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Abstract
The glutathione (GSH) antioxidant defense system plays a central role in protecting mammalian cells
against oxidative injury. Glutamate cysteine ligase (GCL) is the rate-limiting enzyme in GSH
biosynthesis and is a heterodimeric holoenzyme composed of a catalytic (GCLC) and a modifier
(GCLM) subunit. As a means of assessing the cytoprotective effects of enhanced GSH biosynthetic
capacity, we have developed a protein transduction approach whereby recombinant GCL protein can
be rapidly and directly transferred into cells when coupled to the HIV TAT protein transduction
domain. Bacterial expression vectors encoding TAT fusion proteins of both GCL subunits were
generated and recombinant fusion proteins were synthesized and purified to near homogeneity. The
TAT-GCL fusion proteins were capable of heterodimerization and formation of functional GCL
holoenzyme in vitro. Exposure of Hepa-1c1c7 cells to the TAT-GCL fusion proteins resulted in the
time- and dose-dependent transduction of both GCL subunits and increased cellular GCL activity
and GSH levels. A heterodimerization-competent, enzymatically deficient GCLC-TAT mutant was
also generated in an attempt to create a dominant-negative suppressor of GCL. Transduction of cells
with a catalytically inactive GCLC(E103A)-TAT mutant decreased cellular GCL activity in a dose-
dependent manner. TAT-mediated manipulation of cellular GCL activity was also functionally
relevant as transduction with wild-type GCLC(WT)-TAT or mutant GCLC(E103A)-TAT conferred
protection or enhanced sensitivity to H2O2-induced cell death, respectively. These findings
demonstrate that TAT-mediated transduction of wild-type or dominant-inhibitory mutants of the
GCL subunits is a viable means of manipulating cellular GCL activity to assess the effects of altered
GSH biosynthetic capacity.
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Introduction
Mammalian cells possess a number of antioxidant defense mechanisms to counteract the
deleterious effects of oxidative stress. The tripeptide antioxidant glutathione (GSH) is a
particularly effective defense mechanism against oxidative injury (Griffith and Mulcahy,
1999). GSH is the most abundant non-protein thiol antioxidant within the cell and plays an
important role in combating oxidative stress, preserving protein thiol status, and maintaining
cellular redox homeostasis. The antioxidant cytoprotective effects of GSH are derivative of its
role as a co-factor for selenium-dependent glutathione peroxidases (GPx, EC 1.11.1.9) that
reduce hydrogen peroxide, and lipid and phospholipid peroxides. These reactions lead to the
oxidation of GSH and formation of glutathione disulfide (GSSG), which can be readily
salvaged via reduction by glutathione reductase (GR, EC 1.8.1.7) (Griffith and Mulcahy,
1999; Hayes and McLellan, 1999). GSH also serves as a co-factor in the detoxification of
various xenobiotics via GST-mediated GSH-conjugation reactions and transporter-mediated
efflux (Griffith and Mulcahy, 1999; Hayes and McLellan, 1999). GSH homeostasis is
dependent on the rate of GSH synthesis, utilization, and export (Griffith, 1999). Most cells do
not import significant quantities of GSH, highlighting the importance of de novo GSH
biosynthesis in maintaining intracellular GSH levels during periods of enhanced GSH
utilization.

GSH is synthesized by two sequential ATP-dependent reactions catalyzed by glutamate
cysteine ligase (GCL, EC 6.3.2.2) (Sekura and Meister, 1977) and glutathione synthetase (GS,
EC 6.3.2.3) (Griffith and Mulcahy, 1999). The first and rate-limiting step in GSH biosynthesis
is the GCL-mediated formation of γ-glutamylcysteine (γ-GC). GCL is a heterodimeric
holoenzyme consisting of catalytic (GCLC, 73 kDa) and modifier (GCLM, 31 kDa) subunits
(Griffith and Mulcahy, 1999). GCLC contributes all the enzymatic activity and contains all the
substrate and co-factor binding sites associated with GCL (Seelig et al., 1984; Chen et al.,
2005). While GCLM possesses no enzymatic activity per se, formation of GCL holoenzyme
via heterodimerization with GCLC dramatically increases the Vmax and Kcat of GCLC
(Griffith and Mulcahy, 1999). GCLM also lowers the Km for glutamate and ATP and increases
the Ki for GSH-mediated feedback inhibition of GCLC (Griffith and Mulcahy, 1999; Franklin
et al., 2009). Thus, while GCLM does not retain any catalytic activity, GCL holoenzyme
formation is required for optimal GCLC enzymatic activity under physiological concentrations
of substrates and inhibitors.

While all mammalian cells are equipped with the cellular machinery for de novo GSH
biosynthesis, GSH biosynthetic capacity varies significantly between tissues and is mainly
influenced by substrate availability and GCL enzymatic activity. Perhaps the most important
determinant of cellular GCL activity is the relative levels of the GCL subunits, which are highly
regulated at the transcriptional, post-transcriptional, and translational levels (Franklin et al.,
2009; Lu, 2009). Many approaches have been employed to overexpress one or both of the GCL
subunits in order to assess the role of the GCL subunits and GSH biosynthetic capacity in
dictating cellular responses to xenobiotic exposure or oxidative stress. This has classically
involved either treatments that induce endogenous protein expression, or ectopic expression
via transient or stable transfection of cells with plasmid- or viral-based expression vectors.
However, there are difficulties inherent to each of these methodologies. Recently there have
been great strides in protein transduction technology whereby recombinant proteins are able
to cross the plasma membrane and rapidly enter cells when covalently linked to small peptide
domains termed “protein transduction domains” (PTDs) (Wadia and Dowdy, 2003; Wadia and
Dowdy, 2005). These transduction domains include cell-penetrating peptide sequences from
the HIV Tat protein, the HSV VP22 protein, the Antennapedia protein from Drosophila, as
well as short synthetic polycationic transduction sequences (Gupta et al., 2005). The
advantages of protein transduction over conventional methods of transgene expression (both
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viral and non-viral) are numerous, including high efficiency and rapid expression both in
vitro and in vivo and the alleviation of potential toxicity and pro-inflammatory responses in
vivo (Schwarze and Dowdy, 2000; Wadia and Dowdy, 2005).

Several approaches have also been employed to selectively downregulate one or both GCL
subunits to examine their role in regulating both cellular GSH biosynthetic capacity and
sensitivity to xenobiotics and/or oxidative stress. Constitutive and/or conditional knockout
mice have now been established for both GCL subunits for in vivo studies (Dalton et al.,
2004; Botta et al., 2008) and successful knockdown of GCL subunit expression has been
achieved in cultured cell systems utilizing RNAi and hammerhead ribozyme methodologies
(Iida et al., 2001; Nagata et al., 2001; Fojo and Bates, 2003; Huynh et al., 2003; Diaz-
Hernandez et al., 2005; Akai et al., 2007; Luchak et al., 2007). While the knockout models
have proven extremely useful for in vivo studies, they are expensive and limited to certain cell
type-specific applications in vitro. There are also problems associated with in vitro gene
knockdown studies in cultured cell systems, including the efficiency of cellular transfection,
the extent of transcriptional suppression, and the species-specific nature of the reagents
employed. To develop a novel means of selectively inhibiting GSH biosynthesis in a species-
independent manner, we have attempted to create a dominant-negative mutant of GCLC. We
hypothesized that a dimerization-competent, enzymatically-deficient GCLC mutant might act
in a dominant-inhibitory manner by preventing formation of functionally active GCL
holoenzyme. Several artificial or naturally occurring point mutations of GCLC have been
identified that significantly reduce or eliminate GCL activity in various species (Chang,
1996; Beutler et al., 1999; Ristoff et al., 2000; Abbott et al., 2001; Hamilton et al., 2003; Yang
et al., 2007). However, it is not known whether these GCLC mutants maintain the ability to
heterodimerize with GCLM or function as dominant-inhibitory suppressors of wild-type
endogenous GCLC.

In this study, we have developed a novel protein transduction approach to manipulate cellular
GSH biosynthetic capacity, whereby recombinant GCL protein can be rapidly and directly
transferred into cells when fused to a TAT protein transduction domain. The recombinant TAT-
GCL subunit fusion proteins formed functional GCL holoenzyme in vitro, were efficiently
transduced in cultured Hepa-1c1c7 cells, and enhanced cellular GCL activity. In contrast, a
mutant GCLC-TAT fusion protein that was devoid of GCL enzymatic activity functioned in a
dominant-inhibitory manner to suppress cellular GCL activity. Importantly, transduction of
wild-type or mutant GCLC-TAT fusion protein decreased or enhanced cellular sensitivity to
H2O2-induced toxicity, respectively. In aggregate, TAT-mediated transduction of wild-type
and dominant-negative GCL mutants represents a novel and versatile means of manipulating
cellular GCL activity to assess the effects of altered GSH biosynthetic capacity on cellular
responses to oxidative stress and its role in human disease.

Materials and Methods
Chemicals and reagents

Except where noted, all chemicals and reagents were obtained from Sigma-Aldrich (St. Louis,
MO). Sulfosalicylic acid (SSA) and Tris base were obtained from Fisher Scientific (Fair Lawn,
NJ). Non-fat powdered milk was obtained from Bio-Rad (Hercules, CA). α-GCLC and α-
GCLM antibodies were generously provided by Dr. Terrance Kavanagh, University of
Washington.

Production of TAT-GCL fusion proteins
Bacterial expression plasmids were constructed for the synthesis of the TAT-GCL fusion
proteins (see Figure 1). An expression vector encoding a GCLM fusion protein containing an
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N-terminal 6His-TAT-HA tag (TAT-GCLM) was created by subcloning a full-length murine
GCLM PCR product in-frame into the NcoI/XhoI sites of the pTAT-HA vector (Nagahara et
al., 1998) (graciously provided by Dr. Steven Dowdy, UCSD). To generate a C-terminally
tagged GCLC TAT fusion protein, a double-stranded oligonucleotide insert encoding the HA-
TAT sequence (YPYDVPDYARKKRRQRRR) (Invitrogen, Carlsbad, CA) was subcloned in-
frame into the HindII/XhoI sites upstream of the 6His sequence in the pET29a(+) vector
(Novagen, Madison, WI), yielding pET29a(+)-HA-TAT-6His. The oligonucleotide insert was
designed to destroy the original XhoI site and reestablish the original multiple cloning sites of
pET29a(+). A full-length murine GCLC PCR product was then subcloned in-frame into the
NdeI/XhoI sites upstream of the TAT-containing sequence to yield a GCLC fusion protein
containing a C-terminal HA-TAT-6His tag (GCLC-TAT). All constructs were verified by
DNA sequencing. BL21(DE3) bacteria (Stratagene, San Diego, CA) expressing these plasmids
were grown at 37°C to an OD600 of 0.5 and then induced for 6 h with 1.0 mM (GCLC-TAT)
or 0.25 mM (TAT-GCLM) isopropyl-β-D-1-thiogalactopyranoside (IPTG). Bacteria
expressing GCLC-TAT were lysed using BugBuster® protein extraction reagent (Novagen)
and bacteria expressing TAT-GCLM were lysed by sonication in TALON Metal Affinity Resin
wash buffer (Clontech, Mountain View, CA). All lysis buffers contained 1× Complete EDTA-
free Protease Inhibitor Cocktail (Roche, Indianapolis, IN), 25 U/mL benzonase nuclease
(Novagen), and 0.1 uL/mL lysozyme (Novagen). Recombinant proteins were recovered from
clarified lysates using TALON Metal Affinity Resin (Clontech). The immobilized fusion
proteins were washed extensively and eluted in PBS containing 150 mM imidazole. Protein
aliquots were stored with 10% glycerol at −80 °C. Just prior to use, protein aliquots were thawed
on ice and the glycerol and imidazole removed using PD-10 protein desalting spin columns
(Pierce Biotechnology, Rockford, IL). Protein concentrations were determined by Bradford
assay and purity assessed by SDS-PAGE analysis and Coomassie-staining. 6His-only tagged
GCL subunit fusion proteins were produced as previously described (Krzywanski et al.,
2004).

Cell culture and treatments
Murine Hepa-1c1c7 cells (ATCC, Manassas, VA) were cultured in DMEM/F12 (50/50) media
(Mediatech, Herndon, VA) supplemented with 2 mM L-glutamine, 10% FBS, and 1%
penicillin/streptomycin. Cells were seeded at a density of 5.5 × 104 cells/cm2 and cultured for
24 h prior to transduction in fresh media with recombinant protein or vehicle alone (PBS).
Cells were 75–80% confluent at the time of transduction. Except where indicated, cells were
incubated continuously in the presence of TAT-GCL fusion protein. After the indicated time
period, cells were washed three times with ice-cold PBS, collected by scraping on ice with a
rubber policeman, centrifuged at 16,000 × g for 15 s, and the cell pellets stored at −80°C until
use. For washout experiments, cells were incubated with TAT-GCL fusion protein for 24 h,
washed three times with warm media and then placed in fresh media for the time period
indicated. For MTS assays, Hepa-1c1c7 cells were seeded in 96-well plates (10,000 cells/well)
and cultured for 24 h prior to transduction with the indicated TAT-fusion proteins for 36 h.
Cells were then treated in triplicate for 18 h with various concentrations of H2O2 and cell
viability was measured by MTS assay. Cells were incubated with 20 µl CellTiter 96® AQueous
One Solution (1.9 mg/ml MTS) (Promega, Madison, WI) in culture medium at 37°C for 2 h
and absorbance was measured at 490 nm on a SpectraMax 190 plate reader (Molecular Devices,
Sunnyvale, CA).

Preparation of cell extracts and analysis of GCL activity and GSH levels
Cell pellets were lysed by a brief sonication on ice in TES/SB buffer (20 mM Tris, pH 7.4, 1
mM EDTA, 250 mM sucrose, 20 mM boric acid, and 1 mM L-serine) containing 1× Complete
Protease Inhibitor Cocktail (Roche) as previously described (Franklin et al., 2002; Thompson
et al., 2009). Lysates were clarified by centrifugation at 16,000 × g at 4°C for 15 min and
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soluble protein concentrations determined by Bradford assay. Total cellular glutathione levels
(GSH + GSSG) were determined by a modified Tietze assay as described previously (Baker
et al., 1990; Thompson et al., 2009). GCL specific activities of recombinant proteins and cell
extracts were determined utilizing a plate-reader assay that employs the fluorophore
naphthalene dicarboxaldehyde (NDA) which fluoresces upon reaction with GSH or γ-GC
(White et al., 2003). Recombinant protein (1 µg) or cell extract (~150 µg) were pre-incubated
for 5 min at 37°C in 96-well plates prior to initiation of the GCL activity assay by addition of
GCL assay buffer (10 mM L-glutamate, 2 mM L-cysteine, and 5 mM ATP) (White et al.,
2003). Assays were allowed to proceed for 10 min (recombinant proteins) or 30 min (cell
extracts) and the reaction was halted by the addition of 50 mM SSA and protein precipitated
for 20 min on ice. The plates were centrifuged at 1500 rpm for 10 min at 4°C to remove the
protein precipitate and an aliquot of the supernatant from each well was derivatized with NDA
in the dark for 30 min at room temperature. Fluorescence was measured (472 nm excitation,
528 nm emission) on a SpectraMax Gemini EM plate reader (Molecular Devices, Sunnyvale,
CA). Baseline activity (measured in the absence of cysteine) was subtracted and GCL specific
activity was calculated against a standard curve of GSH and expressed as the rate of γ-GC
formation.

PAGE and immunoblot analysis
Recombinant GCLC-TAT and/or TAT-GCLM fusion protein (~150 ng) or cell extract (20 µg
soluble protein) was resolved by PAGE under either non-denaturing, non-reducing (Native),
or denaturing, reducing (SDS) conditions. For analysis of purified recombinant fusion proteins,
GCLC-TAT was incubated alone or in combination with the indicated molar ratio(s) of TAT-
GCLM in TES/SB buffer at 37°C for 15 min. Samples for native analysis were mixed with
ice-cold protein loading buffer without 2-mercaptoethanol or boiling, resolved in 8%
polyacrylamide gels without stacking gels or SDS at 70 V and 4°C for 3 h, and transferred
overnight at 4°C onto Immobilon-P PVDF membranes (Millipore, Billerica, MA). Samples
for denaturing SDS-PAGE analysis were mixed with protein loading buffer containing 2-
mercaptoethanol, heated at 95°C for 5 min, and resolved in 10% polyacrylamide gels with 5%
stacking gels both containing 0.1% SDS at 100 V at room temperature for 90 min, and
transferred overnight at 4°C onto Immobilon-P PVDF membranes. Membranes were blocked
in TBS-T containing 5% powdered milk for 1 h, probed with the indicated antibodies, and
immune complexes detected with Western Lightning Chemoluminescent Reagent
(PerkinElmer, Boston, MA).

Densitometry and statistical analysis
All studies were performed a minimum of three times and the error bars in each figure represent
the standard error of the mean. Results were considered statistically significant if p < 0.05 as
determined by one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism
4.0 software. Densitometry was performed using ImageJ software (NIH, Bethesda, MD) and
the results expressed as the ratio of GCLC:β-Actin or GCLM:β-Actin, relative to the control.

RESULTS
TAT-mediated protein transduction is an effective means of rapidly increasing cellular levels
of proteins both in vivo and in a wide variety of cultured cell systems in vitro (Schwarze et
al., 1999; Wadia and Dowdy, 2005). To determine whether cellular GSH biosynthetic capacity
could be manipulated in vitro by TAT-mediated protein transduction of the GCL subunits we
generated bacterial expression vectors encoding TAT fusion proteins of murine GCLC and
GCLM. The TAT-fusion proteins were engineered to contain both a 6His sequence and an HA
tag to assist in protein purification and detection, respectively. The GCLC and GCLM fusion
proteins employed for these studies contained C- and N-terminal HA-TAT-6His tags,
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respectively (Figure 1A). GCLC tagged at its C-terminus was utilized for these studies as
preliminary studies indicated that placement of the HA-TAT-6His at the N-terminus of GCLC
compromised both monomeric GCLC and GCL holoenzyme activity in vitro (data not shown).
Similar inhibitory effects have been reported previously for N-terminal tagged recombinant
human GCLC protein in vitro (Tu and Anders, 1998a). In contrast, the location of the HA-
TAT-6His tag on GCLM had no effect on the ability of GCLM to heterodimerize with GCLC
and form fully functional GCL holoenzyme (data not shown). The TAT-GCL fusion proteins
were synthesized in BL21(DE3) E. coli and purified to near homogeneity by metal affinity
chromatography (Figure 1B).

We and others have demonstrated that recombinant 6His-tagged GCL subunit fusion proteins
from various species are capable of forming functional GCL holoenzyme in vitro (Tu and
Anders, 1998b; Tu and Anders, 1998a; Fraser et al., 2002; Fraser et al., 2003; Lee et al.,
2006; Franklin et al., 2009), data not shown). To determine whether insertion of the highly
basic HIV TAT protein transduction domain between the 6His tag and the coding region of
the GCL subunit altered GCLC function and/or GCL holoenzyme formation, GCLC-HA-
TAT-6His (GCLC-TAT) was incubated with increasing molar equivalents of 6His-TAT-HA-
GCLM (TAT-GCLM) and GCL holoenzyme formation assessed by native PAGE and
immunoblotting against GCLC. Increasing the TAT-GCLM:GCLC-TAT molar ratio led to a
dose-dependent increase in GCL holoenzyme formation with maximal GCL holoenzyme
complex detected in the presence of a 1–2 fold molar excess of TAT-GCLM (Figure 2A).
Formation of the holoenzyme complex was associated with a concomitant increase in GCL
activity, with a 4–5 fold increase in activity observed upon complete heterodimerization of
GCLC-TAT in the presence of a 1–2 fold molar excess of TAT-GCLM (Figure 2B).
Importantly, GCL holoenzyme formation and activity of the TAT-GCL fusion proteins was
comparable to that observed for 6His-only tagged recombinant GCL fusion proteins (GCLC-
His and GCLM-His). A similar 2-fold molar excess of GCLM-His was sufficient to
quantitatively shift monomeric GCLC-His to GCL holoenzyme (Figure 2C). Furthermore, the
enzymatic activities of the monomeric and holoenzyme TAT-GCL fusion proteins were nearly
identical to those observed for 6His-only tagged GCL fusion proteins (Figure 2D). In aggregate,
these findings demonstrate that the TAT-GCL fusion proteins form functional GCL
holoenzyme in vitro and exhibit enzyme kinetics similar to those of recombinant GCL fusion
proteins lacking the TAT moiety.

To determine whether the TAT-GCL fusion proteins were efficiently transduced into cultured
cells, murine Hepa-1c1c7 (Hepa) cells were exposed to various concentrations of GCLC-TAT
or TAT-GCLM for 18 h and cellular levels of the GCL fusion proteins assessed by
immunoblotting with the corresponding antibody. Transduction of both TAT-GCL subunits
was dose-dependent with near maximal uptake occurring at 50 µg/ml for GCLC-TAT and 25
ug/ml for TAT-GCLM (Figure 3A). These concentrations represent an approximately 1:1
molar ratio of GCLC:GCLM and were utilized in all subsequent experiments. Interestingly,
exposure to the TAT-GCL fusion proteins resulted in distinct time-dependent kinetics of
transduction. Transduction of Hepa cells with GCLC-TAT led to a gradual time-dependent
increase in uptake with maximal transduction observed within 16 h (Figure 3B, top panel). In
contrast, while uptake of TAT-GCLM did show a degree of time dependency, transduction
was extremely rapid with a dramatic increase in TAT-GCLM protein levels observed within
30 min and maximal transduction observed by 16 h (Figure 3B, bottom panel). The cellular
levels of both TAT-GCL fusions remained elevated for at least 48 h post-transduction. These
findings demonstrate that the TAT-GCL fusion proteins are efficiently transduced in cultured
Hepa cells in vitro.

While the TAT-GCL fusion proteins were functionally active in vitro and readily transduced
in Hepa cells, it was important to demonstrate that increased protein levels enhanced cellular
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GCL enzymatic activity. To test this hypothesis, Hepa cells were transduced in the absence or
presence of TAT-GCLM and/or GCLC-TAT and cell extracts examined for protein levels and
GCL activity. As shown previously, transduction of Hepa cells with either subunit individually
resulted in significantly elevated levels of the TAT-GCL fusion proteins (Figure 4A). A similar
level of uptake of both subunits was also observed upon co-transduction of the TAT-GCL
subunits (Figure 4A, lane 4). In contrast, transduction of Hepa cells with GCLC and/or GCLM
fusion proteins containing only a 6His tag did not increase cellular protein levels of either
subunit (Figure 4B). While transduction of Hepa cells with TAT-GCLM led to a modest
increase cellular GCL activity, transduction with GCLC-TAT increased GCL activity >2-fold
(Figure 4C). Furthermore, co-transduction with TAT-GCLM and GCLC-TAT increased
cellular GCL activity above that observed with GCLC-TAT alone. In these studies, increased
GCL activity correlated with increased cellular GSH levels. In this regard, TAT-GCLM alone
was sufficient to induce a modest increase in cellular GSH, while transduction with GCLC-
TAT alone or in combination with TAT-GCLM increased cellular GSH by 50% and 75%,
respectively (Figure 4D). These cellular effects were absolutely dependent on the TAT PTD
as GCL fusion proteins containing a 6His tag alone had no effect on cellular GCL activity or
GSH levels (Figure 4C & 4D). Transduction of Hepa cells with TAT-GFP fusion protein also
had no effect on cellular GCL activity or GSH levels (data not shown).

Exposure of Hepa cells to the individual TAT-GCL subunits led to an apparent steady-state
level of fusion protein transduction within 24 h (Figure 3B). However, those studies were
performed in the continuous presence of TAT-GCL fusion protein. To determine the
persistence of cellular TAT-GCL fusion protein transduction in the absence of extracellular
TAT fusion protein, Hepa cells were incubated with GCLC-TAT or TAT-GCLM for 24 h,
washed three times with warm media, and then incubated in fresh media lacking TAT fusion
protein. While the relative levels of both TAT-GCL subunits decreased over time, GCLC-TAT
and TAT-GCLM levels remained elevated (~3-fold over control) for up to 24 h in the absence
of extracellular TAT fusion protein (Figure 5). However, little or no cellular TAT-GCL subunit
protein was detectable by 48 h.

While TAT-mediated transduction of the GCL subunits enhanced cellular GCL activity in Hepa
cells, we were also interested in creating a dominant-inhibitory GCLC protein as a novel means
of suppressing cellular GSH biosynthetic capacity. We hypothesized that a heterodimerization-
competent, enzymatically-deficient GCLC protein would function in a dominant-inhibitory
manner by competing with endogenous wild-type GCLC for heterodimerization with GCLM
and resulting in the formation of functionally inactive GCL holoenzyme While several
naturally occurring mutations have been identified in human GCLC that suppress GCLC
enzymatic activity, none of these mutations abolish GCL activity (Beutler et al., 1999; Ristoff
et al., 2000; Hamilton et al., 2003). However, mutational analysis of trypanosome GCLC has
identified several mutations that result in the complete abrogation of trypanosome GCLC
enzymatic activity, including a glutamate to alanine mutation at amino acid position 100
(E100A) (Abbott et al., 2001). The E100 residue of trypanosome GCLC is highly conserved
across multiple species and corresponds to E103 in both human and mouse GCLC (Figure 6A)
(Abbott et al., 2001). Site-directed mutagenesis was performed to determine whether mutation
of this residue abolished murine GCLC activity. The E103A mutation was incorporated into
the murine GCLC-TAT fusion protein for in vitro analysis and subsequent use in cell
transduction studies (Figure 6B). Similar to the wild-type TAT-tagged GCLC, GCLC(WT)-
TAT, the mutant GCLC(E103A)-TAT fusion protein was capable of heterodimerization with
TAT-GCLM and formation of GCL holoenzyme in vitro (Figure 6C). In contrast to wild-type
GCLC, the GCLC(E103A)-TAT mutant was devoid of enzymatic activity as either monomeric
GCLC or as GCL holoenzyme (Figure 6D). These findings demonstrate that the E103A
mutation not only abolished the enzymatic activity of murine GCLC, but also had no effect on
the ability of GCLC to heterodimerize with GCLM. This ability to interact with GCLM is

Backos et al. Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



essential for the GCLC(E103A) mutant to competitively inhibit heterodimerization of
endogenous GCLC and GCLM and prevent formation of functional GCL holoenzyme.

To determine whether the GCLC(E103A)-TAT mutant functioned as a dominant-inhibitory
suppressor of cellular GCL activity, Hepa cells were transduced with various concentrations
of either GCLC(WT)-TAT or GCLC(E103A)-TAT for 36 h. As shown in Figure 7A, GCLC
(E103A)-TAT was transduced in a dose-dependent manner similar to that observed for GCLC
(WT)-TAT. Importantly, while transduction of GCLC(WT)-TAT enhanced cellular GCL
activity, the GCLC(E103A)-TAT fusion protein reduced cellular GCL activity to <50% of
control at the highest dose examined (Figure 7B). However, while transduction of GCLC(WT)-
TAT significantly increased GSH levels, the suppression of GCL activity via transduction of
GCLC(E103A)-TAT did not reduce cellular GSH levels per se (Figure 7C). The partial
inhibition of GCL activity by the GCLC(E103A)-TAT fusion protein likely accounts for this
apparent discrepancy, whereby the residual GCL activity is sufficient to maintain cellular GSH
homeostasis in the absence of GSH utilization.

Stable changes in GCL subunit expression levels, GCL activity, and GSH homeostasis are
known to have profound effects on H2O2s-induced cytotoxicity (Yang et al., 2002; Orr et al.,
2005; Shi et al., 2007; Cortes-Wanstreet et al., 2009). To determine whether TAT-mediated
manipulation of GSH biosynthetic capacity affected Hepa cell sensitivity to oxidative stress,
untransduced cells and cells transduced with either GCLC(WT)-TAT or GCLC(E103A)-TAT
were treated with increasing concentrations of H2O2. While H2O2 caused a dose-dependent
loss in cell viability in all cases, transduction with GCLC(WT)-TAT decreased sensitivity to
H2O2-induced toxicity as judged by a shift in the dose curve to the right (Figure 8A, dashed
line). In contrast, suppression of cellular GCL activity by transduction of the dominant-negative
GCLC(E103A)-TAT mutant enhanced Hepa cell susceptibility to H2O2-induced toxicity as
judged by a shift in the dose curve to the left (Figure 8A, dotted line). Furthermore, transduction
with GCLC(WT)-TAT or GCLC(E103A)-TAT significantly increased or decreased cell
viability relative to untransduced control cells, respectively, when cells were treated with
H2O2 at concentrations near its IC50 in untransduced cells (Figure 8B). Importantly, these
changes in cellular susceptibility to oxidative stress correlated closely with cellular GSH levels
and GSH biosynthetic capacity. In this regard, H2O2-induced toxicity in Hepa cells was
associated with a dramatic reduction in cellular GSH levels (Figure 8C). Transduction with
GCLC(WT)-TAT not only elevated GSH levels in untreated cells, but also significantly
attenuated H2O2-induced GSH depletion. In contrast, transduction with GCLC(E103A)-TAT,
while having no effect on GSH levels in untreated cells, significantly enhanced H2O2-induced
depletion of cellular GSH levels. In aggregate, these findings validate the use of GCLC(WT)-
TAT and/or GCLC(E103A)-TAT fusion proteins as novel and effective means of manipulating
cellular GCL activity to assess the effects of altered GSH biosynthetic capacity on cellular
sensitivity to oxidative stress.

Discussion
Alterations in cellular antioxidant defenses in general, and GSH biosynthetic capacity in
particular, are observed in a variety of diseases associated with chronic oxidative stress
(Townsend et al., 2003). Such findings highlight the need for further investigation into the role
of altered antioxidant defenses in regulating cellular susceptibility to oxidative stress, which
may lead to the rational design of effective therapies for a wide range of human diseases. In
this study we describe a new and novel means of manipulating cellular GSH biosynthetic
capacity via TAT-mediated protein transduction of purified recombinant GCL protein. The
functional validation of TAT-mediated delivery of the GCL subunits together with our creation
of a dominant-negative GCLC mutant provide a highly versatile means of rapidly assessing
the functional effects of enhanced or suppressed cellular GSH biosynthetic capacity.
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Most cells do not import significant quantities of GSH and many approaches have been
employed to increase cellular GSH levels, including the use of membrane permeable GSH
analogs and supplementation with precursors to GSH biosynthesis such as N-acetylcysteine
(NAC). While NAC is routinely used to rapidly elevate intracellular GSH levels both in
vitro and in vivo, this increase is often transient as NAC and GSH stores are susceptible to
depletion in the absence of continued de novo GSH biosynthesis. The use of GSH precursors
and prodrugs also provide no information on the functional effects of altered GSH biosynthetic
capacity per se. Furthermore, the relative levels of the GCL subunits, and not cysteine
availability, dictate GSH homeostasis and biosynthetic capacity in Hepa-1c1c7 cells and
supplementation with NAC does not elevate Hepa cell GSH content ((Shertzer et al., 1995),
data not shown). In such instances, conventional transgene overexpression approaches
involving both viral and non-viral delivery systems have been employed to stably or transiently
overexpress the GCL subunits to assess the effects of enhanced GSH biosynthetic capacity on
cellular sensitivity to oxidative stress and apoptotic cell death (Kurokawa et al., 1995; Mulcahy
et al., 1995; Tipnis et al., 1999; Botta et al., 2004; Tran et al., 2004; Shi et al., 2007; Cortes-
Wanstreet et al., 2009). However, these approaches exhibit low transfection efficiencies,
require the time-consuming isolation of stable cell lines, or have the potential for virus-
associated cytotoxicity. We therefore examined the efficacy of protein transduction as a means
of increasing the cellular levels of the GCL subunits and enhancing cellular GSH biosynthetic.

TAT-mediated protein transduction has been successfully employed to deliver bioactive
catalase and Cu,Zn-superoxide dismutase protein to various cultured cell lines in vitro and in
vivo (Kwon et al., 2000; Jin et al., 2001; Eum et al., 2002; Watanabe et al., 2003; Eum et al.,
2004; Song et al., 2008). To determine whether a similar approach could be employed to deliver
functional GCL, we created in-frame TAT fusion proteins to both GCL subunits. These fusion
proteins were capable of heterodimerization and formation of functional GCL holoenzyme in
vitro. The TAT-GCL fusion proteins also displayed similar enzyme kinetics to 6His-only
tagged GCL fusion proteins, suggesting that the TAT moiety did not affect GCLC activity or
the ability to heterodimerize with GCLM and form functional GCL holoenzyme. Both TAT-
GCL subunits transduced Hepa cells in a time- and dose-dependent manner, leading to
increased GCL activity and intracellular GSH levels. The cellular uptake and functional effects
of the TAT-GCL fusion proteins were absolutely dependent on the TAT protein transduction
domain as exposure of Hepa cells to GCL-His fusion proteins lacking the TAT moiety did not
result in increased GCL subunit levels, cellular GCL activity or GSH levels. The TAT-GCL
fusion proteins were also efficiently transduced in multiple other cultured cell types, including
TAMH murine hepatocyte cells, MCF-7 human breast cancer cells, 293T human embryonic
kidney cells, and Cos-1 monkey kidney cells (data not shown). TAT-GCL fusion protein levels
remained elevated for up to 48 h in the continuous presence of extracellular fusion protein.
While TAT-GCL fusion protein transduction was reversible, cellular levels of both subunits
remained elevated for up to 24 h after removal of the fusion proteins from the media. Should
more persistent expression of the wild-type or dominant-negative GCLC(E103A) be required,
their coding sequences could be readily moved into plasmid-based expression vectors and
stable cell lines established.

The use of denaturing conditions during protein purification has been reported to enhance both
yield of recombinant TAT fusion proteins and transduction efficiency (Nagahara et al., 1998;
Becker-Hapak et al., 2001). However, it was necessary to use recombinant TAT-GCL fusion
proteins isolated under native conditions in order to validate the in vitro activity of the TAT-
GCL fusion proteins. It was also not clear that the TAT-GCL subunit fusion proteins would
correctly refold into functionally active protein within the cell. Interestingly, while denatured
TAT fusion proteins normally achieve maximal intracellular levels very rapidly (Becker-
Hapak et al., 2001), transduction of the GCLC-TAT fusion protein occurred with relatively
slow kinetics. While the use of native TAT-GCL protein may have contributed to the slow
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transduction kinetics of GCLC-TAT, this also decreased the likelihood of precipitation, which
is a major problem associated with the preparation, storage and use of denatured TAT-fusion
proteins (Becker-Hapak et al., 2001). In this regard, fusion proteins were stored at −80C for
extended periods in the presence of 10% glycerol with minimal loss of protein function and
no detectable protein precipitation. Importantly, while imidazole and glycerol had no effect on
TAT-GCL fusion protein function, desalting immediately prior to use enhanced protein
transduction in Hepa cells ~10-fold (data not shown).

We have previously established Hepa-1c1c7 cell lines that stably overexpress the GCL subunits
from eukaryotic expression vectors (Botta et al., 2004). This permits a direct comparison of
the relative levels of the GCL subunits and GCL activity that result from these two distinct
overexpression approaches in the same cell type. While TAT-mediated delivery of the GCL
subunits resulted in significantly higher cellular levels of both subunits than that observed in
the stable Hepa cell lines, the relative changes in GCL activity and GSH levels in control cells
and cells with increased levels of both GCL subunits were quite similar (Botta et al., 2004).
This may reflect threshold levels of cellular GCL activity and GSH that are achievable due to
GSH-mediated negative feedback regulation of GCL (Griffith, 1999). Importantly,
transduction with GCLC-TAT significantly enhanced Hepa cell resistance to H2O2-induced
cytotoxicity similar to that observed in stably transfected Hepa cells (Shi et al., 2007).
Transduction of Hepa cells with TAT-GCLM alone also resulted in a small, but significant
increase in cellular GCL activity and GSH levels. These levels are significantly less than the
2-fold increase in GCL activity and 50% increase in GSH levels reported in HeLa cells
transfected with a GCLM expression plasmid (Tipnis et al., 1999), but similar to results
observed in Hepa-1c1c7, Cos-1, and COV434 human granulosa cells stably overexpressing
GCLM alone (Mulcahy et al., 1995; Botta et al., 2004; Cortes-Wanstreet et al., 2009). These
apparent discrepancies are most likely due to the relative molar ratios of the GCL subunits in
different cell models. Importantly, GCLM is limiting in most cell types (including Hepa-1c1c7
cells) and tissues, with the exception of the kidney ((Krzywanski et al., 2004; Chen et al.,
2005; Lee et al., 2006), data not shown). Thus, while GCLM possesses no catalytic activity,
upregulation of GCLM is capable of enhancing GCL activity via increased GCL holoenzyme
formation.

The recent development of knock-down and knock-out models of the GCL subunits has greatly
enhanced our arsenal of tools to study the effects of compromised GSH biosynthesis in various
cell and animal models (Iida et al., 2001; Dalton et al., 2004; Chen et al., 2005; Diaz-Hernandez
et al., 2005; Akai et al., 2007; Chen et al., 2007; Luchak et al., 2007; McConnachie et al.,
2007). We have now developed a novel, effective, and highly versatile dominant-negative
approach to suppress endogenous GCL activity. Previous studies have examined whether
enzymatically deficient mutants of GCLC could function in a dominant-negative manner
(Yang et al., 2007). Yang et al. examined two murine GCLC mutants (P158L and C248/249A)
with severely compromised enzymatic activity (Yang et al., 2007). However, the activities of
these GCLC mutants were dramatically enhanced upon binding to GCLM and these mutants
did not function as dominant-negative suppressors of cellular GCL activity, but rather increased
cellular GSH levels (Yang et al., 2007). One interpretation of these results is that the catalytic
activity of GCLC must be completely abolished to function as a dominant-negative inhibitor
of GCL holoenzyme activity. While there are no known naturally occurring mutations in human
GCLC that abolish GCL activity (Beutler et al., 1990; Beutler et al., 1999; Ristoff et al.,
2000; Hamilton et al., 2003), structure-function analysis of Trypanosma brucei GCL enzyme
revealed several mutations that completely abrogated GCL activity, including a Glu/Ala
mutation at residue E100 of T. brucei GCLC (Abbott et al., 2001). While T. brucei GCL
consists of a single monomeric protein, mutation of the corresponding residue in murine GCLC
(E103A) had no effect on its ability to heterodimerize with murine GCLM, yet abolished the
enzymatic activity of both the monomeric and holoenzyme forms of the mutant GCLC protein.
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TAT-mediated delivery of the GCLC(E103A) mutant resulted in the dose-dependent
dominant-negative suppression of Hepa cell GCL activity. Importantly, manipulation of Hepa
cell GSH biosynthetic capacity via TAT-mediated delivery of wild-type GCLC or the
dominant-negative GCLC(E103A) mutant conferred protection or enhanced sensitivity to
H2O2-induced cytotoxicity, respectively. These findings demonstrate that TAT-mediated
protein transduction of wild-type or mutant GCLC is a viable means of manipulating cellular
GSH biosynthetic capacity for subsequent functional studies.

Buthionine sulfoximine (BSO) is a widely used potent and selective inhibitor of GSH
biosynthesis (Griffith and Meister, 1979). However, there are several important distinctions
between the functional effects of BSO and the dominant-negative GCLC(E103A) mutant. BSO
irreversibly inhibits both monomeric GCLC and GCL holoenzyme activity via direct
inactivation of GCLC resulting in the complete abrogation of GSH biosynthesis. In contrast,
the GCLC(E103A) mutant functions to suppress cellular GCL by preventing the formation of
functionally active GCL holoenzyme, while having no effect on the enzymatic activity of
endogenous wild-type monomeric GCLC per se. These differential effects on cellular GCL
activity result in quite distinct effects on cellular GSH homeostasis. BSO treatment leads to a
near complete depletion of Hepa cell GSH levels within 24 h ((Shertzer et al., 1995), data not
shown), while cellular GSH levels were maintained in untreated Hepa cells transduced with
the GCLC(E103A)-TAT fusion protein. This was likely due to the activity of endogenous
monomeric GCLC, which was not affected by the dominant-negative GCLC(E103A) mutant.
These findings mimic those observed in GCLM(−/−) cells, which are capable of maintaining
normal GSH levels in the absence of oxidative stress while possessing only 10–20% of normal
GCL activity resulting from monomeric GCLC activity (Chen et al., 2005; McConnachie et
al., 2007). Thus, while BSO treatment emulates a GCLC-deficient phenotype, TAT-mediated
delivery of the dominant-negative GCLC(E103A) mutant is capable of creating a GCLM-
deficient phenotype in virtually all primary and transformed cultured cell models and in vivo.

TAT-mediated protein transduction has numerous advantages over previously employed
approaches of overexpressing the GCL subunits, including high transduction efficiency and
lack of cellular toxicity associated with delivery of the subunits. One additional benefit of the
TAT approach over conventional plasmid-based transgene expression approaches is that TAT-
mediated transduction does not require de novo synthesis within the cell and is absolutely
insensitive to changes in cellular transcription and/or translation that may be compromised in
various disease states or in response to cellular treatments, such as actinomycin D and
cycloheximide. There are also many experimental scenarios whereby TAT-mediated delivery
of the GCL subunits would be extremely useful. TAT-mediated delivery of functional GCL
protein could be used in tandem with genetic knock-out or siRNA knock-down approaches to
assess the functional effects of wild-type or mutant GCL proteins in a background deficient in
a specific GCL subunit. In this regard, GCLC-TAT could be employed to rescue the lethal
GCLC(−/−) phenotype in vivo (Dalton et al., 2000; Shi et al., 2000). However, such studies
may be hindered by the kinetics of transduction in vivo (Cai et al., 2006). While loss of GCLM
is not lethal, GCLM(−/−) mice and GCLM-deficient cells are highly sensitive to oxidative
stress and xenobiotics and cells from GCLM(−/−) mice are difficult to culture under normoxic
conditions (Chen et al., 2005; McConnachie et al., 2007). TAT-GCLM could be utilized to
temporarily maintain normal GSH homeostasis and growth of cultured GCLM(−/−) cells. The
establishment of the dominant-negative GCLC(E103A) mutant also provides a novel means
to suppress cellular GSH biosynthetic capacity. A particularly appealing application of this
novel reagent is the ability to titrate the relative levels of cellular GSH biosynthetic capacity
over a wide range by the coordinate use of the GCLC(WT)-TAT and GCLC(E103A)-TAT
fusion proteins. Such an approach permits the side-by-side analysis of the effects of enhanced
and suppressed GSH biosynthetic capacity utilizing an identical TAT-mediated delivery
platform.

Backos et al. Page 11

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
This work was supported by NIH grant R01CA90473 (CCF). The authors thank Dr. Steven Dowdy (UCSD) for
providing the pTAT-HA expression vector for these studies and James A. Thompson for early work on the TAT-GCL
fusion proteins.

References
Abbott JJ, Pei J, Ford JL, Qi Y, Grishin VN, Pitcher LA, Phillips MA, Grishin NV. Structure prediction

and active site analysis of the metal binding determinants in gamma-glutamylcysteine synthetase. J
Biol Chem 2001;276:42099–42107. [PubMed: 11527962]

Akai S, Hosomi H, Minami K, Tsuneyama K, Katoh M, Nakajima M, Yokoi T. Knock down of gamma-
glutamylcysteine synthetase in rat causes acetaminophen-induced hepatotoxicity. J Biol Chem
2007;282:23996–24003. [PubMed: 17573345]

Baker MA, Cerniglia GJ, Zaman A. Microtiter plate assay for the measurement of glutathione and
glutathione disulfide in large numbers of biological samples. Anal Biochem 1990;190:360–365.
[PubMed: 2291479]

Becker-Hapak M, McAllister SS, Dowdy SF. TAT-mediated protein transduction into mammalian cells.
Methods 2001;24:247–256. [PubMed: 11403574]

Beutler E, Gelbart T, Kondo T, Matsunaga AT. The molecular basis of a case of gamma-glutamylcysteine
synthetase deficiency. Blood 1999;94:2890–2894. [PubMed: 10515893]

Beutler E, Moroose R, Kramer L, Gelbart T, Forman L. Gamma-glutamylcysteine synthetase deficiency
and hemolytic anemia. Blood 1990;75:271–273. [PubMed: 2294991]

Botta D, Franklin CC, White CC, Krejsa CM, Dabrowski MJ, Pierce RH, Fausto N, Kavanagh TJ.
Glutamate-cysteine ligase attenuates TNF-induced mitochondrial injury and apoptosis. Free Radic
Biol Med 2004;37:632–642. [PubMed: 15288121]

Botta D, White CC, Vliet-Gregg P, Mohar I, Shi S, McGrath MB, McConnachie LA, Kavanagh TJ.
Modulating GSH synthesis using glutamate cysteine ligase transgenic and gene-targeted mice. Drug
Metab Rev 2008;40:465–477. [PubMed: 18642143]

Cai SR, Xu G, Becker-Hapak M, Ma M, Dowdy SF, McLeod HL. The kinetics and tissue distribution of
protein transduction in mice. Eur J Pharm Sci 2006;27:311–319. [PubMed: 16376528]

Chang LS. The functional involvement of Lys-38 in the heavy subunit of rat kidney gamma-
glutamylcysteine synthetase: chemical modification and mutagenesis studies. J Protein Chem
1996;15:321–326. [PubMed: 8804580]

Chen Y, Shertzer HG, Schneider SN, Nebert DW, Dalton TP. Glutamate Cysteine Ligase Catalysis:
DEPENDENCE ON ATP AND MODIFIER SUBUNIT FOR REGULATION OF TISSUE
GLUTATHIONE LEVELS. J Biol Chem 2005;280:33766–33774. [PubMed: 16081425]

Chen Y, Yang Y, Miller ML, Shen D, Shertzer HG, Stringer KF, Wang B, Schneider SN, Nebert DW,
Dalton TP. Hepatocyte-specific Gclc deletion leads to rapid onset of steatosis with mitochondrial
injury and liver failure. Hepatology 2007;45:1118–1128. [PubMed: 17464988]

Cortes-Wanstreet MM, Giedzinski E, Limoli CL, Luderer U. Overexpression of glutamate-cysteine ligase
protects human COV434 granulosa tumour cells against oxidative and gamma-radiation-induced cell
death. Mutagenesis 2009;24:211–224. [PubMed: 19153097]

Dalton TP, Chen Y, Schneider SN, Nebert DW, Shertzer HG. Genetically altered mice to evaluate
glutathione homeostasis in health and disease. Free Radic Biol Med 2004;37:1511–1526. [PubMed:
15477003]

Dalton TP, Dieter MZ, Yang Y, Shertzer HG, Nebert DW. Knockout of the mouse glutamate cysteine
ligase catalytic subunit (Gclc) gene: embryonic lethal when homozygous, and proposed model for
moderate glutathione deficiency when heterozygous. Biochem Biophys Res Commun
2000;279:324–329. [PubMed: 11118286]

Diaz-Hernandez JI, Almeida A, Delgado-Esteban M, Fernandez E, Bolanos JP. Knockdown of glutamate-
cysteine ligase by small hairpin RNA reveals that both catalytic and modulatory subunits are essential
for the survival of primary neurons. J Biol Chem 2005;280:38992–39001. [PubMed: 16183645]

Backos et al. Page 12

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Eum WS, Choung IS, Kim AY, Lee YJ, Kang JH, Park J, Lee KS, Kwon HY, Choi SY. Transduction
efficacy of Tat-Cu,Zn-superoxide dismutase is enhanced by copper ion recovery of the fusion protein.
Mol Cells 2002;13:334–340. [PubMed: 12018858]

Eum WS, Choung IS, Li MZ, Kang JH, Kim DW, Park J, Kwon HY, Choi SY. HIV-1 Tat-mediated
protein transduction of Cu,Zn-superoxide dismutase into pancreatic beta cells in vitro and in vivo.
Free Radic Biol Med 2004;37:339–349. [PubMed: 15223067]

Fojo T, Bates S. Strategies for reversing drug resistance. Oncogene 2003;22:7512–7523. [PubMed:
14576855]

Franklin CC, Backos DS, Mohar I, White CC, Forman HJ, Kavanagh TJ. Structure, function, and post-
translational regulation of the catalytic and modifier subunits of glutamate cysteine ligase. Mol
Aspects Med 2009;30:86–98. [PubMed: 18812186]

Franklin CC, Krejsa CM, Pierce RH, White CC, Fausto N, Kavanagh TJ. Caspase-3-Dependent Cleavage
of the Glutamate-L-Cysteine Ligase Catalytic Subunit during Apoptotic Cell Death. Am J Pathol
2002;160:1887–1894. [PubMed: 12000740]

Fraser JA, Kansagra P, Kotecki C, Saunders RD, McLellan LI. The modifier subunit of Drosophila
glutamate-cysteine ligase regulates catalytic activity by covalent and noncovalent interactions and
influences glutathione homeostasis in vivo. J Biol Chem 2003;278:46369–46377. [PubMed:
12954617]

Fraser JA, Saunders RD, McLellan LI. Drosophila melanogaster glutamate-cysteine ligase activity is
regulated by a modifier subunit with a mechanism of action similar to that of the mammalian form.
J Biol Chem 2002;277:1158–1165. [PubMed: 11698394]

Griffith OW. Biologic and pharmacologic regulation of mammalian glutathione synthesis. Free Radic
Biol Med 1999;27:922–935. [PubMed: 10569625]

Griffith OW, Meister A. Potent and specific inhibition of glutathione synthesis by buthionine sulfoximine
(S-n-butyl homocysteine sulfoximine). J Biol Chem 1979;254:7558–7560. [PubMed: 38242]

Griffith OW, Mulcahy RT. The enzymes of glutathione synthesis: gamma-glutamylcysteine synthetase.
Adv Enzymol Relat Areas Mol Biol 1999;73:209–267. [PubMed: 10218110]

Gupta B, Levchenko TS, Torchilin VP. Intracellular delivery of large molecules and small particles by
cell-penetrating proteins and peptides. Adv Drug Deliv Rev 2005;57:637–651. [PubMed: 15722168]

Hamilton D, Wu JH, Alaoui-Jamali M, Batist G. A novel missense mutation in the gamma-
glutamylcysteine synthetase catalytic subunit gene causes both decreased enzymatic activity and
glutathione production. Blood 2003;102:725–730. [PubMed: 12663448]

Hayes JD, McLellan LI. Glutathione and glutathione-dependent enzymes represent a co-ordinately
regulated defence against oxidative stress. Free Radic Res 1999;31:273–300. [PubMed: 10517533]

Huynh TT, Huynh VT, Harmon MA, Phillips MA. Gene knockdown of gamma-glutamylcysteine
synthetase by RNAi in the parasitic protozoa trypanosoma brucei demonstrates that it is an essential
enzyme. J Biol Chem. 2003

Iida T, Kijima H, Urata Y, Goto S, Ihara Y, Oka M, Kohno S, Scanlon KJ, Kondo T. Hammerhead
ribozyme against gamma-glutamylcysteine synthetase sensitizes human colonic cancer cells to
cisplatin by down-regulating both the glutathione synthesis and the expression of multidrug resistance
proteins. Cancer Gene Ther 2001;8:803–814. [PubMed: 11687904]

Jin LH, Bahn JH, Eum WS, Kwon HY, Jang SH, Han KH, Kang TC, Won MH, Kang JH, Cho SW, Park
J, Choi SY. Transduction of human catalase mediated by an HIV-1 TAT protein basic domain and
arginine-rich peptides into mammalian cells. Free Radic Biol Med 2001;31:1509–1519. [PubMed:
11728823]

Krzywanski DM, Dickinson DA, Iles KE, Wigley AF, Franklin CC, Liu RM, Kavanagh TJ, Forman HJ.
Variable regulation of glutamate cysteine ligase subunit proteins affects glutathione biosynthesis in
response to oxidative stress. Arch Biochem Biophys 2004;423:116–125. [PubMed: 14871475]

Kurokawa H, Ishida T, Nishio K, Arioka H, Sata M, Fukumoto H, Miura M, Saijo N. Gamma-
glutamylcysteine synthetase gene overexpression results in increased activity of the ATP-dependent
glutathione S-conjugate export pump and cisplatin resistance. Biochem Biophys Res Commun
1995;216:258–264. [PubMed: 7488097]

Backos et al. Page 13

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kwon HY, Eum WS, Jang HW, Kang JH, Ryu J, Ryong Lee B, Jin LH, Park J, Choi SY. Transduction
of Cu,Zn-superoxide dismutase mediated by an HIV-1 Tat protein basic domain into mammalian
cells. FEBS Lett 2000;485:163–167. [PubMed: 11094160]

Lee JI, Kang J, Stipanuk MH. Differential regulation of glutamate-cysteine ligase subunit expression and
increased holoenzyme formation in response to cysteine deprivation. Biochem J 2006;393:181–190.
[PubMed: 16137247]

Lu SC. Regulation of glutathione synthesis. Mol Aspects Med 2009;30:42–59. [PubMed: 18601945]
Luchak JM, Prabhudesai L, Sohal RS, Radyuk SN, Orr WC. Modulating longevity in Drosophila by over-

and underexpression of glutamate-cysteine ligase. Ann N Y Acad Sci 2007;1119:260–273. [PubMed:
18056974]

McConnachie LA, Mohar I, Hudson FN, Ware CB, Ladiges WC, Fernandez C, Chatterton-Kirchmeier
S, White CC, Pierce RH, Kavanagh TJ. Glutamate Cysteine Ligase Modifier Subunit Deficiency and
Gender as Determinants of Acetaminophen-Induced Hepatotoxicity in Mice. Toxicol Sci. 2007

Mulcahy RT, Bailey HH, Gipp JJ. Transfection of complementary DNAs for the heavy and light subunits
of human gamma-glutamylcysteine synthetase results in an elevation of intracellular glutathione and
resistance to melphalan. Cancer Res 1995;55:4771–4775. [published erratum appears in Cancer Res
1996 Jan 1;56(1):225]. [PubMed: 7585502]

Nagahara H, Vocero-Akbani AM, Snyder EL, Ho A, Latham DG, Lissy NA, Becker-Hapak M, Ezhevsky
SA, Dowdy SF. Transduction of full-length TAT fusion proteins into mammalian cells: TAT-
p27Kip1 induces cell migration. Nat Med 1998;4:1449–1452. [PubMed: 9846587]

Nagata J, Kijima H, Hatanaka H, Asai S, Miyachi H, Takagi A, Miwa T, Mine T, Yamazaki H, Nakamura
M, Kondo T, Scanlon KJ, Ueyama Y. Reversal of cisplatin and multidrug resistance by ribozyme-
mediated glutathione suppression. Biochem Biophys Res Commun 2001;286:406–413. [PubMed:
11500053]

Orr WC, Radyuk SN, Prabhudesai L, Toroser D, Benes JJ, Luchak JM, Mockett RJ, Rebrin I, Hubbard
JG, Sohal RS. Overexpression of glutamate-cysteine ligase extends life span in Drosophila
melanogaster. J Biol Chem 2005;280:37331–37338. [PubMed: 16148000]

Ristoff E, Augustson C, Geissler J, de Rijk T, Carlsson K, Luo JL, Andersson K, Weening RS, van
Zwieten R, Larsson A, Roos D. A missense mutation in the heavy subunit of γ-glutamylcysteine
synthetase gene causes hemolytic anemia. Blood 2000;95:2193–2196. [PubMed: 10733484]

Schwarze SR, Dowdy SF. In vivo protein transduction: intracellular delivery of biologically active
proteins, compounds and DNA. Trends Pharmacol Sci 2000;21:45–48. [PubMed: 10664605]

Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In vivo protein transduction: delivery of a biologically
active protein into the mouse. Science 1999;285:1569–1572. [PubMed: 10477521]

Seelig GF, Simondsen RP, Meister A. Reversible dissociation of g-glutamylcysteine synthetase into two
subunits. J. Biol. Chem 1984;259:9345–9347. [PubMed: 6146611]

Sekura R, Meister A. γ-Glutamylcysteine synthetase. J. Biol. Chem 1977;252:2599–2605. [PubMed:
15992]

Shertzer HG, Vasiliou V, Liu RM, Tabor MW, Nebert DW. Enzyme induction by L-buthionine (S,R)-
sulfoximine in cultured mouse hepatoma cells. Chem Res Toxicol 1995;8:431–436. [PubMed:
7578930]

Shi S, Hudson FN, Botta D, McGrath MB, White CC, Neff-LaFord HD, Dabrowski MJ, Singh NP,
Kavanagh TJ. Over expression of glutamate cysteine ligase increases cellular resistance to H2O2-
induced DNA single-strand breaks. Cytometry A 2007;71:686–692. [PubMed: 17623891]

Shi ZZ, Osei-Frimpong J, Kala G, Kala SV, Barrios RJ, Habib GM, Lukin DJ, Danney CM, Matzuk MM,
Lieberman MW. Glutathione synthesis is essential for mouse development but not for cell growth in
culture. Proc Natl Acad Sci U S A 2000;97:5101–5106. [PubMed: 10805773]

Song HY, Lee JA, Ju SM, Yoo KY, Won MH, Kwon HJ, Eum WS, Jang SH, Choi SY, Park J. Topical
transduction of superoxide dismutase mediated by HIV-1 Tat protein transduction domain
ameliorates 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammation in mice. Biochem
Pharmacol 2008;75:1348–1357. [PubMed: 18164693]

Thompson JA, White CC, Cox DP, Chan JY, Kavanagh TJ, Fausto N, Franklin CC. Distinct Nrf1/2-
independent mechanisms mediate As 3+-induced glutamate-cysteine ligase subunit gene expression
in murine hepatocytes. Free Radic Biol Med 2009;46:1614–1625. [PubMed: 19328227]

Backos et al. Page 14

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tipnis SR, Blake DG, Shepherd AG, McLellan LI. Overexpression of the regulatory subunit of g-
glutamylcysteine synthetase in HeLa cells increases g-glutamylcysteine synthetase activity and
confers drug resistance. Biochem. J 1999;337:559–566. [PubMed: 9895302]

Townsend DM, Tew KD, Tapiero H. The importance of glutathione in human disease. Biomed
Pharmacother 2003;57:145–155. [PubMed: 12818476]

Tran PO, Parker SM, LeRoy E, Franklin CC, Kavanagh TJ, Zhang T, Zhou H, Vliet P, Oseid E, Harmon
JS, Robertson RP. Adenoviral overexpression of the glutamylcysteine ligase catalytic subunit
protects pancreatic islets against oxidative stress. J Biol Chem 2004;279:53988–53993. [PubMed:
15485876]

Tu Z, Anders MW. Expression and characterization of human glutamate-cysteine ligase. Arch Biochem
Biophys 1998a;354:247–254. [PubMed: 9637733]

Tu Z, Anders MW. Identification of an important cysteine residue in human glutamate- cysteine ligase
catalytic subunit by site-directed mutagenesis. Biochem J 1998b;336:675–680. [PubMed: 9841880]

Wadia JS, Dowdy SF. Modulation of cellular function by TAT mediated transduction of full length
proteins. Curr Protein Pept Sci 2003;4:97–104. [PubMed: 12678849]

Wadia JS, Dowdy SF. Transmembrane delivery of protein and peptide drugs by TAT-mediated
transduction in the treatment of cancer. Adv Drug Deliv Rev 2005;57:579–596. [PubMed: 15722165]

Watanabe N, Iwamoto T, Bowen KD, Dickinson DA, Torres M, Forman HJ. Bio-effectiveness of Tat-
catalase conjugate: a potential tool for the identification of H2O2-dependent cellular signal
transduction pathways. Biochem Biophys Res Commun 2003;303:287–293. [PubMed: 12646200]

White CC, Viernes H, Krejsa CM, Botta D, Kavanagh TJ. Fluorescence-based microtiter plate assay for
glutamate-cysteine ligase activity. Anal Biochem 2003;318:175–180. [PubMed: 12814619]

Yang Y, Chen Y, Johansson E, Schneider SN, Shertzer HG, Nebert DW, Dalton TP. Interaction between
the catalytic and modifier subunits of glutamate-cysteine ligase. Biochem Pharmacol. 2007

Yang Y, Dieter MZ, Chen Y, Shertzer HG, Nebert DW, Dalton TP. Initial characterization of the
glutamate-cysteine ligase modifier subunit Gclm(−/−) knockout mouse. Novel model system for a
severely compromised oxidative stress response. J Biol Chem 2002;277:49446–49452. [PubMed:
12384496]

Backos et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Preparation of purified recombinant GCLC-TAT and TAT-GCLM fusion proteins
(A) Diagram of GCLC and GCLM fusion proteins containing a C-terminal HA-TAT-6His tag
or an N-terminal 6His-TAT-HA tag, respectively. (B) Recombinant TAT fusion proteins were
synthesized in BL21(DE3) E. coli, purified by metal affinity chromatography, resolved by
SDS-PAGE, and visualized by Coomassie-staining.
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Figure 2. GCLC-TAT and TAT-GCLM form functional GCL holoenzyme in vitro
(A and B) Purified recombinant GCLC-TAT and TAT-GCLM fusion proteins were mixed at
the indicated molar ratios. (A) GCL holoenzyme formation was analyzed by native PAGE and
immunoblotting for GCLC (top panel). The relative levels of the GCL subunits in each mixture
were analyzed by SDS-PAGE and immunoblotting for GCLC or GCLM (bottom panels). (B)
GCL activity was measured by the fluorescence-based NDA assay (White et al., 2003) (* p <
0.001). (C and D) Purified recombinant 6His-only tagged GCLC fusion protein was incubated
in the absence or presence of a 2-fold molar excess of 6His-only tagged GCLM. (C) GCL
holoenzyme and (D) GCL activity were analyzed as described above (* p < 0.001).
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Figure 3. Time- and dose-dependent transduction of the TAT-GCL subunit fusion proteins in
cultured cells
(A) Hepa-1c1c7 cells were transduced with the indicated concentrations of GCLC-TAT or
TAT-GCLM for 18 h. (B) Hepa-1c1c7 cells were transduced with 50 µg/mL GCLC-TAT or
25 µg/mL TAT-GCLM for the indicated time periods. (A and B) GCL subunit levels were
analyzed by SDS-PAGE and immunoblotting for GCLC or GCLM. Protein levels were
quantitated by densitometry and the relative levels of fusion protein were normalized to β-
Actin (ratios are reported below each lane).
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Figure 4. TAT-mediated transduction of the GCL subunits increases cellular GSH biosynthetic
capacity and GSH levels
Hepa-1c1c7 cells were transduced in the absence or presence of (A) GCLC-TAT (50 µg/ml)
and/or TAT-GCLM (25 µg/ml) or (B) GCLC-His (50 µg/ml) and/or GCLM-His (25 µg/ml)
for 18 h. GCL subunit levels were analyzed by SDS-PAGE and immunoblotting for GCLC or
GCLM. Protein levels were quantitated by densitometry and normalized to β-Actin (ratios are
reported below each lane). (C) GCL activity was measured by the fluorescence-based NDA
assay (White et al., 2003) (* p < 0.05, ** p < 0.001). (D) Total cellular GSH levels (GSH +
GSSG) were measured by a modified Tietze assay (Baker et al., 1990) (* p < 0.01, ** p <
0.001).
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Figure 5. Persistence of TAT-GCL subunit transduction upon removal of TAT fusion protein from
the media
Hepa-1c1c7 cells were transduced in the absence or presence of GCLC-TAT (50 ug/ml) or
TAT-GCLM (25 ug/ml) for 24 h. Cultures were washed twice with warm media and incubated
in fresh media for the time periods indicated. GCL subunit levels were analyzed by SDS-PAGE
and immunoblotting for GCLC or GCLM. Protein levels were quantitated by densitometry and
normalized to β-Actin (ratios are reported below each lane). (C = untransduced control)
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Figure 6. Creation of a heterodimerization-competent, enzymatically-deficient GCLC(E103A)-
TAT mutant
(A) Primary amino acid sequence comparison of wild-type human, mouse, and trypanosome
GCLC. An inactivating point mutation (E100A) identified in trypanosome (Abbott et al.,
2001) was introduced into a conserved sequence (E103A) in murine GCLC by site-directed
mutagenesis. (B) Diagram of GCLC(E103A)-TAT fusion protein. Recombinant GCLC
(E103A)-TAT was synthesized in BL21(DE3) E. coli, purified by metal affinity
chromatography, resolved by SDS-PAGE, and visualized by Coomassie-staining. (C and D)
Purified recombinant GCLC(WT)-TAT or GCLC(E103A)-TAT were incubated at 37°C for
10 min in the absence or presence of a 2-fold molar excess of TAT-GCLM fusion protein as
indicated. (C) GCL holoenzyme formation was analyzed by native PAGE and immunoblotting
for GCLC (top panel). The relative levels of the TAT-GCL fusion proteins in each mixture
were analyzed by SDS-PAGE and immunoblotting for GCLC or GCLM (bottom panels). (D)
GCL activity was measured by the fluorescence-based NDA assay (White et al., 2003) (N.D.
= non-detectable; * p < 0.001).

Backos et al. Page 21

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. The catalytically inactive GCLC(E103A)-TAT mutant functions as a dominant-negative
suppressor of cellular GCL activity
(A and B) Hepa-1c1c7 cells were transduced with increasing concentrations of GCLC(WT)-
TAT or GCLC(E103A)-TAT fusion protein for 36 h. (A) GCLC-TAT fusion protein levels
were analyzed by SDS-PAGE and immunoblotting for GCLC. Protein levels were quantitated
by densitometry and normalized to β-Actin (ratios are reported below each lane). (B) Cellular
GCL activity was measured by the fluorescence-based NDA assay (White et al., 2003) (* p <
0.001). (C) Hepa-1c1c7 cells were transduced in the absence or presence of 50 ug/ml of GCLC
(WT)-TAT or GCLC(E103A)-TAT fusion protein and total cellular GSH levels (GSH +
GSSG) were measured after 36 h (* p < 0.001).
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Figure 8. TAT-mediated delivery of wild-type or dominant-negative GCLC modifies cellular
susceptibility to H2O2-induced cell death
Hepa-1c1c7 cells were transduced in the absence or presence of 50 µg/ml of GCLC(WT)-TAT
or GCLC(E103A)-TAT fusion protein for 36 h as indicated. (A) Cells were treated with various
concentrations of H2O2 for 18 h and cell viability was determined by MTS assay (○ =
untransduced control; ▲ = GCLC(WT)-TAT; ▼ = GCLC(E103A)-TAT). Curves were
generated using GraphPad Prism 4 curve-fitting software. (B) Cells were treated in the absence
or presence of 500 uM H2O2 for 18 h and cell viability determined by MTS assay. Data are
presented as % viability of untreated, untransduced control cells (* p < 0.01, ** p < 0.001
indicates significant difference compared to untransduced cells treated with H2O2). (C) Cells
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were treated in the absence or presence of 500 uM H2O2 for 18 h and total cellular GSH levels
(GSH + GSSG) were measured (* p < 0.001 indicates significant difference compared to
untreated untransduced cells; # p < 0.001 indicates significant difference compared to
untransduced cells treated with H2O2).
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