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S-(N-Aryl-N-hydroxycarbamoyl)glutathione derivatives (GSC(O)N(OH)C¢H4X, where GS =
glutathionyl and X = H (1), CI (2), Br (3)) have been proposed as possible anticancer agents,
because of their ability to strongly inhibit the methylglyoxal-detoxifying enzyme glyoxalase I.
In order to test this hypothesis, the in vitro antitumor activities of these compounds and their
[glycyl,glutamyl] diethyl ester prodrug forms (1(Et),—3(Et),) have been examined. All three
diethyl esters inhibit the growth of L1210 murine leukemia and B16 melanotic melanoma in
culture, with Glsg values in the micromolar concentration range. Cell permeability studies with
L1210 cells indicate that growth inhibition is associated with rapid diffusion of the diethyl
esters into the cells, followed by enzymatic hydrolysis of the ethyl ester functions to give the
inhibitory diacids. In contrast, the corresponding diacids neither readily diffuse into nor
significantly inhibit the growth of these cells. Consistent with the hypothesis that cell growth
inhibition is due to competitive inhibition of glyoxalase I, preincubation of L1210 cells with
2(Et); increases the sensitivity of these cells to the inhibitory effects of exogenous methylglyoxal.
Compound 2(Et), is much less toxic to nonproliferating murine splenic lymphocytes, possibly
reflecting reduced sensitivity to methylglyoxal and/or reduced chemical stability of the diacid
inside these cells. Finally, a plasma esterase-deficient murine model has been identified that
should allow in vivo testing of the diethyl esters.

Introduction

Progress in understanding methylglyoxal metabolism
in mammalian cells suggests that the glyoxalase enzyme
system might be a reasonable target for antitumor drug
development.! The apparent physiological function of
this pathway is to remove cytotoxic methylglyoxal from
cells as p-lactate via the sequential action of the
isomerase glyoxalase | (GIxl) and the thioester hydro-
lase glyoxalase Il (GIxIl), Scheme 1. Methylglyoxal
appears to arise primarily as a byproduct of the inter-
conversion of intracellular triosephosphates, as well as
from other sources.34 High concentrations of exogenous
methylglyoxal selectively inhibit rapidly dividing tumor
cells versus quiescent normal cells in vitro.5=8 The
molecular basis of this activity is not clearly understood
but probably involves inhibition of DNA and protein
synthesis.>® Indeed, methylglyoxal is known to form
adducts with nucleic acids.1? Several observations sup-
port a detoxification role for the glyoxalase pathway.
Among these is the recent demonstration that trans-
fected murine NIH3T3 cells that overexpress the gene
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Scheme 1. Glyoxalase Enzyme System?
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a2 Symbols: GSH, glutathione (y-L-Glu-L-CysGly); GlIxI, glyox-
alase | (EC 4.4.1.5); GIxll, glyoxalase Il (EC 3.1.2.6) (for reviews,
see refs 2 and 3).

for GlIxl are exceptionally resistant to the cytotoxic
effects of exogenous methylglyoxal.!

Vince and Daluge were the first to suggest that
inhibitors of GIxI might function as antitumor agents
by inducing elevated levels of methylglyoxal in cells.’?
Although numerous GSH-based competitive inhibitors
have been described in the literature, a method for
efficiently delivering these compounds into cells has not
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Chart 1. S-(N-Aryl-N-hydroxycarbamoyl)glutathione
Derivatives (R = H) and Their [Glycyl,Glutamyl] Diethyl
Esters (R = CyHs)
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been available. Importantly, Lo and Thornalley recently
reported that the competitive inhibitor S-(p-bromoben-
zyl)glutathione can be indirectly delivered into HL60
human leukemia cells as the [glycyl,glutamyl] diethyl
ester prodrug, as intracellular esterases catalyze the
deesterification of the diester to give the inhibitory
diacid.’® Moreover, the diester was reported to be toxic
to these cells. The same laboratory subsequently found
that the cyclopentyl diester prodrug form of this com-
pound inhibits the growth of several different human
tumors in vitro* and a murine adenosarcoma in vivo.1®
These effects were tentatively attributed to inhibition
of GIxI.

As part of a research program aimed at developing
mechanism-based competitive inhibitors of GlIxI, we
recently demonstrated that the N-aryl-N-hydroxycar-
bamoyl esters of GSH (1—3), shown in Chart 1, are the
strongest competitive inhibitors of this enzyme yet
reported, with K;j values in the nanomolar concentration
range.1617 Tight binding appears to reflect their stereo-
electronic similarity to the tightly bound enediol inter-
mediate that forms along the reaction coordinate of GlxI
and the presence of a hydrophobic binding pocket in the
active site. In principle, the diethyl esters of the enediol
analogues might prove to be potent inhibitors of tumor
growth, given their high affinity for GIxI. In addition,
they might also be selective tumoricidal agents, because
quiescent cells often contain much higher levels of GIxI|I
activity than cancer cells.1819 Since GlxII catalyzes the
slow hydrolytic decarbamoylation of the enediol ana-
logues, the enediol analogues might be less stable in
normal cells than in cancer cells and, therefore, less
toxic to normal cells.’

In this report, we show that prodrugs 1(Et),—3(Et):
selectively inhibit the growth of L1210 murine leukemia
and B16 melanotic melanoma versus quiescent splenic
lymphocytes. Evidence is presented that growth inhibi-
tion of the tumor cell lines probably arises from inhibi-
tion of the glyoxalase pathway, although the basis of
selective toxicity is unclear. During the course of these
studies, the prodrugs were found to undergo rapid
deesterification in serum from inbred strains of labora-
tory mice, but only slow deesterification in human
serum. This might preclude efficacy studies in mice,
because the prodrug would be inactivated before reach-
ing the target tumor. Importantly, we have identified a
strain of plasma esterase-deficient tumor-bearing mice
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Table 1. In Vivo Inhibition of L1210 Leukemia and B16
Melanoma by Different Competitive Inhibitors of Glxl (RPMI
1640/10% fetal calf serum, 37 °C, 48 h)

inhibitor Ki @M)2  Glso (uM)P  TGI (uM)¢  LCso (uM)d  ne
L1210 Cells
1(Et), 0.16 84 + 47 135+5 271+5 3
2(Et); 0.046 7+3 27 £10 54+5 3
3(Et), 0.014 3+2 7+3 17+7 3
p-BrBzSG(Et),! 0.17 742 1142 26+3 3
B16 Cells

1(Et), 0.16 >100 >100 >100 1
2(Et); 0.046 15+ 3 ~239 ~479 3
3(Et), 0.014 11+4 3342 544+1 3
p-BrBzSG(Et),! 0.17 14+ 4 ~239 ~569 3

a Competitive inhibition constants of the unesterified species
with human erythrocyte GIx1.17 P Glso, concentration producing
50% growth inhibition in comparison to no-drug controls. ¢ TGI,
concentration producing 100% growth inhibition. 9 LCsp, concen-
tration producing 50% cell killing. ¢ Number of different experi-
ments from which the mean and standard deviation are calculated.
f S-(p-Bromobenzyl)glutathione diethyl ester. 9 Interpolated value
from one experiment.

that model the low esterase activity in human serum,
opening the way for in vivo efficacy studies of the enediol
analogue diethyl esters.

Chemistry

The S-(N-aryl-N-hydroxycarbamoyl)glutathione de-
rivatives 1—3 were prepared by the reaction of GSH and
the 4-chlorophenyl esters of the corresponding N-hy-
droxycarbamates, as previously described.” S-(p-Bro-
mobenzyl)glutathione was prepared by the method of
Vince et al.?% The diethyl esters of these compounds
were obtained by acid-catalyzed esterification of the
diacids in ethanolic HCI. The diester preparations were
then purified to greater than 98% homogeneity by
reverse-phase Cig HPLC. The analytical data on S-(p-
bromobenzyl)glutathione diethyl ester are identical to
the literature values.!3

Results

Cytotoxicity Studies. In order to assess the enediol
analogue diethyl esters 1(Et),—3(Et), as tumor-selective
anticancer agents, they were evaluated against B16
melanotic melanoma, L1210 murine leukemia, and
nonproliferating murine splenic lymphocytes in culture.
S-(p-Bromobenzyl)glutathione diethyl ester was used as
a positive control. These compounds were found to be
cytostatic and cytotoxic to both tumor cell lines, Table
1. The growth inhibition parameters Glso and TGI,
corresponding to 50% and total growth inhibition (re-
spectively), and the cytotoxicity parameter LCs, corre-
sponding to 50% cell killing, were obtained as interpo-
lated values from the dose—response curves, e.g., Figure
1. Percentage growth was calculated by a method
analogous to that used by the U.S. National Cancer
Institute in their human tumor screening program.2?
The dose—response data were obtained under conditions
where fresh diethyl ester was added to the tissue culture
medium at 0, 12, 24, and 36 h. This was intended to
partially compensate for spontaneous deesterification
of the diethyl esters in the culture medium (ty, = 2.5 +
0.5 h), monitored by reverse-phase C;3 HPLC.

The relative potencies of 1(Et),—3(Et), might be
explained by competitive inhibition of GIxl by intrac-
ellular enediol analogue. The values of the cell inhibition
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Figure 1. Growth inhibition of L1210 cells (open symbols)
and splenic lymphocytes (closed symbols) by (A) S-(N-(p-
bromophenyl)-N-hydroxycarbamoyl)glutathione diethyl ester
(3(Et)2), (B) S-(N-(p-chlorophenyl)-N-hydroxycarbamoyl)glu-
tathione diethyl ester (2(Et).), and (C) S-(p-bromobenzyl)-
glutathione diethyl ester (p-BrBzSG(Et),;) (RPMI 1640/10%
fetal calf serum, 37 °C, 48 h). For L1210 cells, percentage
growth (PG) was calculated from the following relationships:
When (Ptest - Ptzero) > 0,PG =100 x (Ptest - Ptzero)/(Pctrl - Ptzero)y
where pyero IS cell density prior to exposure to drug, pres: is cell
density after a 48-h exposure to the drug, and pcn is cell
density after 48 h with no exposure to the drug. When (ptest —
Ptzero) < 0, PG = 100 x (Ptest - Ptzero)/Ptzero- For Sp|eniC
lymphocytes, PG was calculated from the relationship: PG =
100 x (pwest — pctr)/pen. Different symbols correspond to
experiments carried out on different days. Error bars represent
standard deviations for triplicate determinations.

constants for both tumor cell lines decrease with de-
creasing values of the competitive inhibition constants
(Ki's) of 1—3 with human erythrocyte Glxl, Table 1. In
the case of L1210 cells, the 11-fold difference in K; values
for 1 versus 3 is associated with an approximate 28-
fold difference in the Glsg values for 1(Et), versus 3(Et).
On the other hand, the structurally different S-(p-
bromobenzyl)glutathione diethyl ester does not fit the
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Figure 2. Growth inhibition of L1210 cells by methylglyoxal
(triangles) and methylglyoxal after preincubation of the cells
for 2 h in the presence of 2(Et), at its Glsp concentration
(squares) (RPMI 1640/10% fetal calf serum, 37 °C, 48 h).
Percentage growth was calculated as described in the legend
to Figure 1. These experiments were run in parallel on the
same day.

correlation observed with the enediol analogue diethyl
esters. For example, enediol analogue 1 and S-(p-
bromobenzyl)glutathione have nearly identical K; val-
ues, but the Glsp value for 1(Et), is roughly 10-fold
larger than that for S-(p-bromobenzyl)glutathione di-
ethyl ester with each tumor cell line. Thus, the struc-
ture—activity relationships are ambiguous with respect
to the mechanism of cell inhibition by structurally
different compounds. A more direct test of the hypoth-
esis that potency is due to inhibition of GIxI involved
determining whether preincubation of L1210 cells with
2(Et); increases the sensitivity of the cells to the
inhibitory properties of exogenous methylglyoxal. In-
deed, preincubation of these cells for 2 h with 2(Et), at
its Glsp concentration caused an approximate 5-fold
decrease in the Glsp concentration of methylglyoxal with
these cells, Figure 2.

With respect to tumor selectivity, the diethyl esters
2(Et), and 3(Et), are relatively poor inhibitors of murine
splenic lymphocytes, Figure 1. Concentrations of the
diethyl esters (100 uM) producing nearly 100% killing
of L1210 cells caused a decrease in the viability of
splenic lymphocytes by less than 50%. This effect could
be due, in part, to the reduced ability of L1210 cells to
catalyze the decarbamoylation of intracellular enediol
analogue. The GIxII activities in the L1210 cells (0.02
4+ 0.003 U/mg of protein) used in this study were about
10-fold lower than that in splenic lymphocytes (0.20 +
0.03 U/mg of protein). In contrast, the GIxI activities in
the L1210 cells (0.31 + 0.03 U/mg of protein) were about
equal to that in splenic lymphocytes (0.36 + 0.03 U/mg
of protein). However, S-(p-bromobenzyl)glutathione di-
ethyl ester also shows selective inhibitory activity
toward L1210 cells versus splenic lymphocytes, Figure
1. This compound cannot undergo hydrolytic decomposi-
tion in the presence of GIxIl and, therefore, provides a
control for toxic effects resulting exclusively from inhibi-
tion of GIxl. Thus, the differential toxicities observed
with the enediol analogue diethyl esters might reflect
differences in GIxIl activity between L1210 cells and
splenic lymphocytes and/or differences in the intrinsic
susceptibilities of each cell line to the toxic effects of
methylglyoxal. Conceivably, selective toxicity might
arise as an artifact due to the presence of membrane-
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Figure 3. Time-dependent change in the intracellular con-
centration of S-(N-(p-chlorophenyl)-N-hydroxycarbamoyl)glu-
tathione (2) (squares), the [glycyl] monoethyl ester (2(Et))
(inverted triangles), and the diethyl ester (2(Et),) (triangles)
in L1210 cells incubated in the presence of 0.1 mM 2(Et),
(RPMI 1640/10% fetal calf serum, 37 °C). Error bars represent
standard deviations for triplicate determinations.

bound esterases on the surfaces of splenic lymphocytes
and L1210 cells. Since the initial cell densities for the
toxicity studies with lymphocytes were about 25-fold
larger than that with the L1210 cells, this would result
in more rapid deesterification of the extracellular ene-
diol esters (and lower apparent toxicity) with the
lymphocytes. However, this explanation seems less
likely, on the basis of our observation that the sensitivity
of splenic lymphocytes to S-(p- bromobenzyl)glutathione
diethyl ester is about the same, whether the initial cell
density is ~10° or ~107 cells/mL.

Cell Permeability Studies. The potencies of the
enediol analogue diethyl esters presumably reflect rapid
diffusion of the diesters across the cell membrane,
followed by catalytic deesterification to give the inhibi-
tory diacid form of the enediol analogue. Indeed, the
diacids alone do not readily diffuse into cells. Incubation
of L1210 cells with 0.15 mM 2 for a period of 225 min
showed no time-dependent increase in the concentration
of 2 in the intracellular fraction, monitored by reverse-
phase C15 HPLC. Moreover, all of the enediol analogues
1-3 were much less toxic to L1210 and B16 cells than
the corresponding diesters (data not shown). In contrast,
incubation of L1210 cells with 0.1 mM 2(Et), showed
the appearance of three major species in the intracel-
lular fraction that comigrated with authentic samples
of 2(Et),, 2[glycyl](Et), and 2 on a reverse-phase column,
Figure 3. Transport was characterized by a rapid initial
increase in the concentrations of the mono- and diethyl
esters, followed by a slower increase in the concentration
of the diacid 2. This is consistent with a model in which
intracellular 2 arises from the sequential deethylation
of intracellular 2(Et),. The decreasing concentrations of
all three species at longer times could be due to a
combination of effects including hydrolytic deethylation
of extracellular 2(Et), and Glxll-catalyzed decarbam-
oylation of intracellular 2. Consistent with simple
passive diffusion of 2(Et), across the cell membrane, the
initial rates of appearance of the sum of all of the
intracellular species were a linear function of extracel-
lular [2(Et)2] in the range 0.05—0.5 mM; i.e., there was
no evidence for saturation kinetics, Figure 4. Also

Kavarana et al.

0.1}

e
=
S

Initial rate, mM/min

0.05)

A ' I 1 L

0080 0.1 0.2 0.3 0.4 0.5 0.6

Extracellular [2(Et),], mM

Figure 4. Initial rates of appearance of the sum of S-(N-(p-
chlorophenyl)-N-hydroxycarbamoyl)glutathione (2), the [glycyl]
monoethyl ester (2(Et)), and the diethyl ester (2(Et),) in L1210
cells as a function of extracellular [2(Et);] (RPMI 1640/10%
fetal calf serum, 37 °C). Error bars represent standard
deviations for triplicate determinations.

consistent with this model, the n-octanol/water partition
coefficient of 2(Et), (p = 93 £ 5) is at least (9 x 109)-
fold larger than that of 2 (p < 0.01).

Stability of 2(Et), in Human Serum and Mouse
Serum. In principle, the enediol analogue diesters
might be used to treat human tumors provided that the
diesters are reasonably stable in human serum. Indeed,
2(Et), undergoes only slow deesterification in serum
samples obtained from four different individuals (ty, =
9.1 + 5.3 h (n = 4)), monitored by reverse-phase Cjg
HPLC. Unfortunately, 2(Et), undergoes extremely rapid
deesterification (ti> < 30 s) in serum samples obtained
from inbred strains of laboratory mice used to evaluate
chemotherapeutic agents against murine tumors and
human tumor xenografts: DBA/2, C57BL/6, NCr nu/
nu, and CD,F;. Presumably, this would lead to inactiva-
tion of the prodrug before it reached the target tumor.
This prompted an evaluation of the stability of 2(Et),
in serum samples obtained from plasma esterase-
deficient DBA/2xC57BL/6 mice, supplied by Jackson
Laboratories. Importantly, the stability of 2(Et), was
found to be similar to that in human serum: ty, = 3.9
+ 0.6 h (n =5).

Discussion

The central observation of this work is that the
diethyl esters of the enediol analogues shown in Chart
1 are both cytostatic and cytotoxic to murine leukemia
L1210 and B16 melanotic melanoma cells in culture
(Table 1) but are much less toxic to nonproliferating
splenic lymphocytes (Figure 1). This is the first dem-
onstration that mechanism-based competitive inhibitors
of GIxl are potentially important antitumor agents.
Several observations suggest that inhibition of intrac-
ellular GIxI plays an important role in inhibiting tumor
growth, as discussed below.

Cell Permeability Studies. Cell growth inhibition
is associated with the intracellular delivery of the
enediol analogues as their diethyl esters, a strategy that
depends upon the presence of intracellular esterases to
remove the ethyl functions. This prodrug strategy has
previously been used to deliver S-(p-bromobenzyl)-
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Scheme 2. Kinetic Model of the Glyoxalase Pathway
Inside a Tumor Cell
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Where M = methylglyoxal
X = chemical species giving rise to methylglyoxal
T = target(s) to which methylglyoxal binds in order to inhibit cells
H = thiohemiacetal
Int. = S-D-lactoylglutathione

D = D-lactate

glutathione into human leukemia (HL60) cells.1* Several
factors might influence the steady-state concentration
of the enediol analogues inside cells, including the rate
of passive diffusion of the diester across the cell mem-
brane, the rate of enzyme-catalyzed deesterification of
the diester to give the enediol analogue, and GlIxlI-
catalyzed decarbamoylation of the enediol analogue.
Evidence has also been presented for the presence of
an ATP-dependent GSH conjugate “export pump” in
different tumor cell lines,?? including L1210 cells,?3
which could remove enediol analogue from tumor cells.
Nevertheless, under the conditions of the cell perme-
ability studies, the pump is not able to decrease the
steady-state concentration of the enediol analogue to
nontoxic levels. Finally, the potencies of GIxI inhibitors
in general might be influenced by the chemical nature
of the diester substituents. Thornalley and co-workers
report that the dicyclopentyl ester of S-(p-bromobenzyl)-
glutathione is twice as potent as the diethyl ester to
HL60 cells in culture.** This might reflect more rapid
diffusion of the dicyclopentyl ester into the cells and/or
more rapid deesterification by intracellular esterases.

Cytotoxicity Studies. The inhibitory properties of
the extracellular enediol analogue diethyl esters can be
reasonably explained by binding of intracellular enediol
analogue to the active site of GlxI, causing the buildup
of cytotoxic methylglyoxal. This hypothesis is strength-
ened by the fact that L1210 cells exhibit enhanced
sensitivity to extracellular methylglyoxal when the cells
are preloaded with enediol analogue. It is instructive
to interpret these effects in terms of the minimum
kinetic model shown in Scheme 2, in which the glyox-
alase pathway is assumed to be the only means of
removing methylglyoxal from cells. In scheme 2, each
enzyme-catalyzed step is reasonably depicted as being
essentially irreversible, as discussed elsewhere.?* In-
tracellular methylglyoxal, in its unhydrated form, is
shown to arise either as a byproduct of normal inter-
mediary metabolism (kx(X)) or from diffusion of exog-
enous methylglyoxal hydrates into the cell, followed by
dehydration to give unhydrated methylglyoxal (ki(Mo)).
Cell growth inhibition is postulated to reflect equilib-
rium binding of unhydrated methylglyoxal to one or
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more target sites within the cell. The following analysis
allows a tentative assessment of the relationship be-
tween the binding affinities of the enediol analogues for
GIxI and tumor toxicity.

The GIxI reaction appears to be significantly rate-
limiting in some types of tumor cells. The sensitivity of
tumor cells to inhibitors of GIxI will depend, in part, on
the extent to which the GIxI reaction limits the overall
velocity of the glyoxalase pathway. In a previous study,
we concluded that the GIxI reaction in mammalian
erythrocytes is about 50% rate-determining overall, on
the basis of the near equality of the measured values of
Keat[Etl/Km for the GIxI reaction (ks) and the rate
constant for conversion of GSH-methylglyoxal thiohe-
miacetal substrates back to free GSH and unhydrated
methylglyoxal at pH 7 (k—3).242> The GIxI reaction also
appears to be about 50% rate-limiting in NIH3T3 cells,
given that the I1Cso (~Glsp) value of methylglyoxal with
these cells increases by about 2-fold when the cells are
transfected with the gene for GIxI overexpressing GIxl
activity by 10-fold in comparison to wild-type cells.!
This conclusion is based on the following reasoning:

Assuming that the binding equilibrium between M
and T, shown in Scheme 2, is a slow process in
comparison to the rates of formation and loss of meth-
ylglyoxal, the net rate of formation of intracellular
methylglyoxal is given by:

d[M]/dt = ky[M,] + Ky[X] — ((ksk,)/(k_5 + k,)[GSH];
(M] (1)

This equation applies under subsaturating conditions,
where ks is equal to Kea[Etl/Km for GIxl. Therefore,
under steady-state conditions (d[M]/dt ~ 0):

[Mlss & (Kq[Mo] + K[X])/((kgka)/ (k5 + Ko))IGSH], (2)

The fraction F of target sites occupied by methylglyoxal
(MT) is given by:

F {1+ Kgl((kska)/ (kg + ko) [GSH]/(K,[M,] +
kXD (3)

obtained by combining eq 2 with Kq = [Mg][T}/[MT] and
F = [MT)/([MT] + [T]).

In the special case where intracellular methylglyoxal
is being generated primarily from methylglyoxal in the
growth medium (ki[Mo] > k3[X]), eq 3 reduces to eq 4:

F~ {14 Kol (kek)/(k_5 + K)GSHIK[M]}} ™ (4)

This equation can be related to the Glsg of methylgly-
oxal, assuming that the rate of cell growth is inversely
proportional to F and that M, = Glso when F = 0.5:

Glgg ~ (Ky/k){ksk,/(k_3 + k,)} [GSH] (5)

This equation indicates that the Glsp would increase by
2-fold when k4 increases by 10-fold, only when k_3 ~ k4
in wild-type cells; i.e., when the GIxI reaction is about
50% rate-limiting in wild-type cells. This implies that
the GIxI reaction might be significantly rate-determin-
ing in tumor cells in general.

The GIxI reaction in L1210 cells is significantly
inhibited in the presence of enediol analogue diethyl ester
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2(Et),. The observation that the Glso of methylglyoxal
with L1210 cells decreases by a factor of about 5 after
preincubation of the cells with 2(Et), suggests that
intracellular enediol analogue 2 inhibits GIxl. The
extent of inhibition depends upon the degree to which
the GIxI reaction is rate-limiting, the magnitude of the
dissociation constant of the enediol analogue for the
active site of GIxl (K;), and the accessibility of the
enediol analogue to the enzyme. This is quantitatively
expressed in eq 6:

Glsp ~ (Kakp){ka/(1 + (k_g/k,))(1 + [LVK)}HGSH] (6)

obtained by combining eq 5 with the equation for
competitive enzyme inhibition. In the equation, I; is
intracellular enediol analogue available to inhibit GIxI.
Assuming that the GIxI reaction is about 50% rate-
limiting in L1210 cells (k-3 ~ ka), the 5-fold decrease in
the Glso of methylglyoxal in cells preloaded with enediol
analogue 2 suggests that the average extent of inhibi-
tion of GIxI is greater than 90% over the course of the
inhibition study (i.e., [1J/K; ~ 8).

The kinetic model of Scheme 2 also predicts that the
Glsg values of the GIxI inhibitors with L1210 and B16
melanotic melanoma cells should parallel the K; values
of the corresponding diacids with human GIxI (Table
1). However, S-(p-bromobenzyl)glutathione diethyl ester
does not follow the trend observed with the enediol
analogue diethyl esters, as previously emphasized. This
might indicate that growth inhibition arises from effects
other than just competitive inhibition of GIxl. Alterna-
tively, the steady-state concentration of S-(p-bromoben-
zyl)glutathione inside the tumor cells might be signifi-
cantly higher than that of the enediol analogues,
because S-(p-bromobenzyl)glutathione is not a substrate
for GIxIl. Additional experiments are needed in order
to resolve this ambiguity.

In principle, growth inhibition might also arise from
competitive inhibition of GIxIl. We previously demon-
strated that the enediol analogues function as apparent
competitive inhibitors of bovine liver GIxll, as these
compounds are only slowly hydrolyzed by the enzyme.”
Thus, inhibition of GIxIl would give rise to elevated
steady-state levels of S-p-lactoylglutathione inside cells.
Indeed, evidence has been presented that this metabo-
lite inhibits the growth of HLG60 cells in culture.?8
Principato and co-workers recently demonstrated that
S-(fluorenylmethoxycarbonyl)glutathione diisopropyl es-
ter inhibits the growth of rat adrenal pheochromocy-
toma PC-12 cells in culture with an ICso of 275 uM.?”
This might be due to the accumulation of S-p-lactoyl-
glutathione, as the K; value of S-(fluorenylmethoxycar-
bonyl)glutathione obtained with a PC-12 cell extract of
GIxIl is about 3-fold smaller than that obtained with a
PC-12 cell extract of GIxl. However, this explanation
seems less likely in our case, because the K; values of
the enediol analogues with GIxII are approximately 100-
fold larger than those with GIx1.1” This would preclude
the accumulation of S-p-lactoylglutathione, assuming
that both enzymes are equally accessible to the inhibitor
inside the cells.

Having established the toxicities of the enediol ana-
logue diethyl ester toward murine tumors in vitro and
a plausible kinetic model to explain these effects, the
next step will be to evaluate the in vivo efficacies of
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these compounds. The plasma esterase-deficient DBA/
2xC57BL/6 mice supplied by Jackson Laboratories
appear to be an appropriate murine model for in vivo
testing. These mice were developed from an inbred
strain of tumor-bearing mouse, DBA/2J, carrying a new
allele of the esterase locus (Es-1), designated Es-1¢.%8
Zymogram patterns show that the ES-1E esterase
migrates to a position between those of ES-1A and ES-
1B and has much less enzyme activity. Moreover, the
mutation is heritable, and there is no apparent detri-
mental effect to the mutant-bearing animals. These
mice are an important advance on the way toward
ultimately evaluating the clinical properties of these
mechanism-based competitive inhibitors of Glxl, as well
as other antitumor drugs containing critical ester func-
tions.

Experimental Section

NMR spectra were taken on a GE QE-300 NMR spectrom-
eter. Mass spectral data were obtained at the Midwest Center
for Mass Spectrometry, University of Nebraska—Lincoln.
Elemental analyses were obtained at Atlantic Microlabs, Inc.,
Norcross, GA.

S-(N-Aryl-N-hydroxycarbamoyl)glutathiones 1-3 and
the Diethyl Esters 1(Et),—3(Et),. The diacids 1—3 were
prepared by acyl-interchange reactions between excess GSH
and the 4-chlorophenyl esters of the corresponding N-aryl-N-
hydroxycarbamates, as previously described.r” The diethyl
esters 1(Et),—3(Et), were prepared by acid-catalyzed esteri-
fication of 1—3 in ethanolic HCI (1.9 N) (~25 h, room temper-
ature). Removal of the solvent in vacuo gave the hydrochloride
salt of the diethyl ester in greater than 90% yield. The diethyl
esters could be purified from trace amounts of monoethyl ester
by reverse-phase C-18 column chromatography using methanol/
water (1:1) containing 0.25% acetic acid as an eluting solvent.
Removal of the solvent from the peak fractions gave the acetate
salt of the diethyl ester. For 1(Et), (HCI salt): 300 MHz H
NMR (D,0, DSS) 6 1.25 (6H, m, ethyl-CH3), 2.21 (2H, m, Glu-
C/;Hz), 2.56 (ZH, m, GlLI-Cy Hz), 3.20 (lH, q, CyS-CﬁHa, J =
7.8, 14.5 Hz), 3.42 (1H, q, Cys-CsHp, J = 5.1, 14.5 Hz), 4.01
(2H, s, Gly-CHy), 4.1 (1H, t, Glu-C,H, J = 6.0 Hz), 4.23 (4H,
m, ethyl-CH,), 4.67 (1H, m, Cys-C,H), 7.3—7.5 (5H, m,
aromatic-H). High-resolution FAB mass spectrum consistent
with the molecular formula of 1(Et), (C21H31N4OsS). Anal.
1(Et). (acetate salt) (C23H34N4010S-1.5H,0) C; H: calcd, 6.32;
found, 5.83. N: calcd, 9.57; found, 9.42. For 2(Et), (HCI salt):
300 MHz 'H NMR (D0, DSS) 6 1.25 (6H, m, ethyl-CH3), 2.23
(2H, m, Glu-CsH,), 2.54 (2H, m, Glu-C,H), 3.21 (1H, q, Cys-
CgHa, J = 7.8, 14.5 Hz), 3.42 (1H, q, Cys-CsHyp, J = 5.1, 14.5
Hz), 4.02 (2H, s, Gly-CHy,), 4.15 (4H, m, ethyl-CH,), 4.67 (1H,
q, Cys-C,H, J = 5.4, 8.4 Hz), 7.3—7.5 (4H, q, aromatic-H).
High-resolution FAB mass spectrum consistent with the
molecular formula of 2(Et), (C21H30N4OsSCI). Anal. 2(Et), (HCI
salt) (C21H30N40sSCl,:2.5H,0) C: calcd, 41.05; found, 40.45.
H: calcd, 5.70; found, 5.40. N: calcd, 9.12; found, 9.35. For
3(Et), (HCI salt): 300 MHz *H NMR (D;0, DSS) 6 1.25 (6H,
m, ethyl-CH3), 2.23 (2H, m, Glu-CsH,), 2.55 (2H, m, Glu-C,H,),
2.98 (1H, q, Cys-CgH,, J = 9.8, 14.1 Hz), 3.43 (1H, q, Cys-
CsHp, J = 5.1, 14.5 Hz), 4.01 (2H, s, Gly-CH,), 4.19 (4H, m,
ethyl-CH,), 4.67 (1H, g, Cys-C,H, J = 5.1, 7.65 Hz), 7.5 (4H,
g, aromatic-H). High-resolution FAB mass spectrum consistent
with the molecular formula of 3(Et). (C21H3z0N4OsSBr). Anal.
3(Et), (HCI salt) (C21H30N405S-2.5H,0) C: calcd, 38.27; found,
38.01. H: calcd, 5.32; found, 5.36. N: calcd, 8.51; found, 8.85.

S-(N-(p-Chlorophenyl)-N-hydroxycarbamoyl)gluta-
thione [Glycyl] Monoethyl Ester (2[glycyl](Et)). This
compound was prepared by acid-catalyzed esterification of 2
in ethanolic HCI (6 N) (~10 min, room temperature). Removal
of the solvent in vacuo gave the hydrochloride salt of the
monoethyl ester in 83% yield. This preparation was then
purified by reverse-phase C-18 column chromatography using
methanol/water (1:1) purified by reverse-phase column chro-
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matography as described above. The 300 MHz *H NMR (D-0,
DSS) spectrum of the product was similar to that reported
above for 2(Et),, with the exception that the integrated
intensities were consistent with a monoethyl ester. The
tandem MS/MS spectrum of the product was consisent with a
[glycyl] monoethyl ester: (M(®®Cl) + H)*, 505; major fragment
ions (*Cl) 402, 376, 130, 104.

Cell Culture and Cytotoxicity Studies. Murine lympho-
cytic leukemia (L1210, G050141) and B16 melanotic melanoma
cells were obtained from the NCI, DCT, Tumor Repository
(Frederick, MD) and were maintained in RPMI 1640 medium
containing L-glutamate (Gibco BRL, Gaithersberg, MD), supple-
mented with 10% heat-inactivated fetal calf serum and gen-
tamycin (10 ug/mL), under 37 °C humidified air containing
5% CO,. Under these conditions, L1210 and B16 cells have
doubling times of approximately 14 and 26 h, respectively. For
the cytotoxicity studies, cells in logarithmic growth were
introduced into 96-well tissue culture plates at a density of
5000 cells/well (0.15 mL) in the absence and presence of at
least five different concentrations of drug, spanning the Glsg
concentration (in triplicate). Aliquots of fresh diethyl ester,
from concentrated aqueous stock solutions (~10—15 mM), were
added to the media every 12 h, in order to compensate for
spontaneous deesterification of the diethyl ester in the growth
medium. Aqueous stock solutions of the diethyl esters were
stored at —80 °C. Under these conditions there is no detectable
hydrolysis of the diethyl esters over a period of at least 2
weeks. After a 48-h incubation period, the L1210 cells were
harvested and washed with fresh media. The B16 cells were
washed with Hank’s balanced salt solution without Ca?* and
Mg?*, trypsin was added to each well, and the cells were
incubated for 10 min at 37 °C. The trypsin digestion was
stopped by the addition of complete media. Cells were centri-
fuged at 1000g and suspended in fresh media. Cell densities
were determined with the use of a Coulter Counter (model ZBI,
Coulter Electronics). Cell viability was determined by the
trypan blue-exclusion method.?®

Murine splenic lymphocytes were extruded from freshly
excised spleens using RPMI 1640 medium. Cell clumps and
connective tissue debris were allowed to settle under gravity,
the supernatant fraction was layered onto a Ficoll Hypaque
gradient, and the lymphocytes were isolated by centrifugation
at 1200g (30 min). (Microscopic examination of the lymphocyte
fraction indicated the presence of approximately 10—15 red
cells/10® lymphocytes.) The lymphocytes were maintained in
RPMI 1640 medium, supplemented with 10% heat-inactivated
fetal calf serum, -mercaptoethanol (4 ug/mL), nonessential
amino acids (Gibco BRL), and gentamycin (10 xg/mL), under
37 °C humidified air containing 5% CO,. For cytotoxicity
studies, cells were introduced into 96-well tissue culture plates
at an initial density of 120 000 cells/well (0.15 mL) in the
absence and presence of different concentrations of drug (in
triplicate). Incubation conditions and the determination of the
concentration of viable cells were as described above, with the
exception that prior to cell counting, the cell suspensions were
pretreated with ZAP-OGLOBIN (Coulter Diagnostics), accord-
ing to the accompanying protocol, in order to reduce the
number of contaminating red cells.

Cell Permeability Studies. To separate suspensions of
L1210 cells (1.7 x 10% cells/mL) in RPMI 1640 medium,
containing 10% heat-inactivated fetal calf serum, gentamycin
(10 ug/mL), and L-glutamate, at 37 °C, were added compounds
2 and 2(Et), to final concentrations of 0.15 and 0.10 mM,
respectively. Aliquots (1 mL) were removed from the cell
suspensions as a function of time, and each was overlayed onto
0.4 mL of silicone oil (SF-1250 silicone fluids, General Electric
Co., Silicone Products Division, Waterford, NY) contained in
an Eppendorf centrifuge tube and centrifuged at 13000g (15
min) at 4 °C. The supernatant and silicone oil were decanted
from the cell pellet, and residual oil was removed from the
inside of the centrifuge-tube with a cotton swab. To the pellet
was added 1 mL of 70% ethanol in water, and the suspension
was sonicated for 5 min. Denatured protein was removed by
centrifugation (13000g, 15 min), and the clear supernatant was
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brought to dryness under a stream of clean air. The resulting
residue was fractionated by reverse-phase HPLC (Waters
uBondapak Cis, 0.78 x 30 cm), using a mobile phase composed
of 45% methanol in water containing 0.25% acetic acid (1 =
259 nm): 2, 17 min; 2(Et),, 26 min; 2[glycyl](Et)2, 30 min. The
concentrations of these species were interpolated from stan-
dard curves of integrated peak intensity, obtained from
reverse-phase fractionation of L1210 cells (as described above),
versus the known amounts of 2, 2(Et);, or 2[glycyl](Et).
introduced into the cells prior to fractionation. The standard
curves were linear in the range 0.02—1.0 nmol (r = 0.997).
The lower limits of detection of 2 and 2(Et), were emperically
determined to be 0.02 nmol, defined as that amount of material
giving a signal-to-noise ratio of 3.

Glyoxalase Activities in L1210 Cells and Splenic
Lymphocytes. Cell pellets, containing approximately 2 x 107
L1210 cells or approximately 7 x 107 splenic lymphocytes, were
lysed in 0.5 mL of ice-cold sodium phosphate buffer (50 mM,
pH 7.0) using a Potter-Elvehjem tissue grinder. Cell debris
was removed by centrifugation at 13000g (20 min) at 40 °C.
The Vmax units of GIxl and GIxII in the supernatant fractions
were obtained on the basis of hyperbolic fits of the initial rate
data to the Michaelis—Menten expression. For GIxI, the initial
rates of formation of S-p-lactoylglutathione versus [GSH-
methylglyoxal thiohemiacetal] were followed at 240 nm (Ae240
= 2860 M~t cm™) in sodium phosphate buffer (50 mM, pH
7.0, 25 °C), maintaining free GSH at 0.1 mM.%6 For GIxIl, the
initial rates of loss of S-p-lactoylglutathione versus [S-p-
lactoylglutathione] were followed at 240 nm (€40 = 3300 M~
cm™) in phosphate buffer (50 mM, pH 7.0, 25 °C). The
concentrations of protein in the supernatant fractions were
determined by the Bradford method, using bovine serum
albumin as the reference standard.®°

Stability of 2(Et), in Human Serum and Mouse Serum.
To 0.5-mL portions of either human serum or mouse serum,
at 37 °C, was added compound 2(Et), to an initial concentra-
tion of approximately 0.15 mM. As a function of time, 0.1-mL
aliquots of the incubation mixture were transferred to separate
microfuge tubes. The samples were immediately deproteinized
by the addition of 70% ethanol (0.9 mL). After incubation for
30 min at 37 °C, the protein precipitate was sedimented by
centrifugation at 13000g. The supernatants were then frac-
tionated by reverse-phase HPLC, as described above, and the
integrated intensities of the peaks corresponding to 2(Et),
determined. The rate constants for deethylation were calcu-
lated from the first-order rate of loss of 2(Et), as a function of
time.

Partition Coefficients. The n-octanol/water partition coef-
ficients for 2 and 2(Et), were obtained by methods analogous
to that of Hansch.3* Compound 2 or 2(Et), was added to a
mixture composed of different volumes of phosphate buffer (50
mM, pH 7) (saturated with n-octanol) and n-octanol (saturated
with phosphate buffer (50 mM, pH 7)) to approximately 0.1
mM. The mixture was stirred vigorously at room temperature
until equilibrium was achieved (~3 h), as indicated by the
constant concentrations of solute species in the organic and
aqueous layers (detected either spectrophotometrically or by
reverse-phase Cis column chromatography). The organic and
aqueous layers were allowed to separate, and the layers
clarified by centrifugation. For 2, the concentration in the
aqueous layer was determined spectrophotometrically (ezso =
13 489 M~ cm™1), and the concentration in the organic layer
was determined by difference. For 2(Et),, the organic and
aqueous layers were fractionated by reverse-phase C;5 column
chromatography and the relative concentrations in the layers
determined from the integrated intensities of the peaks
corresponding to 2(Et).. Analysis by column chromatography
provided a control for partial hydrolysis of 2(Et), in the
aqueous layer. For these studies, the partition coefficient (p)
is defined as the ligand concentration in the organic layer
divided by that in the aqueous. Each determination was done
in triplicate at different volume ratios of n-octanol to phosphate
buffer. For compound 2, the ratios were 5:1 and 50:1; for
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compound 2(Et),, the ratios were 1:1, 1:5 and 1:10. Average
values and standard deviations are reported.
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