000 61.8+17 4582176
F186/3° 17867.5+467 0.102+0.03 8931107 603+ 42 >1000 51.8+5 90.2+ 11
F186/4° 1678.9+313 60.45+12 355.1+84 154422 >1000 65.5+176 75149

8|Csp values are for a 72 h exposure.
®NMOR activity is in units of nmol cytochrome ¢ reduced/min.

‘Cell line containing the rat DT-diaphorase gene inserted in the anti-sense orientation.

9Cell line expressing rat DT-diaphorase.
¢Cell line expressing human DT-diaphorase.
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of CB 1954. In the absence of this activation step the
hydroxylamine does not react with DNA.>° It is
possible that the lack of cytotoxicity of the nitrophtha-
limide compounds is because the reduction product is
not acylated in an analogous manner to CB 1954. This
could be because the reduction product does not
readily react with thioesters or is unstable and
degrades before it can react. Therefore, it would be
useful to identify the reduction products and their
chemical properties. It is important to note that
reduction by DT-diaphorase is not predictive of
cytotoxicity in this class of prodrugs.

Conclusion

In summary, the lack of sensitivity of cells expressing
the human form of DT-diaphorase towards CB 1954
can be fully accounted for by the kinetics of the
enzyme for this prodrug. Nitrophthalimide analogs
have been developed that overcome this kinetic
failing. However, these compounds are not activated
to produce cytotoxicity in DT-diaphorase-expressing
cell lines. It is postulated their reduction products fail
to undergo an acylation reaction in a manner
analogous to CB 1954. Therefore, reduction by DT-
diaphorase is not predictive of cytotoxicity in this class
of prodrugs.
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