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Abstract—The existence of a distinct pool of glutathione in the nucleus of cultured human melanoma
cells was demonstrated. Melanoma cell nuclei contained 13-35 pmol of glutathione/10% nuclei, or
approximately 0.4-1.3% of the total cellular glutathione. This nuclear glutathione pool resisted depletion
by buthionine sulfoximine, an agent that inhibits glutathione synthesis, but was rapidly and reversibly
depleted by subtoxic concentrations of Adriamycin® plus carmustine, two agents that promote oxidation
of glutathione without permitting its regeneration through enzymatic reduction of glutathione disulfide.
The ability of Adriamycin plus carmustine to deplete this small but significant pool of glutathione in
the cell nucleus may explain why these agents potentiate the cytotoxic effects of the DNA-alkylating
agent melphalan to a much higher degree than does buthionine sulfoximine at concentrations that are

equipotent in depleting cytosolic glutathione.

Glutathione  (y-L-glutamyl-L-cysteinyl-glycine ;
GSHY) plays a major role in protecting cells from
the cytotoxic effects of many drugs and environmental
compounds [1-4]. The role of GSH in protecting
tumor cells from the cytotoxiceffects of antineoplastic
drugs, particularly DNA-alkylating agents, has
attracted intense scrutiny; numerous reports have
correlated levels of tumor cell GSH, either
constitutive or following biochemical manipulation,
with the relative susceptibility or resistance of tumor
cells to a variety of antitumor agents [5-7]. A
particularly attractive paradigm for the enhancement
of alkylating agent cytotoxicity has been through the
inhibition of GSH synthesis, resulting in lowered
whole-cell GSH levels and enhanced susceptibility
to alkylating agent cytotoxicity. A compound that
has proved most useful in thisregard is D,L-buthionine
S,R-sulfoximine (BSQO), a specific inhibitor of
the rate-limiting enzyme in GSH biosynthesis, y-
glutamylcysteine synthetase [1, 8]. Treatment of cells
with subtoxic concentrations of BSO typically results
in depletion of cellular GSH levels to 10-20% of
control levels, and a decrease in the LCsy for the
alkylating agent melphalan (LPAM) by a factor of
1/1.5 to 1/3 [8-20].
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disulfide; TKM buffer, 50 mM Tris-HC!l, 25mM KCl,
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Recently, we reported [21] another useful method
for rapidly and reversibly depleting GSH from
cultured human melanoma cells. Oxidative stress
resulting from exposure of cells to a combination of
Adriamycin® (ADR) and carmustine (BCNU) at
subcytotoxic (1 uM) concentrations depletes cellular
GSH, presumably by promoting the oxidation of
GSH to glutathione disulfide (GSSG) and preventing
the re-reduction of GSSG, due to the selective
inhibition of GSSG reductase. In our hands,
treatment with ADR + BCNU depletes whole cell
GSH to 60-80% of control levels within 1-2 hr. This
degree of GSH depletion is similar to that obtained
in many laboratories with BSO treatment. However,
the enhancement of the cytotoxicity of LPAM
observed concomitant with ADR + BCNU-cata-
lyzed depletion of GSH was much greater than any
effect ever observed after depletion of GSH by BSO;
treatment with ADR + BCNU decreased the LCsq
for LPAM by factors ranging from 1/19 to 1/55,
depending on cell type. These observations suggested
that the effects of ADR + BCNU might be attributed
to mechanisms additional to a simple depletion of
whole-cell GSH levels. One possible explanation for
this dramatic potentiation of LPAM cytotoxicity
may involve the targeted depletion of GSH in
subcellular compartments, specifically the cell
nucleus.

It has been demonstrated previously that GSH is
not uniformly distributed throughout the cell, and
that distinct subcellular GSH pools exist in hepatic
cytosol and mitochondria, each with different rates
of turnover and depletion [3, 22, 23]. It has also been
shown that GSH is present in the cell nucleus [24-
27]. The demonstration that nuclear GSH is relatively
less susceptible to depletion by synthesis inhibition
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than is cytosolic GSH [24] suggests that nuclear GSH
may constitute a kinetically distinct subcellular pool.
Because the target site of alkylating agent cytotoxicity
is in the cell nucleus (chromosomal DNA), we have
postulated that the relatively high degree of
potentiation of LPAM cytotoxicity observed after
ADR + BCNU treatment may reflect a greater
degree of depletion of a nuclear GSH pool by this
form of oxidative stress, compared to a relative
resistance of this pool to depletion by BSO.
Depletion of the nuclear GSH pool may seriously
compromise the ability of the cell to protect itself
from DNA-directed genotoxins such as LPAM.

In pursuit of mechanisms underlying the enhance-
ment of alkylating agent cytotoxicity that
accompanies ADR + BCNU-induced oxidative
stress, we have asked the following questions: (1)
Can the existence of a nuclear GSH pool that
behaves differently from the cytosolic GSH pool be
demonstrated? (2) Does this pool respond differently
to oxidative stress or inhibition of GSH synthesis
when compared to the cytosolic GSH pool? and (3)
Can the differences in the relative susceptibilities of
the two pools to drug-induced depletion be useful
in explaining the relatively potent effects of
ADR + BCNU on enhancing LPAM cytotoxicity
toward human melanoma?

MATERIALS AND METHODS

ADR was purchased from Adria Laboratories,
Columbus, OH. BCNU was purchased from Bristol
Laboratories, Evansville, IN. LPAM was a gift from
the Burroughs Wellcome Co., Research Triangle
Park, NC. All three drugs were obtained in sterile
powder form and dissolved just prior to use.
Buthionine sulfoximine, fluorodinitrobenzene,
iodoacetic acid, GSH, bis-benzimide (Hoechst
33258), trypan blue, agar (TC grade agar-agar
powder), NADH, and sodium pyruvate were
obtained from the Sigma Chemical Co., St. Louis,
MO. Fetal calf serum, RPMI-1640 and Eagle’s
MEM-E cell culture media, glutamine, penicillin,
and streptomycin were obtained from Biologos Inc.,
Naperville, IL. Monobromobimane was purchased
from the Calbiochem Co., La Jolla, CA.

Cell culture. Two independently derived human
melanoma cell lines were used in this study. The
MEL2 cell line was derived from metastatic
melanoma by the Division of Surgical Oncology,
University of Illinois, in 1986 [28], and is maintained
and stored by the Specialized Center for Cancer
Research at the University of Illinois. The MM253-
4cg human melanoma cell line was a gift from Dr.
Peter Parsons, Queensland Institute of Medical
Research, Brisbane, Australia [29]. Cells were grown
in monolayer culture in MEM-E (MEL2) or RPMI-
1640 (MM253-4cg) medium supplemented to 10%
(v/v) with fetal calf serum in an atmosphere of 5%
CO;. The doubling time was 2.2 days for the MEL2
cell line and 16 hr for the MM 253-4cg cell line.
MEL2 cells from passages 18-26 and MM253-4cg
cells from passages 48-53 were used for all
experiments.

Drug treatment. Stock solutions of ADR were
prepared in 0.9% NaCl. BCNU was dissolved in
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dimethyl sulfoxide, and LPAM was dissolved in 5%
concentrated HC1/95% absolute ethanol. BSO was
dissolved in a minimal amount of 0.1 M NaOH
solution, pH > 12, which was then diluted into 10 mL
of serum-free medium. All stock solutions were
prepared immediately before use, and were added
to cell culture medium in amounts resulting in less
than 1% solvent in the medium. Control culture
flasks received approgriate amounts of solvent. Cells
were grown in 75 cm* flasks to near confluence (2.0
to 4.0 x 10° cells/flask) and exposed to drug-
containing or solvent-containing medium for indi-
cated periods of time. BSO was added to the culture
medium at the start of the exposure period, and the
medium was not subsequently changed before the
cells were harvested. Cells were treated with
ADR + BCNU according to two different exposure
protocols. In one case, drugs were added to the
medium, and the medium was not changed prior to
cell harvest. In the other case (indicated on figures
as “wash out”), cells were exposed to ADR + BCNU
for 1 hr, at which time the drug-containing medium
was removed and cells were incubated with fresh
drug-free medium until they were harvested. Cells
were dislodged from the flasks with a trypsin/EDTA
solution, and a portion of the resuspended cells was
counted after exposure to trypan blue to determine
short-term drug toxicity. For ADR + BCNU-treated
cells, viability at the time of cell harvest was greater
than 95%. For BSO-treated cells, viability ranged
from 90 to 97%.

Isolation of nuclei. Suspensions of melanoma cell
nuclei were prepared by the method of Blobel and
Potter [30]. Harvested cells were resuspended in
0.25M sucrose in S0mM Tris-HCI, 25mM KCl,
5 mM MgCl,, pH 7.4 (TKM), and homogenized with
a motor-driven teflon—-glass homogenizer. The cell
homogenate was layered over a two-step sucrose
gradient (0.25 Mand 2.3 M in TKM), and centrifuged
at 100,000 g for 30 min at 4°. The nuclear pellet was
collected and resuspended in 1M sucrose/TKM.
This suspension was centrifuged at 3400 g for 10 min
at 4°; the pellet was collected, resuspended in 0.25 M
sucrose/TKM, and washed one more time by
centrifugation. The final nuclear preparation was
suspended in a volume of 0.25M sucrose/TKM
equivalent to 1 mL per 2 x 10° cells. The number
of nuclei obtained from each preparation was
determined by fluorometric quantitation of DNA,
using the fluorescent dye bis-benzimide (Hoechst
33258) {31]. In our hands, 10 ug DNA corresponds
to 1.0 % 10° nuclei. The degree of cytosolic
contamination in the nuclear pellet was estimated
with a standard spectrophotometric assay of the
cytosolic marker enzyme lactate dehydrogenase
(LDH) ([32]. Data obtained from any nuclear
preparation that contained LDH activity greater
than that of a non-protein-containing blank incu-
bation were not used.

Measurement of GSH levels in whole-cell and
nuclear homogenates. For measurement of whole-
cell GSH levels, harvested cells were lysed in a 10%
perchloric acid solution, and the lysate was
centrifuged. GSH levels in the perchloric acid extract
were assayed by derivatization with iodoacetic acid
and fluorodinitrobenzene followed by ion-exchange
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Fig. 1. GSH depletion from cultured human melanoma cells by BSO. MEL2 cells (top panel) and

MM253-4cg cells (bottom panel) were grown to near confluence, exposed to the indicated concentrations

of BSO, and harvested at intervals thereafter. Cell viability after 8 hr of exposure to drug-containing

medium ranged from 90 to 97%. Data are GSH levels in the cells expressed as a percentage of the

GSH levels found in control (untreated) cells. Each point represents a mean value obtained from three

replicate flasks + SD. Control (100%) values: 2.12 nmol GSH/10¢ cells for MEL2 (top panel) and
3.07 nmol GSH/10° cells for MM253-dcg (bottom panel).

HPLC separation and spectrophotometric quan-
titation [33]. Total cellular GSH levels were
calculated as nanomoles per 10° live (trypan blue-
excluding) cells. Each data point represents the mean
value obtained from at least three determinations,
expressed as a percentage of GSH levels in control
cells. Nuclear GSH levels are too low to be measured
accurately by this method. Therefore, a more
sensitive spectrofluorometric method was used [34].
Suspensions of cell nuclei were reacted with 10 mM
monobromobimane for 15min at 37°. Soluble
products were extracted with 10% trichloroacetic
acid, separated by reverse-phase HPLC, and

quantitated by spectrofluorometric detection. GSH
levels were calculated as picomoles per microgram
DNA. Each point represents the mean value
obtained from 4 to 6 determinations, expressed as a
percentage of GSH levels in control nuclei.
Cytotoxicity studies. Drug-induced cytotoxicity
was measured as inhibition of the formation of clonal
colonies in soft agar suspension [21, 35]. Cells were
exposed to drugs or solvents for the indicated time
periods. They were harvested, counted in the
presence of trypan blue, and suspended in semisolid
agar containing Eagle’s MEM-E medium. A 0.5-mL
volume of this suspension was then overlaid onto a



1386 V. JEvTovi¢-TopoROVIC and T. M. GUENTHNER
120
~ 100 @ -
E \ QT s
% 80 + \ N -7
&) \ /. \ -
w \ / N -
O / —_—
® 60 -{- /
n { /
o ! /
o 404+ Ly O CONTROL
- vy ® ADR + BCNU
T W & WASH oUT
O 20 4 ®
0 - t + + f +——t t
0 1 2 3 4 5 6 7 8
INCUBATION TIME (HOURS)
160
140
:-J\ .....
€ 120
[
&
O 100 @ - _— e ——
- ————
E)' \ P =~
» 80 + % P
~ 7
0 \ ' ]
d 60 ‘L’ \ //
o \o O CONTROL
ST é/ @ ADR + BCNU
< 4
& & WASH OUT
o
20 +
0 —+ ———t +——t—t % —+
0 1 2 3 4 5 6 7 8

INCUBATION TIME (HOURS)

Fig. 2. GSH depletion from cultured human melanoma cells by ADR + BCNU. MEL2 cells (top
panel) and MM253-4cg cells (bottom panel) were grown to near confluence, exposed to 1uM
ADR + 1 uM BCNU, and harvested at the times indicated. In some cases, drug-containing medium
was replaced with fresh medium after 2 hr of exposure, and cells were harvested as usual thereafter.
Cell viability after 8 hr of exposure to drug-containing medium ranged from 93 to 97%. Data are GSH
levels in the cells expressed as a percentage of the GSH levels found in control (untreated) cells. Each
point represents a mean value obtained from three replicate flasks = SD. Control (100%) values:
2.93 nmol GSH/10° cells for MEL2 (top panel) and 3.39 nmol GSH/10° cells for MM253-4cg (bottom
panel).

solid agar layer in 24-well microwell plates at a
concentration of 10* cells per well. Colonies
containing more than 50 cells were counted after 2
weeks. Clonogenic efficiency for control cells was
always greater than 1%. Each data point represents
the mean number of colonies per well, obtained
from four replicate wells derived from each of three
cell culture flasks.

RESULTS

Comparison of GSH depletion due to BSO

exposure with GSH depletion due to ADR + BCNU
exposure required that concentrations of BSO and
exposure times that resulted in 60%—-80% depletion
of whole-cell GSH be determined. Figure 1 shows
that this degree of GSH depletion was obtained with
8-24 hr of exposure to 10 mM BSO in the case of
MEL2 cells (Fig. 1, top), and 0.1 mM BSO in the
case of MM253-4cg cells (Fig. 1, bottom). This
degree of GSH depletion was equivalent to that
obtained with 1 uM ADR + 1 uM BCNU (Fig. 2).
The top panel of Fig. 2 shows the time course of
ADR + BCNU-promoted depletion of whole-cell
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Fig. 3. Effects of GSH-depleting drugs on the cytotoxicity of LPAM to MEL2 cells. Cells were exposed
to 1uM ADR + 1 uM BCNU for 1 hr (top panel) or to 10 mM BSO for 8 hr (bottom panel), and then
to LPAM for 1 hr. Cell viability after the 1-hr treatment with LPAM was greater than 90%. Long-term
cytotoxicity was measured as decreased clonogenicity of treated cells in soft agar. Clonogenic efficiency
for control cells was greater than 1%. Each point represents the mean value obtained from four
replicate wells derived from each of three flasks + SD. Where error bars are not drawn, they are
smaller than the radius of the symbol used. Control (100%) values: 308 colonies (top panel) or 343
colonies (bottom panel) per well.

GSH levels from MEL2 cells, and the bottom panel
shows depletion of whole-cell GSH from MM253-
4cg cells after exposure to ADR + BCNU. Levels
of GSH in untreated MEL?2 cells ranged from 2.95
to0 3.4 nmol/10% live cells; levels of GSH in untreated
MM253-4cg celis ranged from 2.5 to 3.6 nmol/10°
live cells. Either ADR or BCNU alone, at 1uM
concentrations, produces less than 10% depletion of
whole-cell GSH levels [21].

Figure 3 compares the effects of GSH depletion
by ADR + BCNU (top panel) to the effects of a
similar degree of GSH depletion by BSO (bottom
panel) on the ability of LPAM to inhibit MEL2 cell

colony formation in soft agar. A dose modification
ratio (DMF; the ratio of the LCsg of LPAM in the
absenceof ADR + BCNU to the LCsyin the presence
of ADR + BCNU) of 15 was observed for MEL2
cells (Fig. 3, top). At the low (1 uM) concentrations
used in these studies, ADR + BCNU have no
significant short-term or long-term cytotoxic effects
by themselves. The bottom panel of Fig. 3 shows
that treatment of the cells with BSO, under conditions
that produce a similar depletion of whole-cell GSH
levels, produced a much smaller enhancement of the
cytotoxicity of LPAM (DMF = 3.2). This degree of
enhancement of the cytotoxicity of LPAM by BSO
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Fig. 4. Effects of GSH-depleting drugs on the cytotoxicity of LPAM to MM253-4cg cells. Cells were
exposed to 1 uM ADR + 1 uM BCNU for 1 hr (top panel), or to 10 mM BSO for 8 hr (bottom panel),
and then to LPAM for 1 hr. Cell viability after the 1-hr treatment with LPAM was greater than 90%.
Long-term cytotoxicity was measured as decreased clonogenicity of treated cells in soft agar. Clonogenic
efficiency for control cells was greater than 1%. Each point represents the mean value obtained from
four replicate wells derived from each of three flasks = SD. Where error bars are not drawn, they are
smaller than the radius of the symbol used. Control (100%) values: 236 colonies (top panel) or 200
colonies (bottom panel) per well.

was similar to that observed by other investigators
[8-20]. Figure 4 shows that the effects of the two
methods of GSH depletion of MM253-4cg cells were
similar. The top panel of Fig. 4 shows the effects of
ADR + BCNU treatment on LPAM cytotoxicity,
resulting in a DMF of 35. Depletion of GSH by
BSO resulted in a DMF for LPAM cytotoxicity of
7.4 (Fig. 4, bottom).

Because it may be targeted to different degrees
by the two methods of GSH depletion, the nuclear
GSH pool was examined. Nuclei from solvent-
treated MM253-4cg cells, which were regarded as
controls for drug-treated cells, contained 13.4 pmol

GSH/10° cell nuclei. This represents 0.36% of the
total cellular GSH. Similar results were obtained
with MEL2 cells, which contained 35 pmol GSH/
106 cell nuclei. This represents 1.25% of the total
cellular GSH. No contamination of the isolated
nuclear fraction with cellular cytosol, as determined
by assay of lactate dehydrogenase activity in the
nuclear fraction, was detected for either cell line.
This method of measuring cytosolic contamination
is capable of detecting a 0.02% contamination of
the nuclear fraction with cytosol. Because all data
were obtained from nuclear fractions that had no
detectable LDH activity, we assume that our level
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Fig. 5. GSH depletion from melanoma cell nuclei

by BSO. MEL2 cells (top panel) and MM253-4cg

cells (bottom panel) were grown to near confluence, and exposed to the indicated concentrations of

BSO:; their nuclei were harvested at intervals thereafter. Cell viability after 8 hr of exposure to drug-

containing medium ranged from 90 to 97%. Data are GSH levels in the nuclei expressed as a percentage

of the GSH levels found in control (untreated) nuclei. Each point represents a mean value obtained

from three replicate flasks = SD. Control (100%) values: 35 pmol GSH/10° nuclei for MEL2 (top
panel) and 13.4 pmol GSH/10° nuclei for MM253-4cg (bottom panel).

of contamination was lower than 0.02%. Cytosol
present at this level of contamination would
contribute 0.76 pmol GSH/10° cell nuclei, or less
than 6% of the observed nuclear GSH.

We observed differences in responses of the
nuclear GSH pool and the whole-cell GSH pool (85~
90% of which is cytosolic GSH) either to inhibition
of GSH synthesis by BSO, or to oxidative stress
promoted by ADR + BCNU. Exposure of MEL2
cells to 10 mM BSO resulted in a 50% depletion of
whole-cell GSH levels within 8hr, and a 60%
depletion after 24 hr (Fig. 1, top). In contrast,
depletion of nuclear GSH following BSO treatment

BP 44:7-K

was not significant after 8 hr, and 50% depletion was
not seen until 18 hr after exposure (Fig. S, top).
Similar results were observed with MM253-4cg cells.
Whole-cell GSH levels were depleted by 30% after
8 hr and by 70% after 24 hr (Fig. 1, bottom), but
significant depletion of nuclear GSH levels required
18 hr of exposure (Fig. 5, bottom). On the other
hand, nuclear GSH levels were depleted rapidly in
both cell lines following exposure to ADR + BCNU.
The top panel of Fig. 6 shows that 65% depletion
of nuclear GSH levels was observed within 2 hr of
treatment of MEL2 cells with ADR + BCNU.
Depletion of nuclear GSH lasted for approximately
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Fig. 6. GSH depletion from melanoma cell nuclei by ADR + BCNU. MEL2 cells (top panel) and
MM253-4cg cells (bottom panel) were grown to near confluence, and exposed to 1 uM ADR + 1 uM
BCNU; nuclei were harvested at the times indicated. In some cases, drug-containing medium was
replaced with fresh medium after 2 hr of exposure, and nuclei were harvested as usual thereafter. Cell
viability after 8 hr of exposure to drug-containing medium ranged from 93 to 97%. Data are GSH levels
in the nuclei expressed as a percentage of the GSH levels found in control (untreated) nuclei. Each
point represents a mean value obtained from three replicate flasks = SD. Control (100%) values:
21 nmol GSH/10° nuclei for MEL?2 (top panel) and 13.4 nmol GSH/106 nuclei for MM253-4cg (bottom
panel).

6 hr, and then returned rapidly to control levels.
Similar results were obtained with MM253-4cg cell
nuclei (Fig. 6, bottom). Comparison of Figs. 2 and
6 shows that the profile of depletion of nuclear GSH
by ADR + BCNU was similar to the profile of
depletion of whole-cell GSH levels, but some
important differences were evident. Whole-cell GSH
levels were also rapidly depleted by ADR + BCNU,
and to a similar level as nuclear GSH levels, but the
depletion required approximately twice as long to
be completed, and lasted only about half as long.

DISCUSSION

Although the presence of GSH in various
intracellular organelles has long been recognized
[22-27, 36, 37], its compartmentalization into discrete
subcellular pools, with different rates of depletion
and replenishment, was first directly demonstrated
by the characterization of a distinct mitochondrial
GSH pool [3, 22, 23, 37]. It is now apparent that,
in addition to the cytosolic and mitochondrial GSH
pools, a third discrete intracellular GSH pool exists
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in the cell nucleus. It has been shown previously
[24-27] that GSH is present in the cell nucleus. The
compartmentalization of this nuclear GSH into a
discrete pool has been suggested by experiments
showing differential responses of cytosolic and
nuclear GSH levels to BSO treatment [24]. On the
other hand, it has also been concluded [25] that
levels of GSH in the nucleus are the same as those
of GSH in the cytosol, and that no distinct nuclear
GSH pool exists. However, in the studies that
reached these conclusions, nuclei were isolated by
permeabilizing the cell membrane with detergents.
These detergents may also affect the nuclear
membrane, producing nuclei that are highly
permeable to GSH, resulting in an artifactually rapid
equilibration of nuclear GSH with the surrounding
medium.

The studies presented here provide evidence that
this nuclear GSH pool is kinetically distinct from
the cytosolic GSH pool. The nuclear pool was
depleted less rapidly after inhibition of y-gluta-
mylcysteine synthetase than was the cytosolic
pool. Inhibition of GSH synthesis with the y-
glutamylcysteine synthetase inhibitor BSO resulted
in depletion of the cytosolic GSH pool over an 8-hr
period. Depletion of the nuclear GSH pool to the
same extent required about 24 hr. Just as both pools
were depleted by synthesis inhibition, but with
different depletion Kkinetics, both pools were
ultimately affected to a similar degree by
ADR + BCNU-induced oxidative stress, but again
with very different kinetic characteristics. Both the
nuclear and cytosolic GSH pools were depleted
within 2 hr by ADR + BCNU treatment. However,
the amount of time required for recovery of the
cytosolic pool to its preexposure level was only about
one-sixth the time required for recovery of the
nuclear pool. It appears that the nuclear pool turns
over more slowly than the cytosolic pool, and
is relatively slowly affected by depletion or
replenishment of the cytosolic pool.

At this point there are two likely explanations for
the slower rate of turnover of the nuclear GSH pool,
and its relative lack of dependence on the size of
the cytosolic GSH pool. The first is that nuclear
GSH may be synthesized in the cytosol and
transported into the nucleus. The relative inde-
pendence of the rates of turnover of the two pools
would be explainable if this transport of GSH and
equilibration of the two pools were a relatively slow
process. An alternative explanation may be that
GSH is independently synthesized in the two cell
compartments, and that nuclear GSH synthesis is
slower, as demonstrated by the slow recovery of the
nuclear GSH pool after ADR + BCNU exposure.
The slower response of the nuclear pool to the
synthesis inhibitor BSO might be explained by a
different K; of a nuclear form of y-glutamylcysteine
synthetase for BSO, or simply by impediments to
the rapid intracellular distribution of BSO, resulting
in a relatively slow accumulation of BSO in the
nucleus. We are presently studying whether a nuclear
form of y-glutamylcysteine synthetase exists, and
what effects BSO may have on this enzyme.

These studies also illustrate the toxicological
significance of the cell’s maintenance of a separate
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nuclear GSH pool. ADR + BCNU treatment
effectively depleted both the cytosolic and nuclear
GSH pools. Depletion of the nuclear GSH pool may
explain the high degree to which ADR + BCNU
treatment enhances the efficacy of the alkylating
agent LPAM. The DMF for LPAM of 3.2 to 7.4 in
the presence of BSO indicates that loss of cytosolic
GSH results in an increase in susceptibility to DNA-
directed cytotoxicity. However, depletion of nuclear
GSH {(by ADR + BCNU) produced a DMF of up
to 35 for LPAM, which demonstrates a greatly
enhanced valnerability of the cell to this genotoxic
agent following depletion of the nuclear GSH pool.

It appears that the nuclear GSH pool plays a
crucial role in protecting the cell from agents whose
target site of toxicity is in the nucleus. While cytosolic
GSH may represent a “first line” of defense against
potentially genotoxic nucleophiles by promoting
their conjugation and excretion [1-7], nuclear GSH
may play a more direct role in protecting
chromosomal DNA, either by deactivation of
electrophilic intermediates in the direct vicinity of
DNA, by protecting nuclear membranes from the
consequences of lipid peroxidation {27], or by
maintaining, by preventing oxidation of their thiol
groups, the integrity of protective proteins such as
DNA repair enzymes [38]. Several studies have
attempted to correlate rates of repair of damaged
DNA with whole-cell GSH levels. In some cases a
positive correlation was observed {39-42], but in
several cases [18, 19, 43], a negative or no correlation
was observed. In all of these studies, only whole-
cell GSH levels were considered, and nuclear GSH
levels were not measured. The resistance of nuclear
GSH to turnover may ensure that this toxicologically
important tool remains stable in the face of relatively
large fluctuations in cytosolic GSH levels produced
by diurnal regulation [44], dietary stimuli [44, 45],
or short-term exposure to xenobiotics [46].

In summary, we have demonstrated the existence
of a nuclear GSH pool, whose concentration and
rate of turnover are distinct from those of the
cytosolic GSH pool. This nuclear GSH pool was
more resistant to depletion than the cytosolic GSH
pool after BSO inhibition of GSH synthesis (8 hr for
50% depletion of the cytosolic pool vs 18 hr for 50%
depletion of the nuclear pool), but was depleted
rapidly by ADR + BCNU-induced oxidative stress
{60-80% depletion of cytosolic and nuclear pools in
12 hr). The nuclear GSH pool may play a significant
role in protecting nuclear target sites from attack by
electrophilic chemical intermediates, and the ability
of ADR + BCNU to deplete nuclear GSH may
explain why these agents potentiate the cytotoxic
effects of the DNA-alkylating agent LPAM to a high
degree. In the search for methods for potentiating
the cytotoxicity of antitumor agents, it has often
been demonstrated that BSO provides an effective
means of depleting GSH from tumor cell cytosol [8-
20]. However, the observed potentiation of alkylating
agent efficacy in vivo has been somewhat dis-
appointing [10, 15, 17, 20]. Direct targeting of the
nuclear GSH pool, by ADR + BCNU-induced
oxidative stress, for example, appears to more
selectively attack what appears to be a very
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important GSH-dependent tumor cell defense against
antineoplastic agents.
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