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Apoptotic cell death is usually accompanied by acti-
vation of a family of cysteine proteases termed
caspases. Caspases mediate the selective proteolysis
of multiple cellular targets often resulting in the dis-
ruption of survival pathways. Intracellular levels of
the antioxidant glutathione (GSH) are an important
determinant of cellular susceptibility to apoptosis.
The rate-limiting step in GSH biosynthesis is mediated
by glutamate-L-cysteine ligase (GCL), a heterodimeric
enzyme consisting of a catalytic (GCLC) and a modi-
fier (GCLM) subunit. In this report we demonstrate
that GCLC is a direct target for caspase-mediated
cleavage in multiple models of apoptotic cell death.
Mutational analysis revealed that caspase-mediated
cleavage of GCLC occurs at Asp499 within the se-
quence AVVD499G. GCLC cleavage occurs upstream of
Cys553, which is thought to be important for associa-
tion with GCLM. GCLC cleavage is accompanied by a
rapid loss of intracellular GSH due to caspase-medi-
ated extrusion of GSH from the cell. However, while
GCLC cleavage is dependent on caspase-3, GSH extru-
sion occurs by a caspase-3-independent mechanism.
Our identification of GCLC as a target for caspase-3-
dependent cleavage during apoptotic cell death sug-
gests that this post-translational modification may
represent a novel mechanism for regulating GSH bio-
synthesis during apoptosis. (Am J Pathol 2002,
160:1887–1894)

Apoptosis is a genetically regulated, energy-dependent
form of cell death triggered by a variety of physiological
and pathological stimuli.1 Biochemically, apoptosis is
characterized by the activation of a family of cysteine-
dependent aspartate-directed proteases termed
caspases that are responsible for the initiation and exe-
cution of apoptotic cell death.2 Caspases are synthe-
sized as inactive zymogens (pro-caspases) that are ac-

tivated by either autocatalytic processing or cleavage by
other caspases.2 The activation of initiator caspases (eg,
caspase-8 and -9) results in the cleavage and activation
of downstream effector caspases (eg, caspase-3, -6, and
-7), which are responsible for the selective and limited
proteolysis of multiple cellular proteins involved in the
morphological and biochemical changes associated with
apoptosis.2 Caspase-mediated cleavage of specific tar-
get proteins generally results in either the activation of
proteins that participate in the execution of apoptosis or
the inhibition of target proteins that would normally pro-
mote cell survival. In this regard, some caspase targets
are components of cellular defense systems and their
proteolytic inactivation plays a permissive role in facilitat-
ing the cell death process.

The tripeptide glutathione (GSH; �-glutamylcysteinyl-
glycine), the most abundant non-protein thiol antioxidant
within the cell, is vitally important in maintenance of cel-
lular redox status and protection against oxidative injury.3

GSH acts as a free-radical scavenger, and through the
GSH-peroxidase/GSSG-reductase system, represents a
first line defense against oxidative stress.4 GSH levels are
rapidly depleted in many models of apoptosis.5–11 Fur-
thermore, maintaining intracellular GSH levels by the use
of membrane permeable GSH analogs, supplementation
with N-acetyl-cysteine, or inhibition of GSH efflux has
been shown to inhibit or delay apoptosis.7,12–18 Elevated
levels of GSH have also been reported to play an impor-
tant role in mediating tumor cell resistance to radiation
therapy and chemotherapy.19–21 While the molecular
mechanism(s) mediating the cytoprotective effects of
GSH have not been fully elucidated, depletion of intra-
cellular GSH is closely linked to the mitochondrial dys-
function that accompanies many forms of apoptosis.22

Alternatively, GSH can detoxify various chemotherapeu-
tics by direct conjugation4 and has also been shown to
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inhibit several putative mediators of apoptosis, including
the serine protease AP2423 and neutral sphingomyeli-
nase.24 These findings suggest that changes in cellular
redox status associated with alterations in GSH levels have
a significant effect on the apoptotic cell death process.

GSH is synthesized by two sequential reactions cata-
lyzed by glutamate-L-cysteine ligase (GCL; also known
as �-glutamylcysteine synthetase), and glutathione syn-
thetase.4 GCL, a heterodimeric enzyme that catalyzes
the first and rate-limiting step in GSH synthesis, consists
of a catalytic subunit (GCLC, 73 kd), which contributes all
of the enzymatic activity and contains all of the substrate
binding sites of GCL, and a modifier subunit (GCLM, 31
kd), which modulates the affinity of GCLC for substrates
and inhibitors.4 In this regard, GCLC is highly sensitive to
feedback inhibition by GSH in the absence of GCLM.25

Heterodimerization with GCLM also lowers the apparent
Km of GCLC for glutamate to within a physiological
range.25 Overexpression of the GCL subunits has been
shown to elevate intracellular GSH levels and inhibit both
receptor- and chemical-mediated apoptosis.26–28 GCL
expression and/or activity are also up-regulated in some
cancer cell lines that exhibit chemoresistance and phar-
macological inhibition of GCL leads to a reversion of the
resistant phenotype.20,21,29 While manipulation of GCL
activity and GSH status can influence the cellular re-
sponse to apoptotic stimuli, little is known concerning the
dynamic regulation of GCL activity and GSH biosynthesis
during apoptotic cell death.

In the present study we demonstrate that GCLC is a
direct target for caspase-mediated cleavage during both
receptor- and chemical-mediated apoptosis. While
caspase-3 is required for GCLC cleavage, the caspase-
dependent depletion of intracellular GSH that accompa-
nies receptor-mediated apoptotic cell death occurs in the
absence of caspase-3 and can be mechanistically dis-
sociated from GCLC cleavage. Furthermore, cleavage of
GCLC occurs upstream of the putative GCLM interaction
site, suggesting that this may result in the inability of
GCLC to associate with GCLM to form a functionally
active GCL holoenzyme. Our identification of GCLC as a
target for caspase-mediated cleavage reveals a novel
post-translational modification of GCLC that may play an
important role in regulating GSH biosynthesis during ap-
optotic cell death.

Materials and Methods

Plasmids and Reagents

Murine GCLC and GCLM were amplified by polymerase
chain reaction (PCR) using pCR3.1-GCLC or pCR3.1-
GCLM as templates.30,31 GCLC(D499A) was prepared
by PCR mutagenesis. PCR products were subcloned into
pET28, pET21 (Clontech, Palo Alto, CA), and/or
pcDNA3.1/His (Invitrogen, Carlsbad, CA) and verified by
DNA sequencing. pGEX-KG-caspase-3 was provided by
Dr. Dennis Templeton (Case Western Reserve University,
Cleveland, OH).32 Antisera against GCLC and GCLM
have been described.33 Caspase-3 antibodies were from

Transduction Laboratories (clone 19) (Lexington, KY) or
Santa Cruz Biotechnology (sc-7272) (Santa Cruz, CA).
Ac-DEVD-AMC was from Alexis Biochemicals (San Di-
ego, CA), Ac-DEVD-CHO was from Biomol (Plymouth
Meeting, PA), and z-VAD-fmk was from Bachem (King of
Prussia, PA). Human tumor necrosis factor-� (TNF) was
from BD Pharmingen (San Diego, CA) and anti-human
�Fas antibody (CH-11) was from Kamiya Biochemicals
(Seattle, WA). All lysis buffers were supplemented with
Complete protease inhibitor mix from Roche Molecular
Biochemicals (Indianapolis, IN).

Cell Lines

Jurkat cells (provided by Dr. Jonathan Graves, University
of Washington, Seattle, WA) were cultured as de-
scribed.10 HeLa cells (provided by Dr. Peter Rabinovitch,
University of Washington, Seattle, WA) and MCF7 cells
stably expressing pcDNA3.0 vector or pcDNA3.0-
caspase-3 (provided by Dr. Vince Kidd, St. Jude’s Re-
search Hospital, Memphis, TN) were cultured as de-
scribed.34

Immunoblot Analysis and Affinity Purification of
Ectopically Expressed His-GCLC

Whole cell extracts were prepared by a brief sonication
on ice in TES/SB buffer (20 mmol/L Tris, pH 7.4, 1 mmol/L
EDTA, 250 mmol/L sucrose, 20 mmol/L boric acid, and 1
mmol/L L-serine) (Sigma Chemical, St. Louis, MO).
GCLC, GCLM, and pro-caspase-3 expression were ana-
lyzed by immunoblotting as described.33,34 For analysis
of ectopically expressed His-GCLC protein, HeLa cells
were transfected by electroporation as described.35

Cells were lysed by sonication in His lysis buffer (HLB)
(20 mmol/L Tris, pH 7.9 and 500 mmol/L NaCl) and
clarified extracts (500 �g) incubated with TALON metal
affinity resin (Clontech, Palo Alto, CA) for 1 hour at 4°C.
After extensive washing in HLB containing 40 mmol/L
imidazole, affinity purified His-GCLC was analyzed by
immunoblotting with anti-GCLC antibody.

Analysis of Apoptosis and Glutathione Levels

Cells were analyzed for apoptotic nuclear morphology by
staining with 4�,6-diamidino-2-phenylindole (DAPI).11 For
analysis of caspase-3-like activity, cell extracts were pre-
pared by sonication in TES/SB as described above and
50 �g of soluble protein was added to 50 �l of 2X
caspase cleavage buffer (CCB) (40 mmol/L piperazine-
N,N�-bis(2-ethanesylfonic acid) (PIPES), pH 7.2, 200
mmol/L NaCl, 20% sucrose, 0.2% 3-[(3-cholamidoprop-
yl)dimethylammonio]-1-propanesulfonate (CHAPS), 20
mmol/L DL-dithiothreitol (DTT) containing 40 �mol/L Ac-
DEVD-AMC and incubated for 30 minutes at 37°C. Fluo-
rescence was measured and specific activity calculated
as previously described.11 Data are presented as fold
activation relative to untreated cells. For glutathione mea-
surements, cells were harvested and lysed in TES/SB as

1888 Franklin et al
AJP May 2002, Vol. 160, No. 5



described above and total glutathione content (GSH �
GSSG) was determined by a modification of the Tietze
assay.36 In some experiments the culture media was also
collected and glutathione content analyzed in a similar
manner. GSH levels are reported as nmol/mg protein in
the initial cell extract.

In Vitro Analysis of GCLC Cleavage
35S-labeled GCLC(WT) and GCLC(D499A) were synthe-
sized from pET28 expression vectors with the in vitro TNT
coupled transcription/translation system (Promega, Mad-
ison, WI) using T7 polymerase. BL21(DE3) bacterial cul-
tures expressing pGEX-KG-caspase-3 were grown at
30°C and induced for 16 hours with 0.1 mmol/L isopropyl
�-D-1-thiogalactopyranoxide (IPTG). Cultures were har-
vested, lysed by sonication in phosphate-buffered saline
(PBS), and clarified supernatant used as a source of
active caspase-3.32 Cleavage assays were performed by
incubating 1 �l of 35S-labeled protein with 10 �g of
bacterial extract containing active caspase-3 in CCB for
1 hour at 30°C. Proteins were resolved by SDS/PAGE and
analyzed by fluorography.

Results

Cleavage of GCLC and Depletion of Intracellular
GSH during Receptor-Mediated Apoptosis

We have previously reported that GCLC is cleaved from
a 73-kd protein to a 60-kd fragment during etoposide-
induced apoptosis in acute myeloblastic leukemia
cells.29 We thus sought to determine whether GCLC was
also cleaved during receptor-mediated apoptosis. Treat-
ment of HeLa cells with TNF in the presence of cyclohex-
imide (CHX) resulted in a time-dependent induction of
apoptosis as judged by the appearance of condensed
nuclei on cell staining with DAPI, with 50% of the cells
displaying apoptotic morphology within 4 to 6 hours of
treatment (Figure 1A, % apoptotic). Western blot analysis
of GCLC revealed that apoptotic cell death was accom-
panied by a rapid and nearly quantitative cleavage of
GCLC to a 60-kd fragment (Figure 1A, top). Cleavage
was specific for GCLC as GCLM was not cleaved during
apoptosis (Figure 1A, middle). GCLC cleavage corre-
lated temporally with the processing of pro-caspase-3
(Figure 1A, bottom) and the induction of a caspase-3-like
activity as measured using the fluorogenic DEVD-AMC
substrate (Figure 1B, open bars). The kinetics of apopto-
tic cell death and GCLC cleavage also correlated with the
rapid and dramatic depletion of intracellular GSH (Figure
1B, closed bars). GCLC cleavage and GSH depletion
also occurred during �Fas-induced apoptosis in Jurkat
cells, which again correlated temporally with the process-
ing of pro-caspase-3 and induction of a caspase-3-like
DEVDase activity (Figure 2A). GCLC cleavage was also
observed during Jurkat cell apoptosis in response to
multiple other apoptotic stimuli including staurosporine,
cycloheximide, and ultraviolet irradiation (Figure 2B). Fur-
thermore, the degree of GCLC cleavage correlated with

the extent of pro-caspase-3 processing (Figure 2B).
Again, there was no change in GCLM protein levels in
any of these models of Jurkat cell apoptosis (Figure 2B).
In aggregate, these findings indicate that GCLC cleav-
age is characteristic of, and occurs during, many forms of
apoptotic cell death.

Cleavage of GCLC and GSH Depletion during
Receptor-Mediated Apoptosis Is Mediated by
Caspase Activation

To determine whether caspase activation was necessary
for GCLC cleavage and GSH depletion, HeLa cells were
pretreated with the cell-permeable broad-spectrum
caspase inhibitor, z-VAD-fmk, before treatment with ei-
ther TNF/CHX or �Fas/CHX for 6 hours to induce apopto-
sis. As expected, z-VAD-fmk pretreatment blocked pro-
caspase-3 processing (Figure 3A, bottom) and the
induction of apoptotic cell death (Figure 3A, % apoptotic)
in response to both TNF and �Fas. Importantly, inhibition
of caspase activation abolished both TNF- and �Fas-
induced cleavage of GCLC (Figure 3A, top). To examine
whether caspase activation was also involved in the de-
pletion of intracellular GSH levels, identically treated cells
were analyzed for GSH content. Pretreatment with z-VAD-
fmk was also found to block both TNF- and �Fas-induced

Figure 1. Cleavage of GCLC and depletion of cellular GSH during apoptotic
cell death. HeLa cells were treated with human TNF (30 ng/ml) and cyclo-
heximide (CHX, 10 �g/ml) for the time period indicated. A: GCLC, GCLM,
and pro-caspase-3 were analyzed by immunoblotting. Apoptosis was quan-
tified by assessing apoptotic nuclear morphology of DAPI-stained cells. B:
Cellular glutathione levels (GSH�GSSG; closed bars) were measured by a
modified Tietze assay.36 Caspase-3-like activities (open bars) were deter-
mined using the fluorogenic DEVD-AMC substrate. Data presented are from
a representative experiment performed at least three times with similar
results.
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depletion of intracellular GSH (Figure 3B). These findings
indicate that caspases mediate both GCLC cleavage and
GSH depletion during receptor-mediated apoptosis.

GCLC Is a Direct Target for Caspase-Mediated
Cleavage at AVVD499G

To assess whether GCLC was a direct target for
caspase-mediated cleavage, 35S-labeled in vitro trans-
lated GCLC protein was incubated with bacterial extract
expressing active recombinant caspase-3.32 Analysis of
the resulting cleavage products revealed that cleavage
of GCLC in vitro produced a 60-kd fragment (Figure 4A,
lane 2) identical to that observed during apoptosis in
cultured cells (see Figures 1 and 2). This cleavage was
blocked by co-treatment with DEVD-CHO, a selective
inhibitor of the caspase-3 subfamily (Figure 4A, lane 3).
The radiolabeling of all methionine residues during in vitro
translation also permitted the detection of a small 13-kd
cleavage fragment (lane 2, lower arrow). Since only the
large 60-kd GCLC cleavage fragment was detected by
immunoblotting with an antibody raised against the N-
terminus of GCLC (amino acids 76 to 91), we examined
the C-terminus for potential caspase cleavage sites. Sev-
eral prospective caspase cleavage sites that could po-

tentially generate fragments of 60 and 13 kd were iden-
tified and subjected to systematic site-directed
mutagenesis. Only mutation of Asp499 to Ala within the
sequence AVVD499G produced a protein resistant to
caspase-3-mediated cleavage in vitro (Figure 4A, lanes 4
to 6). To verify that this was the same site cleaved during
apoptosis, HeLa cells were transiently transfected with
expression vectors encoding His-tagged wild-type GCLC
or GCLC(D499A) mutant protein. After treatment with
either TNF/CHX or �Fas/CHX for 6 hours to induce apo-
ptosis, the His-tagged proteins were affinity-purified and
GCLC protein analyzed by immunoblotting. While ectopi-
cally expressed His-GCLC(WT) protein was extensively
cleaved after TNF/CHX or �Fas/CHX treatment (Figure
4B, lanes 4 to 6), His-GCLC(D499A) mutant protein was
not cleaved in response to these apoptotic treatments
(Figure 4B, lanes 7 to 9). In aggregate, these findings
indicate that GCLC is a bona fide target for caspase-
mediated cleavage at AVVD499G within the C-terminus of
GCLC during apoptotic cell death.

Caspase-3 Is Required for GCLC Cleavage
during TNF-Induced Apoptosis

While caspase-3 was capable of directly mediating
GCLC cleavage in vitro, it was not clear whether
caspase-3 activation was necessary or sufficient for me-

Figure 2. GCLC cleavage correlates with caspase-3 activation and GSH
depletion in multiple models of Jurkat cell apoptosis. A: Jurkat cells were
treated with �Fas antibody (CH-11, 100 ng/ml) for the time period indicated.
GCLC and pro-caspase-3 were analyzed by immunoblotting. Cellular GSH
levels and caspase-3-like DEVDase activities were measured as described in
Figure 1. B: Jurkat cells were treated with staurosporine (ST, 200 nmol/L),
cycloheximide (C, 20 �mol/L) or exposed to UV irradiation (200 J/m2) and
harvested after 8 hours. GCLC, GCLM, and pro-caspase-3 were analyzed by
immunoblotting.

Figure 3. Cleavage of GCLC and GSH depletion during receptor-mediated
apoptosis is mediated by caspase activation. HeLa cells were pretreated with
z-VAD-fmk (50 �mol/L) for 2 hours before treatment with either TNF (30
ng/ml) or �Fas antibody (100 ng/ml) in the presence of cycloheximide
(CHX, 10 �g/ml) for 6 hours as indicated. A: Cellular extracts were analyzed
for GCLC, GCLM, and pro-caspase-3 by immunoblotting, and apoptosis was
quantitated by assessing apoptotic nuclear morphology of DAPI-stained
cells. B: Glutathione levels were determined by a modified Tietze assay. Data
presented are from a representative experiment performed at least three
times with similar results.
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diating GCLC cleavage during apoptosis. To further ex-
plore the role of caspase-3 in mediating GCLC cleavage,
GCLC cleavage was analyzed during TNF-induced apo-
ptosis in both the caspase-3-deficient MCF7 breast car-
cinoma cell line and an MCF7 cell line stably transfected
with pro-caspase-3 (MCF7/casp3).34,37 TNF/CHX treat-
ment of MCF7/casp3 cells led to a time-dependent pro-
cessing of pro-caspase-3 (Figure 5A, right bottom),
which correlated with the appearance of a caspase-3-like
DEVDase activity (Figure 5A, right). In contrast, vector
transfected MCF7 cells (MCF7/neo) expressed no pro-
caspase-3 (Figure 5A, left bottom) and exhibited no
DEVDase activity in response to TNF/CHX treatment (Fig-
ure 5A, left). Importantly, cleavage of GCLC to a 60-kd
fragment occurred only during TNF-induced apoptosis in
the MCF7/casp3 cell line, while no cleavage could be
detected in the MCF7/neo cell line, even though cell
death was evident (Figure 5A, top). Again, no cleavage or
alteration in GCLM expression was observed in either cell
line (Figure 5A, middle). These findings are consistent
with a model in which caspase-3, or a caspase down-
stream of caspase-3, mediates GCLC cleavage during
apoptotic cell death.

Distinct Caspase-Dependent Mechanisms
Mediate GCLC Cleavage and GSH Efflux during
TNF-Induced Apoptosis in MCF7 Cells

While the temporal correlation between GCLC cleavage
and GSH depletion suggested a causal relationship be-
tween these cellular responses during receptor-mediated
apoptosis, several reports indicate that GSH depletion
occurs by the extrusion of reduced GSH from the cell
during apoptosis.6,10,12 To determine whether efflux of
GSH might account for the rapid depletion of GSH during
TNF-induced apoptosis in MCF7 cells, intracellular GSH
and GSH released into the culture media was measured
in cells treated with TNF/CHX. There was a time-depen-
dent recovery of GSH in the media of both MCF7/neo and
MCF7/casp3 cells treated with TNF/CHX that correlated
with the loss of intracellular GSH during apoptosis (Figure
5B). Furthermore, pretreatment with the pan-caspase in-
hibitor z-VAD-fmk (50 �mol/L) blocked the TNF-induced

Figure 4. GCLC is a direct target for caspase-mediated cleavage at
AVVD499G. A: 35S-labeled in vitro translated wild-type GCLC(WT) or mutant
GCLC(D499A) proteins were incubated in the absence or presence of soluble
extract from bacteria expressing active recombinant caspase-3 (casp3) and
Ac-DEVD-CHO (10 �mol/L) for 1 hour at 30°C as indicated. Radiolabeled
proteins were resolved by SDS-PAGE and visualized by fluorography. Ar-
rows denote full-length 73-kd GCLC protein and the 60-kd and 13-kd
cleavage fragments. B: HeLa cells were transiently transfected with
pcDNA3.1-His vector, pcDNA3.1-His-GCLC(WT) or pcDNA3.1-His-
GCLC(D499A) and 24 hours post-transfection were treated for 6 hours with
either TNF (30 ng/ml) (T) or �Fas antibody (100 ng/ml) (F) in the presence
of cycloheximide (10 �g/ml). His-tagged GCLC proteins were recovered by
metal affinity chromatography and analyzed by immunoblotting with anti-
GCLC antisera. Data presented are from a representative experiment per-
formed at least three times with similar results.

Figure 5. Caspase-3 is required for GCLC cleavage, but not GSH depletion,
during TNF-induced apoptosis. A: MCF7 cells stably expressing either
pcDNA3.0 vector (MCF7/neo) or pcDNA3.0-caspase-3 (MCF7/casp3) were
treated with TNF (30 ng/ml) and cycloheximide (CHX, 10 �g/ml) for the time
periods indicated. Some cultures were pretreated for 2 hours with z-VAD-fmk
(50 �mol/L) before treatment with TNF/CHX for 16 hours (16�z) as indi-
cated. Cell extracts were analyzed for GCLC, GCLM, and pro-caspase-3 by
immunoblotting. Caspase-3-like DEVDase activity was determined as de-
scribed for Figure 1. B: MCF7/neo (open bars) or MCF7/casp3 (closed
bars) cells were treated exactly as described above. Cells were harvested and
both the cell pellet (top) and media (bottom) were analyzed for GSH
content. Data presented are from a representative experiment performed at
least three times with similar results.
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depletion of intracellular GSH as well as its appearance in
the media in both MCF7 cell lines irrespective of
caspase-3 expression and activation (Figure 5B). Similar
results were obtained at z-VAD-fmk concentrations as
low at 1 to 5 �mol/L, yet no inhibitory effect was observed
using the caspase-1-specific inhibitor z-YVAD-fmk even
at concentrations up to 50 �mol/L (data not shown). Thus,
in contrast to GCLC cleavage, which requires caspase-3,
GSH extrusion occurs by a caspase-dependent mecha-
nism that does not involve the activation of caspase-3.

Caspase-3-Dependent GCLC Cleavage
Correlates with Enhanced TNF-Induced GSH
Depletion

The results described in Figure 5 indicate that TNF-in-
duced depletion of GSH can occur independent of GCLC
cleavage. Thus, it is unclear whether GCLC cleavage
results in the functional inactivation of GCL and a reduc-
tion in GSH biosynthesis during apoptosis. However, the
high doses of TNF used in these studies may result in
unregulated GSH extrusion that masks a more subtle
effect of GCLC cleavage on de novo GSH biosynthesis
and replenishment of GSH stores. To determine whether
GCLC cleavage altered the kinetics of GSH depletion we
examined the efficacy of TNF-induced GSH depletion in
the MCF7/neo and MCF7/casp3 cell lines. TNF induced a
dose-dependent depletion of cellular GSH in both cell
lines (Figure 6A). However, there was an approximate
threefold difference in the efficacy of TNF-induced GSH
depletion in MCF7/casp3 cells (EC50 � 0.54 � 0.15 ng/
ml) when compared to MCF7/neo cells (EC50 � 1.54 � 0.42
ng/ml). MCF7/casp3 cells were also � sixfold more sensi-
tive to TNF-induced cell death than MCF7/neo cells (EC50 �
1.1 � 0.1 vs. 6.5 � 0.1 ng/ml, respectively). Thus, GSH
depletion and cell death were enhanced under conditions
that resulted in GCLC cleavage. Furthermore, we were able
to demonstrate a time-dependent difference in GSH deple-
tion between these two cell lines using a submaximal dose
of TNF (Figure 6B). Treatment of both cell lines with 1 ng/ml
TNF resulted in the time-dependent depletion of GSH (Fig-
ure 6B). However, GSH levels were reduced to 50% of
control within 4 to 6 hours and approached 75% by 10
hours of TNF treatment in MCF7/casp3 cells. In contrast,
GSH levels were never reduced by more than 50% of con-
trol in MCF7/neo cells and this level was only observed after
10 hours of TNF treatment.

Discussion

Pharmacological manipulation of GSH homeostasis is
known to modulate cellular sensitivity to apoptotic cell
death.4,38 For example, supplementation with GSH pre-
cursors or overexpression of the GCL subunits promotes
cellular resistance to receptor- and chemical-mediated
apoptosis,7,12–18,26–28 and depletion of intracellular GSH
often results in increased sensitivity to various apoptotic
stimuli.4 While such findings highlight the crucial role of
GSH homeostasis in directing either cell death or sur-

vival, it is unknown whether GSH biosynthesis per se is
dysregulated during apoptosis. In this study, we demon-
strate that the catalytic subunit of the rate-limiting enzyme
in GSH biosynthesis, GCLC, undergoes caspase-medi-
ated cleavage during many forms of apoptotic cell death
in multiple cell types. Furthermore, we establish that
GCLC is a direct target for caspase-mediated cleavage
in vitro and demonstrate that GCLC cleavage is depen-
dent on caspase-3 activation during apoptotic cell death.

GCLC cleavage is accompanied by a rapid depletion
of intracellular GSH, which occurs in multiple models of
apoptosis and may play a role in potentiating apoptotic
cell death.5–11 The detection of GSH in the media of
apoptotic MCF7 cells suggests that GSH extrusion is
responsible for the rapid loss of intracellular GSH during
TNF-induced apoptosis, which is consistent with previous
reports in other models of apoptosis.6,10,12 GSH efflux is
inhibited by the pan-caspase inhibitor z-VAD-fmk (Figure
5B and10) as well as bromosulfophthalein (data not
shown and10), an inhibitor of GSH transport,39 indicating
the involvement of a caspase-activated transporter-me-
diated efflux of GSH and not leakage due to cell lysis. A
particularly salient feature of these studies is our finding
that GCLC cleavage requires caspase-3 activation,
whereas GSH efflux occurs by a caspase-dependent

Figure 6. Caspase-3 activation enhances TNF-induced GSH depletion. A:
MCF7/neo (open symbols) or MCF7/casp3 (closed symbols) cells were
treated for 6 hours with the indicated concentration of TNF in the presence
of 10 �g/ml cycloheximide (A) or for the time period indicated with 1 ng/ml
TNF in the presence of cycloheximide (B). Cells were harvested and cellular
GSH content analyzed as previously described. The data presented are from
a representative experiment repeated either five times (A) or two times (B).
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mechanism that does not involve caspase-3. Thus, dis-
tinct caspase-dependent mechanisms mediate GSH ex-
trusion and GCLC cleavage during apoptotic cell death.
We exploited this differential regulation of GCLC cleav-
age and GSH efflux in MCF7 cells to demonstrate that
GCLC cleavage correlates with an enhanced sensitivity
to TNF-induced GSH depletion. As GSH efflux occurs
independent of caspase-3 activation (Figure 5B), we pos-
tulate that the more rapid and complete depletion of GSH
during TNF-induced apoptosis in MCF7/casp3 cells is the
result of reduced repletion of intracellular GSH pools due
to decreased GSH biosynthesis. However, we cannot
rule out the possibility that altered utilization of GSH may
also contribute to this response.

While our studies in MCF7 cells provide indirect evi-
dence that GCLC cleavage inhibits GSH biosynthesis,
previous studies suggest that cleavage of GCLC does
not abolish GCL enzymatic activity per se.29 Thus, cleav-
age of GCLC may exert subtle effects on GCL activity not
detected under the assay conditions used in that study.
Specifically, GCL activity in our previous studies was
determined using saturating substrate conditions.29

While all of the enzymatic activity of GCL resides in
GCLC, GCLC must dimerize with GCLM to be functionally
active under physiological concentrations of glutamate
and GSH.4 Interestingly, the GCLC cleavage site
(Asp499) was mapped N-terminal to a cysteine residue
(Cys553) reported to be important for the functional inter-
action between GCLC and GCLM.40 Thus, cleavage of
GCLC at Asp499 could potentially abolish GCL holoen-
zyme formation by removal of this GCLM interaction site.
As the kinetics of GCLC enzymatic activity are highly
dependent on heterodimer formation with GCLM,4 this
would essentially result in the inactivation of GCL under
physiological conditions. Alternatively, it is possible that
GCLC cleavage induces a conformational change in ei-
ther GCLC or GCL that alters GCL kinetics without influ-
encing the physical interaction between GCLC and
GCLM. GCLC cleavage may also complement additional
GCLC post-translational modifications that occur during
apoptotic cell death. In this regard, GCL activity is mod-
ulated by intracellular oxidation41 and would likely be
stimulated in response to increased ROS production fol-
lowing apoptosis-associated mitochondrial dysfunction.
GCLC activity is also under the negative feedback regu-
lation of GSH.4 While physiological concentrations of
GSH favor feedback inhibition of GCL, oxidizing condi-
tions associated with low GSH promote intermolecular
disulfide bond formation resulting in a conformational
change in GCL increasing the affinity for glutamate.42 As
GSH levels are rapidly depleted during apoptotic cell
death, GCL activity should increase due to loss of this
negative regulatory effect. Caspase-mediated cleavage
of GCLC may prevent the conformational change that
mediates these stimulatory effects on GCL activity inhib-
iting the resynthesis of GSH that would normally occur
under conditions of GSH depletion. Additional enzymatic
analyses are clearly warranted to determine whether
GCLC cleavage alters the kinetic parameters of the GCL
holoenzyme under conditions that faithfully reproduce
those observed during apoptosis in vivo.

In summary, our identification of GCLC as a target for
caspase-mediated cleavage during apoptosis reveals a
novel post-translational modification that may play a role
in regulating GSH biosynthesis and GSH homeostasis
during apoptotic cell death. Interestingly, the NRF2 tran-
scription factor, which plays an important role in the
inducible expression of GCLC,43–45 has also been iden-
tified as a caspase target.46 Thus, at least three distinct
caspase-mediated mechanisms potentially contribute to
the regulation of intracellular GSH status during apoptotic
cell death; GSH extrusion, proteolytic processing of
GCLC, and inhibition of GCLC transcription. While the
exact role of GSH in regulating apoptotic cell death is
unclear, these multiple levels of regulation highlight the
importance of GCL and GSH in controlling key regulatory
events during cell death.
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