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ABSTRACT In this study we used HeLa cells transfected
with a conditional Bcl-2 expression construct to study the
effects of Bcl-2 on reduced glutathione (GSH) metabolism.
Our previous work demonstrated that depletion of GSH by
culturing cells in tissue culture medium lacking the amino
acids cysteine and methionine, essential for GSH biosynthesis,
caused cells overexpressing Bcl-2 to become sensitized to
apoptotic induction. Here we report that Bcl-2 also dramati-
cally alters GSH compartmentalization. Cellular distribution
of GSH, assayed by confocal microscopy, revealed that when
Bcl-2 expression was suppressed GSH was uniformly distrib-
uted primarily in the cytosol, whereas overexpression of Bcl-2
led to a relocalization of GSH into the nucleus. Isolated nuclei
readily accumulated radiolabeled GSH and maintained
higher nuclear GSH concentration in direct relation to Bcl-2
nuclear protein levels. Moreover, exogenous GSH blocked
apoptotic changes and caspase activity in isolated nuclei
exposed to the pro-apoptotic protease granzyme B. Our
results indicate that one of the functions of Bcl-2 is to promote
sequestration of GSH into the nucleus, thereby altering nu-
clear redox and blocking caspase activity as well as other
nuclear alterations characteristic of apoptosis. We speculate
that this mechanism contributes to the suppression of apo-
ptosis in cells with elevated Bcl-2 levels.

The ability of Bcl-2 and its family members to regulate
apoptosis makes it a tantalizing target for modulating cell
death in diseases where tissue homeostasis is disrupted by
deregulated cell death. The biochemical mechanisms involved
in the function of these proteins, however, have remained
elusive. Initial insight into the function of Bcl-2 came from
studies in knockout mice (1), which developed pathologies
associated with defects in regulation of cellular redox in
response to oxidative stress (2). More recent research into the
function of Bcl-2 by three-dimensional protein crystallography
indicated that the tertiary structure of Bcl-2 resembled the
pore-forming domains of bacterial toxins (3). Additionally,
recombinant Bcl-X; was capable of forming ion channels in
synthetic membranes, and Minn et al. (4) suggested the pos-
sibility that Bcl-X|, may also regulate the transport of proteins.

Previously, we have reported that in both animal and cell
models, Bcl-2 overexpression led to an increase in total cellular
glutathione (GSH) levels (5). Depletion of GSH by culturing
cells in tissue culture medium lacking the amino acids cysteine
and methionine (CM~ medium) or treating cells with diethyl
maleate to directly deplete GSH caused cells overexpressing
Bcl-2 to become sensitized to apoptotic induction. Interest-
ingly, under these conditions Bcl-2 levels remained unchanged,
suggesting that Bcl-2 was not directly regulating apoptotic
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sensitivity but modulating sensitivity through an intermediary
such as GSH.

In light of these observations we decided to investigate
whether Bcl-2 had any role in GSH trafficking. By using HeLLa
cells transfected with Bcl-2 under the control of a tetracycline
(Tet)-repressible promoter we were able to observe GSH
sequestration into the nucleus when Bcl-2 protein expression
was high that did not occur when Bcl-2 was low. When these
findings were extended to other systems, the observation of
nuclear GSH localization was predicted by Bcl-2 status. De-
pletion of GSH by CM™ medium sensitized HeLa cells over-
expressing Bcl-2. Additionally, nuclear GSH was functionally
relevant because isolated nuclei treated with exogenous GSH
were protected from apoptotic changes induced by granzyme
B. Taken together these results suggest that one of the
functions of Bcl-2 is to sequester GSH within the nucleus.

MATERIALS AND METHODS

Cell Culture. LYas and LYar cells are sublines obtained
from an apoptosis-sensitive B-cell mouse lymphoma (TH-LY)
(6). HeLa S3 Tet-Off cells stably transformed with pTRE-
Bcl-2 (HeLa/Tet-Bcl-2) (7) were kindly provided by CLON-
TECH. Cells were grown as described previously (7). To
suppress Bcl-2 protein levels HeLa/Tet-Bcl-2 cells were cul-
tured in the presence of 2 pg/ml Tet (Sigma) 48 h before any
experiment. Bcl-2 protein levels were assayed by Western blot
analysis.

Subcellular Localization of GSH. To qualitatively assess
GSH localization, cells were visualized with a Zeiss Axiovert
confocal microscope attached to a PC-based computer run-
ning laser scan microscope software for microscope control
and image analysis. HeLa/Tet-Bcl-2 cells grown in chamber
slides were loaded with 100 nM CellTracker green 5-chlorom-
ethylfluorescein diacetate (CMFDA) and 100 nM Mito-
Tracker red CM-H,XRos (MTX) (both from Molecular
Probes) following the manufacturer’s directions. Coverslips
were mounted with either tissue culture medium, or cells were
fixed with 4% paraformaldehyde and mounted with Slowfade
(Molecular Probes). LYar/LYas cells were loaded with CM-
FDA and MTX in suspension culture and following a PBS
wash were attached to slides by cytospin. Independent scans of
red (510 nM) and green (488 nM) fluorescence were made to
identify MTX and CMFDA staining, respectively.

Nuclei Isolation and Nuclear GSH Quantitation. Nuclei
isolation was performed as described previously (8). For
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quantitation of nuclear pools of GSH, cells were layered on
silicon oil, and nuclei were pelleted into GSH lysis buffer for
GSH determination or PBS for nuclei purity analysis. Nuclear
and whole cell GSH was determined by o-phthaldialdehyde
quantitation of GSH as described previously (5).

Quantitation of Nuclear Uptake of Radiolabeled GSH.
Nuclei were resuspended in TKN buffer (150 mM NaCl/1.5
mM MgCl,/10 mM Tris-HCI, pH 7.4) supplemented with 1
mM ATP and [*H]GSH (DuPont/NEN) for 45 min as de-
scribed in Bellomo et al. (9). Nuclei were then pelleted and
transferred to scintillation vials, and disintegrations/min were
determined with a Packard Tri-Carb 4530 liquid scintillation
counter (Packard).

Pulsed-Field Gel Electrophoresis (PFGE) Analysis of DNA
Fragmentation. PFGE was performed as described previously
(10). Electrophoretic conditions were: 5 V/cm for 16 h at 14°C
with a ramped switching time from 50 to 100 s. Quantification
of apoptosis by DNA fragmentation was performed as re-
ported previously (5).

Poly(ADP-Ribose) Polymerase (PARP) and Bcl-2 Analysis.
Western blot analysis of Bcl-2 expression and PARP cleavage
was performed as described previously (5) with the exception
that filters were probed with Bcl-2 monoclonal or PARP
polyclonal antibody (clone 124, Dako; A220, Santa Cruz
Biotechnology) at a dilution of 1:2000 and antiactin (Amer-
sham) at 1:2000 in 3% dried milk/PBS-Tween 20 for 2 h. The
filters were then washed and probed with horseradish perox-
idase-conjugated anti-mouse secondary antibody (Amer-
sham), and detection was performed with enhanced chemilu-
minescence (ECL, Amersham). Quantitation was performed
on a Molecular Dynamics scanning densitometer.

Cell-Free Caspase 3 Activity. Caspase 3 activity was moni-
tored by cleavage of Asp-Glu-Val-Asp-AFC (DEVD-AFC).
The fluorescence of 20 uM of the fluorogenic peptide sub-
strate. DEVD-AFC (Biomol, Plymouth Meeting, PA) was
measured spectrophotometrically in 96-well plates on a Cyt-
ofluor series 400 fluorometric plate reader (PerSeptive Bio-
systems, Framingham, MA). Formation of the cleavage prod-
uct was measured in 107 nuclei/ml at 530/25 nM emission
while excited at 360/40 nM. Plate temperature was maintained
at 37°C throughout.

RESULTS AND DISCUSSION

We and others (11) have reported that Bcl-2 overexpression
leads to an increase in total cellular GSH levels (5); conversely,
depletion of GSH resensitized cells to apoptotic induction
without modulating Bcl-2 levels. Thus, Bcl-2 may modulate
apoptosis though an intermediary pathway such as GSH
metabolism.

To investigate the effects of Bcl-2 on GSH more directly, we
used HelLa cells transfected with Bcl-2 under the control of a
Tet-repressible promoter. Addition of Tet for 48 h led to
suppression of Bcl-2 protein levels (Fig. 1). To visualize
intracellular GSH we used the fluorescent probe CMFDA,
which is conjugated to GSH preferentially by glutathione
S-transferase, to determine localization of GSH within HeLa/
Tet-Bcl-2 cells (12). Analysis by confocal microscopy of GSH
staining by CMFDA indicated a cytoplasmic and perinuclear
staining in cells where Bcl-2 levels were low. In contrast, cells
with high levels of Bcl-2 had abundant nuclear CMFDA
staining with diffuse cytoplasmic staining (Fig. 24). Semiquan-
titative pseudo-color relief maps emphasize the relative dis-
tribution of GSH within these cells under different Bcl-2
protein levels (Fig. 2C).

To confirm these findings, we quantified GSH in the nuclear
compartment by isolating nuclei through a silicon oil layer (9)
to prevent reported GSH leakage from isolated nuclei in
aqueous medium and cell-free systems (13). HeLa/Tet-Bcl-2
cells that expressed high levels of Bcl-2 amassed approximately
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Fic. 1. Repression of Bcl-2 protein expression in HeLa/Tet-Bcl-2
cells by Tet. Western blot analysis was performed on the HeLa/Tet-
Bcl-2 cell system to ensure adequate suppression of Bcl-2 protein.
Protein samples were collected from cell populations that were
cultured in parallel on chamber slides for microscopy. Cells were
placed in culture with or with out 2 pg/ml Tet (lanes 2 and 1,
respectively) and incubated for 48 h to regulate Bcl-2 protein expres-
sion. Coimmunodetection of actin was performed to assure equal
loading.

Bcl-2

75% of total cellular GSH within the nucleus, whereas only
30% of the total GSH was located within the nucleus when
Bcl-2 expression was suppressed (Table 1).

Bellomo et al. (9, 14) have previously documented the
existence of an ATP-dependent nuclear GSH sequestration
system in isolated hepatocytes. Because all currently available
dyes for GSH have different degrees of specificity for GSH, we
directly measured GSH uptake in isolated nuclei from HeLa/
Tet-Bcl-2 cells expressing different levels of Bcl-2. Incubation
of nuclei in the presence of radiolabeled GSH and ATP led to
increasing accumulation of nuclear GSH with increasing
amounts of nuclear Bcl-2 protein expression (Fig. 3). We are
currently investigating the mechanism and energy require-
ments of Bcl-2-mediated nuclear GSH sequestration (unpub-
lished data).

We next examined a number of different cell systems to
determine the universality of the effect of Bcl-2 on nuclear
GSH. We have previously described the LYar and LYas mouse
lymphoma cell systems, which are derived from cells isolated
from an apoptosis-sensitive mouse tumor (6). In LYas cells,
which have no detectable Bcl-2 protein by Western blot
analysis (5), weak nuclear CMFDA staining and moderate
mitochondrial localization was observed when cells were an-
alyzed by confocal microscopy (Fig. 2B). However, LYar cells,
which express a 30-fold higher level of Bcl-2, had prominent
nuclear staining along with cytoplasmic staining (Fig. 2B).
Consistent observations were obtained with thymocytes from
Bcl-2 transgenic or Bcel-2 knockout mice; where Bcl-2 levels
were high, nuclear accumulation of GSH was observed (Fig. 4).
Interestingly, in the wild-type control mice, there was heter-
ogeneity in nuclear GSH staining between individual cells,
which may be indicative of the heterogeneity to apoptosis
susceptibility observed in the developing thymus during T cell
maturation (15).

To determine the relevance of GSH accumulation to apo-
ptosis susceptibility, we depleted GSH in the Bcl-2-expressing
cells through incubation in CM ™ medium. This partially re-
stored apoptotic sensitivity to ionizing radiation (Fig. 5). We
previously reported (5) that diethyl maleate was able to reverse
the resistance to apoptosis by Bcl-2 expression in LYar cells by
depleting GSH; however, buthionine sulfoximine, which pri-
marily depletes cytosolic and not nuclear GSH (13), did not
sensitize Bcl-2-expressing LYar cells. Diethyl maleate depletes
GSH by conjugating with —SH groups within all cellular pools,
whereas buthionine sulfoximine depletes GSH by inhibiting
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Fi16.2. Confocal analysis of GSH and mitochondria staining in HeLa/
Tet-Bcl-2 (4) and LYar/LYas (B) cells with CMFDA and MTX. HeLa/
Tet-Bcl-2 and LYar/LYas cells were dual labeled with CMFDA to stain
GSH and MTX to stain mitochondria. (4 Left) HeLa cells grown on
chamber slides in the absence of Tet. (4 Right) HeLa cells grown for 48 h
in the presence of 2 pug/ml Tet. (B Left and Right) Cytospins of LYar and
LYas, respectively. (4 and B Upper) Cells scanned for red fluorescence to
detect mitochondria. (4 and B Lower) Cells scanned for green fluorescence
to detect GSH staining. Green fluorescence indicates localization of GSH
to the nucleus when the Bcl-2 protein level is high that is not seen when
Bcl-2 is low. Multiple slides were labeled during many experiments, and
reported scans are representative of what was observed. (C) Topographical
color relief map of GSH localization in HeLa/Tet-Bcl-2 and LYar/LYas
cells. Z-sections from confocal images of cells expressing high and low
levels of Bcl-2 are shown. (Upper) HeLa/Tet-Bcl-2 (Left) and LYas cells
(Right), which have low levels of Bcl-2 protein expression. (Lower) HeLa
cells with Bcl-2 derepressed (Left) and LYar cells (Right), which express
high levels of Bcl-2. Gray scale images of CMFDA dye intensity
measured in 2-um z-sections were converted to pseudocolor and
plotted in the z axis.
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Table 1. Quantitation of GSH in isolated nuclei from
HeLa/Tet-Bcl-2 cells

GSH

Cell total Nucleus

HeLa pg/cell mM  pg/nucleuss mM

Bel-2 off 54084 1624 17x036 6=*13 32
Bel-2on 58 *095 14+23 43*x151 16*=54 74

GSH content was calculated on a cell (nucleus) basis and reported
as amount and concentration. Reported values are from three samples,
and the standard deviation is reported. Similar results were observed
in multiple experiments.

% nuclear

y-glutamylcysteine synthetase that is necessary for cytosolic
GSH biosynthesis. Therefore, it is likely that compartmental-
ization of GSH is a more important determinant of apoptosis
sensitivity than the overall intracellular level of GSH.
Members of a family of cysteine proteases homologous to
human interleukin-1B-converting enzyme, collectively termed
caspases, are key components of the effector machinery lead-
ing to DNA fragmentation in apoptosis. Although early work
suggested that these proteases are expressed primarily in the
cytosol, recent results indicate that they are also found in the
nucleus (16, 17). To test the functional relevance of the nuclear
GSH pool in apoptosis regulation we developed a cell-free
system in which exogenous recombinant granzyme B was used
to directly trigger caspase activation (18) and DNA fragmen-
tation in isolated nuclei. Incubation of isolated nuclei in the
presence of granzyme B led to a significant increase in 50-kbp
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F1G. 3. Nuclear uptake of GSH as a function of Bcl-2 protein
concentration in isolated nuclei. To determine the relationship be-
tween uptake of GSH and Bcl-2 protein expression, isolated nuclei
from HeLa/Tet-Bcl-2 cells were incubated with [PH]JGSH in TKN
buffer for 45 min as described previously (9). To obtain varying levels
of Bcl-2, cells were exposed to titrated levels of Tet before nuclei
isolation. Nuclei were then processed for Western blot analysis of Bcl-2
or incubated with radiolabeled GSH. (4) Increased GSH uptake was
observed in nuclei that expressed elevated levels of Bcl-2. (B) Veri-
fication of Bcl-2 protein levels observed in isolated nuclei by Western
blot analysis. Error bars represent SE from three independent exper-
iments repeated with similar results.
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FiG. 4. Localization of GSH in mouse thymocytes expressing various
levels of Bcl-2 as analyzed by confocal microscopy. Isolated thymocytes
from mice transgenic for Bcl-2 (fop), Bcl-2 knockout mice (middle), or
control littermates (bottom) were stained with CMFDA and MTX and
subjected to confocal microscopy. Mitochondria are highlighted by MTX
localization in the left panels, whereas GSH localization is shown in the
right panels. Of interest is the heterogeneous GSH staining between cells
in the control mice suggesting high Bcl-2 levels in some thymocytes and
low Bcl-2 levels in others.

DNA fragments typical of apoptosis (10) as measured by
PFGE (Fig. 64). Parallel Western blot analysis of PARP
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F1G. 5. Suppression of radiation-induced DNA fragmentation in
HeLa/Tet-Bcl-2 and LYar/LYas by Bcl-2 is reversed in the presence of
CM™ medium. DNA fragmentation in mouse lymphoma and HeLa cells
with either high or low Bcl-2 expression following exposure to 5 Gy
y-irradiation (dark bars) or sham irradiation (light bars) is shown.
Previously we have reported that incubation cells in CM~ medium
sensitized them to radiation in the presence of Bcl-2 by depleting GSH (5).
Therefore, LYar and HeLa cells expressing high levels of Bcl-2 were
incubated in the presence of CM ™~ medium following exposure to 5 Gy
(hatched bar). Fragmentation was normalized to compare differences
between induced fragmentation with different levels of Bcl-2 protein. In
LYas cells fragmentation peaked at 4 h with approximately 80% of the
DNA fragmented. The time course for DNA fragmentation in HeLa cells
is of a longer duration. Maximum fragmentation was 30% measured at
120 h. Bcl-2 influence on radiation-induced DNA fragmentation could be
measured as early as 24 h, which is reported in the figure. Error bars are
SD from three samples, and each experiment was repeated with similar
results.
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cleavage (indicative of caspase 3 activation (19)) revealed that
the granzyme B-treated samples also exhibited characteristic
89-kDa PARP fragments (Fig. 6B). However, when 10 mM
GSH was added to nuclei immediately before addition of
granzyme B both DNA fragmentation and PARP cleavage
were suppressed (Fig. 6). Similar inhibition was observed by
using lower GSH concentrations in the presence of a regen-
erating system [NADPH + GSH reductase (data not shown)].
GSH also inhibited the cleavage of DEVD-AFC, a specific
substrate for caspase 3, at a concentration of granzyme B
sufficient to induce DNA fragmentation and a 4-fold increase
in fluorescence of hydrolyzed DEVD-AFC (Fig. 6C). Impor-
tantly, granzyme B did not cleave DEVD-AFC directly when
incubated without nuclei (data not shown), indicating that
DEVD hydrolysis was because of caspase activation. Addi-
tionally, GSH did not prevent either the hydrolysis of a
granzyme B-selective peptide substrate (AAD-AFC) or pro-
duction of the 64-kDa fragment characteristic of direct gran-
zyme B cleavage of PARP (20, 21). These observations suggest
that DEVD-AFC hydrolysis was because of activation of
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FiG. 6. DNA fragmentation and PARP cleavage but not caspase 3
processing are inhibited by GSH in nuclei treated with granzyme B.
Nuclei from LYas cells were isolated and treated with 20 units of
granzyme B for 1 h at 37°C. Samples were then separated to analyze
(4) DNA and (B) PARP and integrity by PFGE and Western blot,
respectively. Granzyme-treated samples exhibited both PARP cleav-
age and generation of a 50-kbp fragment, which was abolished by
addition of 10 mM GSH. Although PARP cleavage was not totally
suppressed this is probably because of the lack of a GSH-regenerating
system (see text). In separate experiments caspase 3 activity and
processing (C) were determined by cleavage of a target peptide 30 min
following addition of 20 units of granzyme B. Addition of 10 mM GSH
was able to suppress the cleavage of DEVD-AFC. Error bars in caspase
3 activity measurements were from replicate wells.
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caspase 3 and that GSH inhibited the catalytic activity of
caspase 3 and not granzyme B processing of caspase 3.

Although recent work has established that Bcl-2 can block
release of cytochrome ¢ and certain other mitochondrial
features of apoptosis (22, 23) (for a review see ref. 24), a
substantial fraction of total cellular Bcl-2 localizes to the
nuclear envelope (25), where it may exert additional antiapo-
ptotic activities (8, 26, 27), and we favor the idea that Bcl-2
interferes with apoptosis at multiple subcellular sites concur-
rently. Although the observation that Bcl-2 promotes nuclear
uptake of GSH is unprecedented, our data are entirely con-
sistent with previous results demonstrating that GSH depletion
and efflux occur at a very early stage of apoptosis (28, 29) and
that the pro-apoptotic effects of p53 are associated with
transcription of genes that generate or respond to oxidative
stress (30). Precisely how GSH interferes with nuclear caspase
activation is not clear, although the fact that reducing agents
actually maintain the activity of recombinant caspase-3 (31)
argues that its interference with caspase activity in vivo is
indirect, and we are currently pursuing the underlying mech-
anism(s) aggressively. In a broader sense, however, an alter-
ation in nuclear redox by Bcl-2 modification of GSH concen-
trations may have pleiotropic effects on susceptibility to DNA
damage, gene transcription, and nuclear signal transduction
both before and following an apoptotic stimulus; this in
essence may determine the response of a cell to an apoptotic
stimulus before activation of the apoptotic pathway. This may
indeed explain the multiplicity of effects Bcl-2 and its family
members appear to have on cells.
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