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ABSTRACT

Nitric oxide (NO) prodrugs such as 0?-(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-
ium-1,2-diolate (JS-K) are a growing class of promising NO-based therapeutics. Nitric oxide release from
the anti-cancer lead compound, JS-K, is proposed to occur through a nucleophilic aromatic substitution
by glutathione (GSH) catalyzed by glutathione S-transferase (GST) to form a diazeniumdiolate anion that
spontaneously releases NO. In this study, a number of structural analogues of JS-K were synthesized and
their chemical and biological properties were compared with those of JS-K. The homopiperazine analogue
of JS-K showed anti-cancer activity that is comparable with that of ]S-K but with a diminished reactivity
towards both GSH and GSH/GST; both the aforementioned compounds displayed no cytotoxic activity
towards normal renal epithelial cell line at concentrations where they significantly diminished the pro-
liferation of a panel of renal cancer cell lines. These properties may prove advantageous in the further
development of this class of nitric oxide prodrugs as cancer therapeutic agents.

GST

Published by Elsevier Ltd.

1. Introduction

Nitric oxide (NO) mediates numerous and diverse physiological
processes such as smooth muscle relaxation, platelet aggrega-
tion, vasodilation, neurotransmission, and immune response.'
Although the precise mechanisms of biological action of nitric oxide
are not completely elucidated, the physiological effects of nitric
oxide are dependent on its local concentration and duration of
exposure.*> The relationship between nitric oxide and cancer is
complex.® Nitric oxide is reported to induce apoptosis and initiate
differentiation in certain types of cancer cells, suggesting that NO
is a potential cancer therapeutic agent with novel mechanisms of
action.”~® Nitric oxide as a cytotoxic agent is particularly relevant
for drug discovery as drug resistance is emerging as an enormous
challenge in the treatment of highly invasive and potentially fatal
cancers.'® The addition of therapeutic agents with unique mecha-
nisms of action to the current crop of anti-cancer agents is highly
desirable.

Exogenous nitric oxide donors that dissociate to form NO are
frequently utilized tools in the elucidation of underlying mecha-
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nisms of NO-mediated biological processes.!! Diazeniumdiolate
anions, which are complexes of nitric oxide and nucleophiles, are
routinely used as reliable sources of nitric oxide.'>'° These nitric
oxide prodrugs dissociate in aqueous buffer to release up to two
moles of NO at predictable rates (Scheme 1).

Diazeniumdiolate anions were found to be good inhibitors of
human leukemia HL-60 cell proliferation in a schedule and dose-
dependent manner.® These anions can also be derivatized at the
02-position to produce potentially useful prodrug forms.?°-2¢ The
O2-protective groups can be designed to target a specific enzyme
in a metabolic pathway to facilitate site-directed delivery of NO.!°

Glutathione S-transferases (GSTs), a class of phase II detoxifica-
tion enzymes that are frequently overexpressed in cancers, cata-
lyze the conjugation of xenobiotics with glutathione to facilitate
their excretion.2’~2° Due to its involvement in a tumor developing
drug resistance, GST is an attractive molecular target for develop-
ing novel cancer therapeutics.>® Based on 1-chloro-2,4-dinitroben-
zene (CDNB, Fig. 1),! a known substrate of GST, our laboratory has
developed a number of GSH/GST-activated nitric oxide prodrugs,

R O pH 7.4 buffer
N-NY RNH +  2NO
R N-O

Scheme 1. Diazeniumdiolate ions as donors of nitric oxide.
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Figure 1. Structures of CDNB and JS-K.

several of which display potent anti-cancer activity against a num-
ber of cancer cell types.>>~*! 02-(2,4-Dinitrophenyl) 1-[(4-ethoxy-
carbonyl)piperazin-1-yl]diazen-1-ium-1,2-diolate (JS-K, Fig. 1) is
one such compound in this library that showed the highest
in vitro inhibitory activity against the human leukemia HL-60 cell
line (IC50 = 0.2-0.5 uM) that is comparable with that of Ara-C and
superior to that of etoposide, both routinely used anti-leukemic
drugs.3? Furthermore, it has shown promising anti-cancer activity
in a number of in vivo xenograft studies in rodent models.32-36-3°

Nitric oxide release from JS-K is proposed to occur through a
nucleophilic aromatic substitution by glutathione (GSH) to form
a spontaneously NO-releasing diazeniumdiolate anion, a reaction
that was found to be catalyzed by GST (Scheme 2). Despite a sim-
ilarity in the proposed mechanism of NO release, a diverse anti-
proliferative activity profile of these compounds was observed.
Small structural perturbations to JS-K appear to significantly
diminish the anti-proliferative activity, suggesting the involve-
ment of discriminating cellular factors whose participation could
be important as a nitric oxide-independent pathway for the ob-
served anti-cancer activity.>® Recently, we reported that the rate
of decomposition of the diazeniumdiolate anion was not a signifi-
cant determinant of the anti-proliferative activity.*°

Due to its overexpression in cancer cells, a GSH/GST-mediated
pathway would contribute to selective accumulation of NO in tu-
mors. The origin of differences in the anti-proliferative activities
among the various 0%-(2,4-dinitrophenyl) diazeniumdiolates, how-
ever, remains to be fully determined. In an attempt to address the
structural dependence on anti-proliferative activity and to delin-
eate the involvement of glutathione, glutathione S-transferase,
and nitric oxide, we prepared a number of closely related struc-
tural analogues, compared their reactivity towards GSH and three
isoforms of GST, examined their anti-cancer activity against a vari-
ety of cancer cell lines and compared the results with those for the
lead compound. Such a study should enable us to better under-
stand the structural aspects of reactivity of these prodrugs towards
GSH in the presence and absence of GST, and may help us elucidate
the factors that contribute to the differing anti-proliferative effects
among the members of this class of anti-cancer compounds.

GSH

Meisenheimer Complex

JS-K

2. Results and discussion
2.1. Synthesis

JS-K was prepared starting from 1-(ethoxycarbonyl)piperazine
(Scheme 3).2% A range of differentially substituted piperazines 1-
1d were either purchased or prepared using literature methods
(see Section 4). These secondary amines were then diazeniumdio-
lated under standard conditions with 50 psi NO and the corre-
sponding diazeniumdiolate anions 2a-2d were isolated as their
sodium salts (see Section 4).

Treatment with 1-fluoro-2,4-dinitrobenzene afforded the corre-
sponding O%-aryl derivatives 3a-3d. Compounds 4a-4c were pre-
pared in a similar fashion using a reported method (Fig. 2)3°
Finally, the JS-K analogues 5a and 5b with just one nitro group in
the O%-aryl ring were synthesized by treating 2 with the corre-
sponding fluoronitrobenzene (Scheme 4).

2.2. Decomposition studies and nitric oxide release

The rates of reaction of JS-K and its analogues with glutathione
(GSH) in aqueous pH 7.4 phosphate buffered saline at 37 °C were
determined (Table 1). The poor aqueous solubility of 5a prevented
testing of this compound. Compound 5b was found to be unreac-
tive to GSH under these conditions. The half-lives of JS-K, com-
pounds 3a-3d, and 4a-4c were estimated from the rates of
decomposition to be 26-52 min. The slowest among the reactive
analogues was the homopiperazine derivative, 4a, while JS-K was
found to be among the most labile under these conditions.

Under similar conditions, amount of nitric oxide released upon
treatment with glutathione was measured for each of these ana-
logues (Table 1). JS-K itself was found to release 1.7 moles of NO
per mole (85% yield). Quantitative yields of NO from 4a and 4c
were observed, while other JS-K analogues released lower amounts
of NO. Under similar conditions, when 5b, which possessed one ni-
tro group, was treated with GSH, a negligible amount of NO was
detected suggesting that one nitro group is not sufficiently activat-
ing towards nucleophilic aromatic substitution by GSH.

2.3. Enzymatic reaction of JS-K and its analogues with GSH/GST

JS-K and its analogues, 3a-3d and 4a-4c, were independently
reacted with glutathione in the presence of three isoforms of hu-
man GST, P1-1, A1-1, and M1-1 (Table 1). Among the three GST iso-
forms tested, the M1-1 and A1-1 isoforms were found to be better
catalysts for glutathione attack than the P1-1 isoform. The ana-
logue 4a was found to be diminished in reactivity towards GSH
in the presence of all the GST isoforms tested, in comparison with
JS-K (Table 1). For example, the specific activity of GST P1-1 to-

N—H + 2NO

1-Carboethoxypiperazine

4-CarboethoxyPIPERAZI/NO

Scheme 2. Mechanism of nitric oxide release from JS-K.
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Scheme 3. Synthesis of JS-K and compounds 3a-3d. Reagents: (a) NO (40-60 psi), NaOMe, MeOH. (b) 1-Fluoro-2,4-dinitrobenzene, t-BuOH, 5% aqueous NaHCOs.
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Figure 2. Structures of compounds 4a, 4b, and 4c.
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Scheme 4. Synthesis of compounds 5a-5b. Reagents: (a) 1-Fluoro-2-nitrobenzene,
t-BuOH, 5% aqueous NaHCOs. (b) 1-Fluoro-4-nitrobenzene, t-BuOH, 5% aqueous
NaHCOs.

wards JS-K in the presence of GSH was 8-fold higher than that of
4a.

Of the several isoforms of GST that have been identified, the «
isoform (GSTP) is by far the most interesting molecular target in
cancer therapeutics due to its frequent overexpression in several
tumors.2’~2° None of these analogues displayed significant GSTrw
selectivity but consistent activity across isoforms was observed.
For example, specific activity of all isoforms of GST tested towards
3d was diminished relative to JS-K. The magnitude of the activity of
3d in comparison with that of JS-K ranged from a 10-fold diminu-
tion (GSTP1-1) to 2.5-fold (GSTM1-1). The half-life of 3d in 1 mM
GSH solution, however, was 26 min, which is comparable with that
of ]S-K, suggesting that the half-life of the analogues was not a reli-
able predictor of the reactivity towards GST.

2.4. Anti-proliferative activity

The ability of JS-K and its analogues to inhibit proliferation of a
number of cancer cell lines was determined. The study was initi-

ated by testing the anti-proliferative activity of these compounds
against human leukemia HL-60 and U 937 cell lines. Next, we
determined the ability of these prodrugs to inhibit proliferation
of: lung cancer cell lines A549 and H441; colorectal cancer cell
lines HCT-116 and HCT-15; ovarian cancer cell line OVCAR-3;
and prostate cancer cell line PC-3. Compound 5b was found to be
inactive (ICsp >100 pM) in the U937 and HL-60 leukemia assays
and was not tested further.

All other JS-K analogues were found to inhibit cancer cell prolif-
eration to varying degrees (Table 2). In contrast to our earlier re-
port,*% 4a and 4b were found to be comparable in activity to JS-K
against the HL-60 cell line, both ICsps being determined to be
0.2 uM. A representative comparative plot of the results of the cell
viability assay shows that JS-K and 4a display nearly identical anti-
proliferative activity (Fig. 3a). JS-K and 4a were also found to be
especially effective at inhibiting the proliferation of human leuke-
mia U 937 cells (Fig. 3b).

In addition to JS-K, 4a was found to possess potent activity
against lung and colorectal cancer cell lines, H441, HCT-116 and
HCT-15, and the ovarian cancer cell line OVCAR-3, with 4b show-
ing marginally lower activity. The ICsq values for JS-K and 4a were
1.1 and 1.6 puM, respectively, for the inhibition of proliferation of
human prostate cancer PC-3 cells.

Despite their structural similarity, other 0?-(2,4-dinitrophenyl)
analogues were generally lower in potency in comparison with JS-
K, 4a or 4b in all the cancer cell lines tested. The addition of two
methyl groups at the piperazine ring as in 3¢ and 3d appears to sig-
nificantly diminish the activity in comparison with one methyl
group on the piperazine ring or altering the length of the carba-
mate group. No correlation between nitric oxide yields and anti-
proliferative activity was observed. For example, the compounds
that formed quantitative amounts of NO, 4a and 4c, both displayed
excellent cytotoxicity against a number of cancer cell lines. How-
ever, 3¢, 3d and JS-K formed comparable amounts of NO in the
presence of GSH but showed different activities against the battery
of cancer cell lines. The kinetics of reaction with both GSH and
GSH/GST provided limited insight into the cytotoxicity of these
compounds. For example, 3d and 4a were both similar in reactivity
towards all isoforms of GST tested but in contrast, their anti-prolif-
erative activity was quite different.

The prolonged half-life of 4a upon treatment with GSH in com-
parison with that of ]S-K suggested a diminution in reactivity of the
aromatic ring towards nucleophilic substitution. This notable fea-
ture may facilitate selective accumulation of the prodrug in cancer
tissue by disfavoring reaction with free glutathione in the blood
stream. Docking studies of these two compounds with GST (data
not shown) do not predict large differences in binding energies,
which is in agreement with comparative enzyme kinetics studies
of these two compounds (Table 3). The kca/K, of 4a was only mar-
ginally lower than that of JS-K, which may not be the major deter-
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Table 1
Decomposition of JS-K and its structural analogues in the presence of GSH and GSH/GST
Compound  Moles of NO released®  Half-life (min)® GSTP1-1 GSTA1-1 GSTM1-1
Specific activity® Relative rate  Specific activity® Relative rate  Specific activity® Relative rate
(umol mg~"' min~1) (rmol mg~—! min~1) (umol mg~"' min~1)
JS-K 1.7 30 1.36 1 66.3 1 126 1
3a 1.0 44 1.15 0.85 55.5 0.84 112 0.89
3b 1.3 29 0.88 0.65 47.0 0.71 110 0.87
3c 1.75 26 117 0.86 70.3 1.06 172 1.36
3d 1.7 26 0.14 0.10 17.6 0.27 49 0.39
4a 2.0 52 0.16 0.12 16.8 0.25 38 0.30
4b 1.35 30 0.98 0.72 45.1 0.68 102 0.81
4c 2.0 27 1.2 0.88 59.0 0.89 126.3 1.0

2 Determined by measuring NO release from the compound (100-150 nM) in the presence of glutathione (1 mM) in 0.1 M pH 7.4 phosphate buffer at 37 °C by chemi-

luminescence analysis.

b Determined by spectrophotometric analysis of the compound (33 pM) in the presence of glutathione (1 mM) in pH 7.4 phosphate buffered saline at 37 °C. Half-life is

calculated by fitting the rate of decomposition to a first order process.

¢ Determined by spectrophotometric analysis of the compound (50 uM) in the presence of GSH/GST at 37 °C.

minant for the difference in reactivity towards nucleophilic substi-
tution by GSH/GST.

The in vitro anti-proliferative activity of JS-K and 4a were fur-
ther compared using additional cell lines: human lung cancer
H1395 and H838; human colon cancer cell lines HT-29 and
CaCo-2; human ovarian cancer OVCAR-5; and human renal cancer
TK-10, 786-0, and UO-30 cell lines (Table 4). Both these com-
pounds were found to exhibit almost identical cytotoxic activity
against these cancer cell lines.

Finally, in order to determine if these compounds were cytotoxic
towards normal cell lines, we determined the inhibitory activity
against the human renal epithelial cell line, HREpC, and human skin
fibroblasts, BJ-5ta. A therapeutic window of roughly an order of mag-
nitude in concentration for the use of ]S-K and 4a in the treatment of
renal cancers is estimated (Fig. 4). The ICso of ]S-K and 4a towards BJ-
5ta was found to be 10.0 and 10.4 mM, respectively. These observa-
tions are consistent with a previous report where JS-K was found to
have selective cytotoxicity towards multiple myeloma cells relative
to normal bone marrow stromal cells.>®

Based on this and previous studies, a summary of the effect of
structural modifications on the anti-proliferative activity of this
class of compounds is presented in Fig. 5. First, two nitro groups
in the aromatic ring are required for any observable anti-prolifera-
tive activity. Next, a piperazine or a homopiperazine ring with a
carboethoxy group shows nearly identical activity. The addition
of one or two methyl groups at the piperazine ring or any sterically
hindered group on the carbamate resulted in diminished inhibitory
potency as compared with JS-K.

3. Conclusion

Despite the structural similarity of the anti-cancer lead com-
pound JS-K and closely related 0?-(2,4-dinitrophenyl) dia-
zeniumdiolates, their anti-proliferative activities differ. In a
majority of the cases, the reactivity of these analogues with GSH,
their nitric oxide release profile and the specific activity of GSH/
GST in catalyzing their dissociation do not appear to significantly
affect their efficacy as inhibitors of cancer cell proliferation.
Through this study we have identified a closely related analogue,
4a, that displays comparable anti-cancer activity to that of JS-K
in a number of cancer cell lines but with a diminished reactivity to-
wards glutathione and GSH/GST that may prove advantageous in
the further development of this class of anti-cancer agents. Taken
together, the involvement of cellular factors and pathways other
than nitric oxide and GSH/GST in the mechanism of action, such
as transfer of the dinitrophenyl ring to the attacking nucleophile
(which may be the thiol group of a mechanistically important pro-

tein), is suggested. Finally, JS-K and 4a were selectively toxic to-
wards renal cancer cell lines at concentrations that did not
significantly affect the proliferation of normal renal epithelial cells.

4. Experimental
4.1. General

Nitric oxide gas was purchased from Matheson Gas Products
(Montgomeryville, PA). Starting materials were purchased from Al-
drich Chemical Co. (Milwaukee, WI) unless otherwise indicated.
NMR spectra were recorded on a Varian UNITY INOVA spectrome-
ter; chemical shifts (6) are reported in parts per million (ppm)
downfield from tetramethylsilane. Ultraviolet (UV) spectra were
recorded on an Agilent Model 8453 or a Hewlett-Packard model
8451A diode array spectrophotometer. Elemental analyses were
performed by Midwest Microlab (Indianapolis, IN). Nitric oxide
measurements were performed using a Sievers Nitric Oxide Ana-
lyzer (NOA), model 280i (Instruments Business Group, Boulder,
CO). Unless otherwise specified, compounds 1a,** 1b,*> 1d,** |S-
K,2* 4a,%% 4b,*% and 4¢® were prepared by reported methods.

4.2. Synthesis and characterization

4.2.1. General procedure for diazeniumdiolation

Unless otherwise specified, the following procedure was used to
prepare the diazeniumdiolate anions. A solution of the amine in
methanol (3 mL) was treated with an equimolar amount of 25%
methanolic sodium methoxide and ether (9 mL). The resulting
solution was charged with 50 psi of NO and stirred overnight. A so-
lid precipitate that resulted was collected by filtration, washed
with ether and dried under vacuum to afford the desired product.

4.2.2. General procedure for arylation of diazeniumdiolate
anions

Unless otherwise specified, the following procedure was fol-
lowed to synthesize the 0?-(2,4-dinitrophenyl)diazeniumdiolates
and 5a and 5b. The diazeniumdiolate salt was dissolved in ice cold
5% aqueous sodium bicarbonate solution (10 mL), and this mixture
was treated with a slurry of fluoronitroarene in t-BuOH (5 mL). A
yellow precipitate resulted, which was collected by filtration and
aqueous washing. Recrystallization from ethanol afforded the de-
sired product.

4.2.3. (2-Methyl-1-ethoxycarbonyl)piperazine (1a)
A solution of 2-methylpiperazine (15.7 g, 0.157 mol) in dichlo-
romethane (250 mL) was cooled to 0°C and triethylamine
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Table 2
In vitro anti-proliferative activity of JS-K and its structural analogues
Cell line Cell type JS-K 3a 3b 3c 3d 4a 4b 4c
ICs0 (UM) ICso (UM) IC5o (LM) ICsp (LM) ICso (LM) ICso (M) ICs0 (UM) ICs5o (LM)
HL-60 Leukemia 0.2-0.5 1.1 1.8 4.7 3.8 0.2 0.2 1.4
U 937 Leukemia 0.3 1.2 0.8 49 2.5 0.3 0.5 0.7
H441 Lung 1.0 5.5 4.7 8.1 7.5 1.0 1.2 24
A549 Lung 1.5 5.0 5.9 >10 >10 13 1.5 24
HCT-116 Colon 0.7 1.8 1.2 9.5 3.8 0.5 0.9 1.5
HCT-15 Colon 0.6 2.0 1.6 8.2 7.9 0.6 0.9 1.3
OVCAR-3 Ovarian 0.8 4.9 2.0 4.9 5.1 1.0 1.1 1.9
PC-3 Prostate 1.1 4.4 41 >10 5.4 1.6 3.0 2.0
a b
100 100
m— JS-K — is'K
—3 4a
80 C4a | 30 |
0 0
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Figure 3. Comparison of cell viability after treatment with JS-K and 4a as determined by MTT assay conducted on (a) HL-60 cells and (b) U937 cells.

Table 3
Enzyme kinetics of GSH/GST reaction with JS-K and 4a

GST isoform keat/Km (MM~1s71) JS-K keat/Km (MM~ 1s71) 4a

P1-1 1.5 13
Al-1 20 12
M1-1 62 42

(55.7 mL, 0.4 mol) was added. A solution of ethyl chloroformate
(30 mL, 0.314 mol) in dichloromethane (100 mL) was added drop-
wise; Triethylamine hydrochloride precipitated as the reagent was
being added. After stirring overnight at room temperature, the
mixture was filtered. The filtrate was extracted with 3 M HCI,
and the organic layer was dried over sodium sulfate and evapo-
rated to give methyl-1,4-bis(ethoxycarbonyl) piperazine (25.4 g,
66% yield) as an oil, which was used in the next step to prepare
2-methyl-1-ethoxycarbonyl piperazine 1a. A solution of 2-
methyl-1,4-bis-ethoxycarbonyl piperazine (9.2 g, 0.038 mol) and
potassium hydroxide (35 g) in ethanol (100 mL) containing water
(20 mL) was refluxed for 2 h. The solution was allowed to cool to

Table 4
In vitro anti-proliferative activity of JS-K and 4a

Cell line Type IC50 (UM) JS-K ICs50 (UM) 4a
H1395 Lung cancer 0.8 0.7
H838 Lung cancer 43 5.1
HT-29 Colon cancer 0.8 0.8
CaCo-2 Colon cancer 2.6 1.0
OVCAR-5 Ovarian cancer 1.0 0.8
TK-10 Renal cancer 0.5 0.6
786-0 Renal cancer 0.8 1.0
U0-30 Renal cancer 0.9 1.0
HREpC Normal renal epithelial 113 13.5
BJ-5ta Normal skin fibroblasts 10.0 10.4

room temperature, concentrated under vacuum and extracted with
dichloromethane. The organic layer was extracted with 10% hydro-
chloric acid. The resulting aqueous solution was made basic with
sodium hydroxide and extracted with dichloromethane. The solu-
tion was dried over sodium sulfate, filtered through magnesium
sulfate and evaporated to give a pale yellow oil. Vacuum distilla-
tion afforded 1a (3.7 g, 57% yield) as a colorless liquid. The analyt-
ical data for this compound were consistent with the reported
values for 1a, which was prepared using a different method.*?

4.2.4. (3-Methyl-1-ethoxycarbonyl)piperazine (1b)

To a solution of 2-methylpiperazine (12.3 g, 0.123 mol), 12N
HCI (10 mL) was added and the mixture was cooled to 0 °C. To this,
a solution of ethyl chloroformate (11.8 mL, 0.123 mol) in ethanol
(25 mL) was added dropwise over 15 min. The reaction mixture
was allowed to warm up to room temperature and stirred over-
night. The resulting aqueous solution was washed with dichloro-

16
B JS-K
14
[1 4a
12
%10-
= 81
SIS
4
2,
0 L mm— | |

TK-10  786-0 UO-30 HREpC
Figure 4. Comparative study of the inhibitory activity of JS-K and 4a against a panel
of renal cancer cell lines, TK-10, 786-0, UO-30, and a normal renal epithelial cell

line, HREpC.
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Figure 5. Effect of structural modifications on anti-proliferative activity of 0°-(2,4-
dinitrophenyl) diazeniumdiolates.

methane, made basic with 1 M sodium hydroxide solution and ex-
tracted with dichloromethane. The organic layer was separated
and dried (sodium sulfate), filtered and the solvent was removed
under reduced pressure to afford 1b (3.6 g) as an oil, whose analyt-
ical data matched those of a previous report that used a different
method for synthesis of 1b.*> It was used in the preparation of 2b.

4.2.5. (2,6-Dimethyl-1-ethoxycarbonyl)piperazine (1c)

Asolution of 2,6-dimethylpiperazine (5 g, 0.044 mol)indichloro-
methane (50 mL) was cooled to 0 °C in an ice-bath and treated with
triethylamine (21 mL, 0.15 mol). A solution of ethylchloroformate
(8.64 mL, 0.09 mol) in dichloromethane (50 mL) was added drop-
wise under nitrogen. The mixture was allowed to warm up to room
temperature and stirred for 2 h. The white precipitate was removed
by filtration. The filtrate was washed with dilute hydrochloric acid
followed by 5% sodium bicarbonate. The solution was filtered
through a layer of magnesium sulfate and concentrated under vac-
uumto give 4.5 gofanamber liquid that was purified by vacuum dis-
tillation to afford (2,6-dimethyl-1,4-bis-ethoxycarbonyl)piperazine
(2.8 g,25%yield) as a colorless liquid: bp 124-125 °C(0.76 mm Hg);
'H NMR (CDCl3) 6 1.23 (d, 6H, ] = 6.9 Hz), 1.27 (t, 3H,J = 7.1 Hz), 1.28
(t,3H,J = 7.1 Hz), 3.08 (broad, 2H), 3.92-3.99 (m, 2H), 4.14-4.19 (q,
4H,] = 7.1 Hz), 4.19-4.23 (m, 2 H); 1>C NMR ¢ 14.6, 20.1, 47.4, 47.8,
61.3, 61.5, 155.4, 155.3. Anal. Calcd for C;3H2,N,04: C, 55.80, H,
8.58, N, 10.84. Found: C, 55.76, H, 8.29, N, 10.93.

A solution of (2,6-dimethyl-1,4-bis-ethoxycarbonyl)piperazine
(4.5 g, 0.0174 mol) in ethanol (50 mL) and water (10 mL) contain-
ing potassium hydroxide (16.2 g, 0.3 mol) was refluxed for 2 h.
After the solution cooled to room temperature, it was diluted with
water and extracted with dichloromethane. The solution was ex-
tracted with 3 M HCI and the organic layer was discarded. The
aqueous layer was made basic with sodium hydroxide and ex-
tracted with dichloromethane. The organic layer was dried over so-
dium sulfate, filtered and concentrated on a rotary evaporator to
give 1.2 g (59% yield) of 1c as a colorless liquid, which was used
in the preparation of 2c¢ without further purification: 'H NMR
(CDCl3) 6 1.26 (t, 3H, J = 6.4Hz), 1.28 (d, 6 H, J = 6.8 Hz), 2.83
(broad, 4 H), 4.05-4.09 (m, 2 H), 4.16 (q, 2 H, J = 7.1 Hz).

4.2.6. Sodium 1-[(4-ethoxycarbonyl)-3-methylpiperazin-1-
ylldiazen-1-ium-1,2-diolate (2a)

UV (0.1 M NaOH) Zmax (€) 251 nm (7.3 mM~'cm™!); 'TH NMR
(D0, NaOD) ¢ 1.27 (t, 3H, J = 7.1 Hz), 1.35 (d, 3H, ] = 6.9 Hz),
3.04-3.08 (m, 2 H), 3.14-3.21 (m, 2 H), 3.35-3.43 (m, 1 H), 4.07-
4.10 (m, 1H), 417 (q, 2H, J = 7.1 Hz), 4.51-4.54 (m, 1H); 13C
NMR (D,0, NaOD) 6 16.6, 17.9, 41.1, 50.1, 54.4, 58.6, 65.6, 159.7.

4.2.7. Sodium 1-[(4-ethoxycarbonyl)-2-methylpiperazin-1-
yl]diazen-1-ium-1,2-diolate (2b)

UV (0.01 M NaOH) /max (¢) 250 nm (9.0 mM~' cm™'); "H NMR
(D0, NaOD) 6 095 (d, 3H, J = 6.1Hz), 1.27 (t, 3H, J = 7.1 Hz),
2.79-2.86 (m, 1H), 3.08-3.22 (m, 4H), 4.14-4.19 (m, 4 H); '3C
NMR (D,0, NaOD) § 16.6, 17.4, 45.5, 51.4, 54.3, 57.8, 65.6, 159.7.

4.2.8. Sodium 1-[(4-ethoxycarbonyl)-3,5-dimethylpiperazin-1-
ylldiazen-1-ium-1,2-diolate (2c)

UV (0.01 M NaOH) /max (£) 252 nm (7.6 mM~! cm™!); 'H NMR
(D,0, NaOD), 5 1.28 (t, 3H, J = 7.1Hz), 1.42 (d, 6 H, J = 6.9 Hz),
3.07-3.18 (m, 4 H), 4.15-4.20 (q, 2 H, J = 7.1 Hz), 4.39-4.46 (m,
2 H); 13C NMR (D0, NaOD) § 16.7, 22.6, 50.4, 58.8, 65.4, 159.9.

4.2.9. Sodium 1-[(4-ethoxycarbonyl)-2,5-dimethylpiperazin-1-
yl]diazen-1-ium-1,2-diolate (2d)

UV (0.01 M NaOH) 2max (£) 251 nm (9.5 mM~! cm™!); 'H NMR
(D,0, NaOD), 6 0.99 (t, 3H, J = 7.1 Hz), 1.42 (d, 6 H, J = 6.9 Hz),
3.07-3.18 (m, 4 H), 4.15-4.20 (q, 2 H, J = 7.1 Hz), 4.39-4.46 (m,
2 H); 3C NMR (D,0, NaOD) 5 14.6, 16.65, 18.45, 46.8, 51.3, 53.3,
56.8, 65.4, 160.5.

4.2.10. 0*-(2,4-Dinitrophenyl) 1-[(4-ethoxycarbonyl)-3-
methylpiperazin-1-yl]diazen-1-ium-1,2-diolate (3a)

Mp 110-111°C; UV (ethanol) Amax (¢) 298 nm (17.1 mM™!
cm™'); "H NMR (CDCls), 6 1.29 (t, 3H,J=7.1Hz), 1.36 (d, 3H, ] =
6.8 Hz), 3.01-3.09 (m, 1 H), 3.17 (dd, 3 H, J = 4.1, 11.4 Hz), 3.33-
3.40 (m, 1H), 3.49-3.51 (m, 1H), 3.67-3.75 (m, 4 H), 4.16-4.28
(m, 2 H),4.61-4.62 (m, 2 H), 7.71 (d, 1 H,J = 9.3 Hz), 8.47 (dd, 1 H,J
=2.7,9.3Hz),8.88(d, 1 H,J = 2.7 Hz); '>C NMR (CDCl5)  14.6, 15.8,
37.7,46.8,50.8, 54.9, 62.0, 117.7, 122.1, 129.1, 137.6, 142.4, 153.7,
154.8. Anal. Calcd for C;4H1gNgOg: C,42.21,H,4.51, N, 21.10. Found:
C,42.06,H, 4.49, N, 20.97.

4.2.11. 0%-(2,4-Dinitrophenyl) 1-[(4-ethoxycarbonyl)-2-
methylpiperazin-1-yl]diazen-1-ium-1,2-diolate (3b)

Mp 105-106 °C; UV (ethanol) Amax (¢) 297 nm (16.5 mM™!
cm™'); "H NMR (CDCls), 6 1.15 (d, 3H, J = 6.3Hz), 1.29 (t, 2H, ] =
7.1 Hz), 3.35-3.37 (m, 1 H), 3.49-3.51 (m, 1 H), 3.67-3.75 (m, 4 H),
4.16-4.28 (m, 2 H), 4.61-4.62 (m, 2 H), 7.71 (d, 1H, J = 9.3 Hz),
8.47(dd,1H,J=2.7,9.3 Hz),8.89(d, 1 H,J=2.7 Hz); >*CNMR (CDCls)
6 10.5, 13.0, 14.6, 42.3, 48.0, 48.8, 54.7, 62.0, 118.1, 122.15, 129.1,
137.6, 142.7, 153.5, 155.2. Anal. Calcd for C;4H;sNgOs: C, 42.21, H,
4.55,N, 21.10. Found: C, 42.16,H, 4.51, N, 21.12.

4.2.12. 0*-(2,4-Dinitrophenyl) 1-[(4-ethoxycarbonyl)-3,5-
dimethylpiperazin-1-yl]diazen-1-ium-1,2-diolate (3c)

Mp 133-134°C; UV (ethanol) Amax (&) 297 nm (11.2 mM™!
cm™'); '"H NMR (CDCl3) 6 1.30 (t, 3H, J = 7.1 Hz), 143 (d, 6 H, ] =
6.9 Hz), 3.12-3.16 (dd, 2 H, ] = 4.5, 11.3 Hz, axial) 4.06-4.09 (m, 2 H,
equatorial), 4.17-4.23 (q, 2 H, J = 7.1 Hz), 451-4.58 (m, 2 H), 7.69
(d, 1H,J=9.3Hz), 846-8.49 (dd, 1H,J =2.7,9.3 Hz), 888 (d, 1 H, J
= 7.6 Hz); 3C NMR (CDCl;) 6 14.6, 20.6, 47.1, 55.3, 61.8, 117.8,
122.2, 129.1, 137.0, 142.5, 153.65, 154.9. Anal. Calcd for Ci5Hyo
NeOs: C, 43.69, H, 4.89, N, 20.38. Found: C, 43.46, H, 4.78, N, 19.98.

4.2.13. 0%-(2,4-Dinitrophenyl) 1-[(4-ethoxycarbonyl)-2,5-
dimethylpiperazin-1-yl]diazen-1-ium-1,2-diolate (3d)

Mp 133-134°C; UV (ethanol) imax (¢) 301 nm (14.8 mM™!
cm™'); "H NMR (CDCls), 6 1.81 (d, 3H,J = 6.5Hz), 1.29 (t, 3H, ] =
7.1Hz), 1.34 (d, 3H, J = 6.8 Hz), 3.46-3.54 (m, 2 H), 3.76-3.81
(m, 1H), 3.98-4.02 (m, 1H), 4.15-4.24 (m, 2 H), 4.61-4.62 (m
2H), 7.63 (d, 1H, J = 9.3 Hz), 847 (dd, 1H, J = 2.7, 9.3 Hz), 8.88
(d, 1H,J = 2.7 Hz); '3C NMR (CDCl5) 6 10.5, 14.6, 16.1, 54.5, 46.2,
479, 53.0, 61.9, 117.6, 122.2, 129.0, 137.4, 142.3, 153.9, 155.5.
Anal. Calcd for C;5H,0NgOs: C, 43.69, H, 4.89, N, 20.38. Found: C,
43,64, H, 4.89, N, 20.39.

4.2.14. 0%-(2-Nitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-
yl)]diazen-1-ium-1,2-diolate (5a)

The general procedure for arylation was used except that the
desired product was isolated after flash chromatography as a yel-
low oil: UV (ethanol) Zmax (¢) 251 nm (104 mM~'cm™'); 'H
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NMR (CDCl5) 6 1.28 (t, J = 7.2 Hz, 3 H), 3.54-3.57 (m, 4 H), 3.69-
3.71 (m, 4H), 4.17 (q, J = 7.2 Hz, 2 H), 7.25-7.30 (m, 1H), 7.46
(dd, J = 1.2 Hz, 8.4Hz, 1H), 7.58-7.62 (m, 1H), 7.96 (dd, J =
1.6 Hz, 8.0Hz, 1H); 'C NMR & 14.6, 42.3, 50.8, 62.0, 119.0,
124.6, 1259, 134.3, 139.3, 149.3, 155.0. Anal. Calcd for
Cy3H17NgOg: C, 46.02, H, 5.05, N, 20.64. Found: C, 46.09, H, 5.06,
N, 20.45.

4.2.15. 0*-(4-Nitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-
yl)]diazen-1-ium-1,2-diolate (5b)

Mp 156-157 °C; UV (ethanol) Amax (£) 305nm (13.5mM™!
cm™'); 'H NMR (CDCl5) 6 1.29 (t, J = 7.2 Hz, 3 H), 3.57-3.59 (m,
4H), 3.69-3.72 (m, 4H), 4.16 (q, ] = 7.2 Hz, 2 H), 7.28-7.32 (m,
2 H), 8.22-8.25 (m, 2 H); 3C NMR (CDCls) 6 14.6, 42.3, 50.8, 62.0,
115.1, 125.8, 143.8, 155.0, 160.7. Anal. Calcd for C;3H;7N506?0.25
H,0: C, 45.22, H, 5.15, N, 20.28. Found: C, 45.37, H, 5.16, N, 20.28.

4.3. Kinetics of decomposition in the presence of GSH

In a quartz cuvette, 3 mL of 1 mM glutathione in pH 7.4 phos-
phate buffered saline and the 0?-(2,4-dinitrophenyl) diazeniumdi-
olate (10 uL, 10 mM) were placed. The changes in absorbance
maxima (roughly 300 nm) and 340 nm (corresponding to DNP-
SG) were monitored over 2 h. Half-lives were calculated from the
rate constant, which was obtained by fitting the decomposition
curve to a first order equation.

4.4. Nitric oxide release in the presence of GSH

Calibration of the Nitric Oxide Analyzer was performed by
injection of various volumes of known concentrations of NO/He
(50 ppm, 500 ppm and 5%) certified standards into the reaction
chamber and recording the peaks. Samples and reaction cham-
bers were incubated at 37 °C and the contents were sparged
with argon and swept into the chemiluminescence detector. Data
were recorded using Agilent Chemstation software and processed
using Microsoft Excel. Approximately 3 mL of pH 7.4 buffer con-
taining 1 mM GSH was placed into the reaction chamber and
then sparged for several minutes with argon. A solution of the
analyte in 50 pM diethylenetriaminepentaacetic acid (DTPA)
prepared in pH 7.4 buffer was injected into the reaction chamber
and nitric oxide release was recorded. Total amount of NO
released was determined by measuring the area under the
curve.

4.5. Specific activity of human GSTs (A1, M1 and P1) towards JS-
K and its analogues

Purified preparations of recombinant hGSTA1-1 and hGSTM1-
1 were obtained from Invitrogen (Carlsbad, CA). hGSTP1-1 was
purified using a reported method.*>*® The activity of human
GST toward CDNB was determined as previously described,*>46
to ensure that the enzyme preparations were catalytically active.
For activity measurements toward the compounds, the reaction
mixture in a final volume of 1 mL contained 0.1 M phosphate
buffer (pH 7.4), 1 mM GSH, 50 uM of compound, and a catalytic
amount of hGSTA1-1, hGSTM1-1 or hGSTP1-1. The reaction was
started by addition of compound (5 pL, 10 mM), and the rate of
reaction was monitored by measuring decrease in absorbance,
for example of JS-K at 298 nm. The specific activity toward
each of these compounds was calculated using the change in
extinction coefficient at their absorbance maxima. Earlier, we
reported the specific activity of JS-K under different reaction
conditions (pH 6.5, 25 °C).32 The relative values of specific activ-
ities of JS-K in this study are comparable to those in the previ-
ous study.

4.5.1. Determination of kc,/K,

Enzyme kinetics experiments were performed at varying con-
centrations of compounds (1-20 uM) and the other conditions
were same as mentioned above. The parameters were calculated
by using Michaelis-Menten equation using SigmaPlot.

4.6. Cell culture and cytotoxicity assays

Cell lines HL-60, U937, H441 and A549 were obtained from
American Type Culture Collection (ATCC, Manassas, VA) and
CaCo-2, H1395, H838, HCT-116, HCT-15, HT-29, OVCAR-3, OV-
CAR-5, and PC-3 were from NCI-Frederick DCTD Tumor/Cell Line
Repository (Frederick, MD). Cell lines TK-10, 786-0, UO-30, HREpC,
and BJ-5ta were obtained from other laboratories at the National
Cancer Institute at Frederick. All cells except BJ-5ta were main-
tained in RPMI 1640 medium (Gibco, Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal calf serum (Gemini Bio-Products,
Sacramento, CA), 100 U/mL penicillin and 2 mM glutamine, at
37 °C and 5% CO,. BJ-5ta cells were maintained in DMEM (Gibco,
Invitrogen, Carlsbad, CA):199 (Sigma) medium (4:1) supplemented
with 10% fetal calf serum (Gemini Bio-Products, Sacramento, CA),
100 U/mL penicillin and 2 mM glutamine.

The CellTiter 96 non-radioactive cell proliferation assay (MTT
assay, Promega, Madison, WI), performed according to the manu-
facturer’s protocol, was used to measure cell growth. Cells were
seeded in 96-well plates at the density 10* per well and allowed
to grow for 24 h before addition of the drugs. Diazeniumdiolate
prodrugs were prepared as 10 mM stock solution in DMSO (Sigma,
St. Louis, MO). Increasing drugs concentrations in 10 puL of PBS
were added to 100 pL of the culture medium for 72 h. Each com-
pound concentration was represented in six repeats, and the
screening was performed as at least two independent experiments.
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