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Abstract

Glutamate—cysteine ligase (GCL; also known as y-glutamylcysteine synthetase) is the rate-limiting enzyme in glutathione (GSH)
synthesis. Traditional assays for the activity of this enzyme are based either on coupled reactions with other enzymes or on high-
performance liquid chromatography (HPLC) assessment of y-glutamylcysteine (y-GC) product formation. We took advantage of
the reaction of naphthalene dicarboxaldehyde (NDA) with GSH or y-GC to form cyclized products that are highly fluorescent.
Hepa-1 cells which were designed to overexpress mouse GCL and mouse liver homogenates were used to evaluate and compare the
utility of the NDA method with an assay based on monobromobimane derivatization and HPLC analysis with fluorescence de-
tection. Excellent agreement was found between GCL activities measured by HPLC and NDA -microtiter plate analyses. This assay

should be useful for high-throughput GCL activity analyses.
© 2003 Elsevier Science (USA). All rights reserved.
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The antioxidant and free radical scavenger glutathi-
one is important in the preservation of cellular redox
status and defense against reactive oxygen species and
xenobiotics [1]. Glutathione is a tripeptide composed of
glutamic acid, cysteine, and glycine. Under normal
conditions, and given adequate cysteine levels, the rate-
limiting enzyme in GSH synthesis is glutamate—cysteine
ligase (GCL;*> EC 6.3.2.2; also known as y-glutamyl-
cysteine synthetase).

GCL is a heterodimer consisting of a 72-kDa cata-
lytic subunit (GCLC) and a 30-kDa subunit (GCLM).
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GCLM modifies the catalytic activity of the holoenzyme
such that the K, for glutamate is lowered and the K for
GSH is increased [2,3]. Rat, human, and mouse cDNAs
for both subunits have been cloned [2,4-9], and both
subunit genes have been mapped on human and mouse
chromosomes [10,11]. GCL expression can be modu-
lated by a number of different factors, including de-
pleting agents, reactive oxygen and nitrogen species,
cytokines, and hormones [reviewed in 12].

Many different assays of GCL activity have been
described [13-19], which in general rely on spectropho-
tometric detection of a secondary analyte or on HPLC
analysis of thiols. The most popular spectrophotometric
assay for GCL activity is based upon the coupling of
GCL enzyme activity to an ATP-generating system
which, in turn, consumes NADPH reducing equivalents;
NADPH is then easily monitored by absorption at
340 nm [20]. HPLC-based assays are usually conducted
with UV, fluorometric, or electrochemical detection of
the y-glutamylcysteine (y-GC) peak in the chromato-
gram. While spectrophotometric assays can be conve-
niently adapted to 96-well plate readers, this tends to

0003-2697/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.

doi:10.1016/S0003-2697(03)00143-X


mail to: tjkav@u.washington.edu

176 C.C. White et al. | Analytical Biochemistry 318 (2003) 175-180

decrease the sensitivity of the assay for tissues/cell types
having low GCL activity.

A fluorescence 96-well plate assay for GCL activity
has been described by Nelson and colleagues [21]. This
assay is based on the detection of glutathione S-trans-
ferase-mediated conjugation of monochlorobimane
(MCB) to GSH and so provides an indirect measure of
GCL activity. In addition, because it relies on conver-
sion of y-GC to GSH by glutathione synthetase (GS)
present in the preparation, under certain circumstances,
GS may be limiting and therefore the assay would not be
reporting GCL activity, but rather GS activity.

Most fluorometric HPLC assays of GCL activity
depend upon the derivatization of thiols with either bi-
mane or o-phthaldialdehyde, followed by separation of
the thiol derivatives and specific quantitation of deriv-
atized y-GC. While highly specific and sensitive, HPLC
assays of GCL activity suffer from lack of convenience
and low throughput.

Recently, Orwar and colleagues [22] reported that
2,3-naphthalenedicarboxaldehyde (NDA) could be used
to measure GSH with high specificity, because of its
ability to form a cyclic reaction product with the cys-
teine sulfhydryl group and the glutamyl amino group of
GSH. A cyclic compound with essentially equivalent
fluorescence characteristics can also result from the re-
action of NDA with y-GC. The excitation and emission
maxima of these reaction products are conveniently
centered around those of fluorescein and thus provide
for analyses in instruments that use argon-ion laser light
sources or in fluorescence microtiter plate readers which
use standard fluorescein excitation/emission optics. We
describe here an assay of GCL activity that combines
the sensitivity of fluorometric detection and the conve-
nience of a 96-well (or 384-well) microtiter plate format.
This assay shows high specificity for GCL activity and
has the advantage that baseline levels of GSH can also
be measured in the same cell/tissue samples.

Materials and methods
Chemicals and reagents

2,3-Naphthalenedicarboxyaldehyde was purchased
from Aldrich Chemical (Sigma—Aldrich, St. Louis, MO,
USA). Monobromobimane (Thiolyte) was from Cal-
biochem (La Jolla, CA, USA). Glutathione, y-glutam-
yleysteine, ATP, 5-sulfosalicylic acid (SSA), L-glutamic
acid, L-cysteine, and other common reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).

Sample preparation

Cells and culture. The mouse Gclec and Gelm cDNAs
[7,8] were cloned into plasmid constructs containing a

metallothionein promoter [23] and transfected into
mouse Hepa-lclc7 hepatoma cells (Hepa-1). A clonal
Hepa-1 cell line overexpressing both GCLC and GCLM
(CR17 cells) and a cell line containing the plasmid vector
alone (Hepa-V cells) were used in these studies. Un-
treated CR17 cells and ZnCl,-treated CR17 cells contain
approximately 2.5 and 5 times the GCL activity of un-
treated Hepa-V cells, respectively (see below). Cells were
grown in DMEM/F12 medium with 10% Nu serum
(Collaborative Biomedical Products, Bedford, MA,
USA) at 37°C in a humidified atmosphere containing
5% CO2/95% air. For assay of GCL activity, cells were
trypsinized and then triturated in medium with Nu se-
rum. The cell suspensions were then placed in 15-ml
polystyrene tubes and pelleted in a Beckman tabletop
centrifuge. Cell pellets were then resuspended in 500 pl
PBS, transferred to microfuge tubes, and sonicated to
disrupt cell membranes (three 5-s bursts, on ice). Soni-
cates were then centrifuged to remove cellular debris,
and the supernatants were transferred to wells of mi-
crotiter plates.

Mouse liver samples. Mouse liver samples were ob-
tained from C57BI/6 mice fed ad libitum on standard lab
chow. In some cases, mice were injected with diethyl-
maleate to deplete liver GSH. Animals were sacrificed
by CO, narcosis followed by cervical dislocation, in
accordance with University of Washington Institutional
Animal Care and Use Committee procedures. Pieces of
liver were homogenized in TES/SB buffer (20 mM Tris,
1 mM EDTA, 250 mM sucrose, 20mM sodium borate,
2mM serine) 1/4 w/v. Homogenates were then centri-
fuged at 4°C for 10min at 10,000g. Supernatants were
then transferred to additional tubes and centrifuged at
4°C for 20min at 15,000g. The sample supernatants
were then diluted (see below) and transferred into a 96-
well microtiter plate.

Sample distribution. Each sample was aliquoted into
duplicate wells (250 ul/well), each of which serves as a
source for further distribution of the samples into the
GCL reaction plate. Thus, pipetting from these dupli-
cate wells four times (50 pl/transfer) into a reaction plate
yielded eight replicate samples, four of which were used
for GCL activity measurements, and the remaining four
wells served for baseline glutathione measurements. For
ease of pipetting, a multichannel transfer pipette was
used throughout the remaining steps of the assay.

Enzyme activity and baseline glutathione determination

On a separate 96-well round-bottom reaction plate,
50-ul aliquots of GCL reaction cocktail (400 mM Tris,
40mM ATP, 20mM L-glutamic acid, 2.0mM EDTA,
20mM sodium borate, 2mM serine, 40mM MgCl,)
were pipetted into wells, 8 wells per sample. These plates
were either prepared just prior to the assay or stored on
ice to prevent degradation of ATP in the reaction
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cocktail. While the sample plate was kept on ice, 50-pl
aliquots of sample were pipetted into the prewarmed
(37°C) reaction plate at 15-s time intervals. After a 5-
min preincubation, the GCL reaction was initiated by
adding 50 pl of 2mM cysteine (dissolved in TES/SB) to
each GCL activity well (cysteine was not added to the
GSH-baseline wells at this time). The plate was then
vortexed, covered, and incubated for varying lengths of
time (see below). The GCL reaction was stopped by
adding 50 ul 200 mM SSA to all wells, and then 50 pl of
2mM cysteine was added to the GSH-baseline wells.
The plate was then vortexed and held on ice for at least
20 min. Following protein precipitation, the plate was
centrifuged for 5min at 2500 rpm on a Beckman table-
top centrifuge.

NDA derivatization

Following centrifugation, 20-ul aliquots of superna-
tant from each well of the reaction plate were trans-
ferred to a 96-well plate designed for fluorescence
detection (Phenix Research Products, Hayward, CA,
USA; Cat. No. M-77260039). Next, 180 ul of NDA de-
rivatization solution (50 mM Tris, pH 10, 0.5N NaOH,
and 10mM NDA in Me,SO, v/v/v 1.4/0.2/0.2) was ad-
ded to all wells of this plate. The plate was covered to
protect the wells from room light and allowed to incu-
bate at room temperature for 30 min.

MBB derivatization and HPLC analyses

The performance of the NDA-spectrofluorometric
GCL activity assay was compared with HPLC-based
analysis of GCL activity, as routinely performed in our
laboratory. Briefly, subsequent to protein precipitation
and centrifugation (above), 200-ul aliquots of superna-
tant from each well of the reaction plate were trans-
ferred to microcentrifuge tubes and subsequently
derivatized with monobromobimane as previously re-
ported. Derivatized samples were then transferred to
narrow-bore, 500-ul capacity brown glass HPLC reac-
tion vials. Samples were then analyzed for GCL activity
by reverse-phase HPLC as previously described [24,25].

Fluorescence quantitation

Following incubation, NDA—y-GC or NDA-GSH
fluorescence intensity was measured (472 ex/528 em) on
a fluorescence plate reader (either a Gemini Spectrum,
Molecular Devices, Menlo Park, CA, USA, or a Flu-
oroCount microplate reader, Packard Instrument Co.,
Meriden, CT, USA). Alternatively, the plate was read
on an ACAS Ultima scanning laser cytometer (Meridian
Instruments, Okemos, MI, USA), using the 488-nm line
of an argon-ion laser for excitation and 530/20 band-
pass filter to collect fluorescence emission.

Statistical analyses

Data obtained from fluorescence measurements were
imported into Microsoft Excel (Microsoft, Redmond,
WA, USA) for analyses, using the Data Analyses tool
pack. Linear regression analysis was used to compare
results of HPLC and fluorescence plate reader analyses.
Differences in GCL activity in Hepa-V and CR17 cells
were analyzed with ANOVA and Student’s ¢ test.

Results

In order to determine the responsiveness of the fluo-
rescence plate reader to NDA—y-GC and NDA-GSH,
we constructed a standard curve for each of these con-
jugates in 96-well microtiter plates using purified y-GC
and GSH (Fig. 1). The curves were linear from 2.5 to
50nM. Moreover, we found that the fluorescence in-
tensities of NDA-y-GC and NDA-GSH conjugates
were essentially the same.

In the work published by Orwar and colleagues [21],
the authors noted a strong pH dependence on the reac-
tion rate of NDA with GSH. We therefore examined
both the rate of reaction and the stability of the NDA~-
GSH conjugate under different pH conditions. Fig. 2
shows that the reaction of NDA with GSH at a pH value
of 12.5 produces a strong fluorescence reaction, which
peaks after approximately 10min, and then shows a
slight decline in fluorescence with continued incubation.
Area-under-curve calculations showed a maximum flu-
orescence yield at pH values above 11.5. Thus, we chose
to derivatize GCL incubation reactions at pH 12.5.

Fig. 3 shows a comparison of NDA-fluorescence-
based and MBB-HPLC-based assays of GCL activity
using cultured mouse liver cell lines expressing different
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Fig. 1. Standard curves for NDA-GSH and NDA—y-GC fluorescence.
Reagent-grade GSH and y-GC were mixed with NDA as described
under Materials and methods at pH 12.5 and fluorescence was mea-

sured on a fluorescence plate reader. Inset: Correlation between NDA~—
GSH and NDA—y-GC standard curves.



178 C.C. White et al. | Analytical Biochemistry 318 (2003) 175-180

6.E+05

~pH 125 2 5E+05
8000 4| e /
e ~pH11.5 g 2808
3 7000 4 ~pH105 T 1E+05
8 A 0.E+00 e
>6000 '
E --pH 9.5 pH Value
< 5000 4
3
£ 4000 -
Q
23000 -
b
0 2000 A
0
-
3 1000 -N
[
0 . - ' ' ' '
0 20 40 60 80 100 120
Time (min)

Fig. 2. pH dependence of NDA-GSH fluorescence over time. GSH
(0.5mM) and NDA (10mM) were mixed in buffers that had been
adjusted to the pH values indicated and then allowed to incubate for
up to 2h in a 96-well microtiter plate. Fluorescence of the conjugate
was then assessed during this incubation period. The inset graph shows
the calculated area under the fluorescence-time curve for each pH

value tested.
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Fig. 3. Comparison of NDA-fluorescence-based and HPLC-based as-
says of GCL activity using cultured mouse liver cell lines expressing
different levels of GCL. Hepa-V cells and CR17 cells were cultured in
the absence or presence of ZnSOy4 (50 uM) for 12h prior to harvest.
Cells were then analyzed for GCL activity using both NDA-plate
reader and MBB-HPLC assays. Inset shows the correlation of these
assays for readings taken on individual plates. *Significantly different
from similarly treated Hepa-V cells; #significantly different from un-
treated cells of the same cell line (Student’s ¢ test, p < 0.05).

levels of GCL. CR17 cells have a statistically greater
level of GCL activity than Hepa-V cells in both assays,
and this activity is further enhanced in both cell lines by
zinc pretreatment. There was good agreement in the
overall level of GCL activity between the assays, as well
as a high degree of correlation between the assays for
individual readings (Fig. 3 inset).

Assessment of the GCL activity in mouse liver using
NDA-plate reader-based and MBB-HPLC-based assays
is shown in Fig. 4. The assays are in very good agree-
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Fig. 4. Comparison of NDA-plate reader-based and MBB-HPLC-
based assays of GCL activity using mouse liver homogenates. Liver
cytosols from mice treated with varying levels of diethylmaleate were
prepared and GCL reactions were carried out as indicated under
Materials and methods. After protein precipitation, samples were split
and derivatized with NDA or MBB and prepared for either plate
reader analysis or HPLC, respectively.

ment as assessed by linear regression analysis (> = 0.95,
slope =1.02), showing that the NDA-plate reader assay
can also be used with tissue samples.

In order to compare the NDA-based assay of GCL
activity with the MCB-based assay of GCL activity
described by Nelson et al. [21], we simultaneously per-
formed NDA, MCB, and HPLC assays of GCL activity
on mouse liver homogenates. As before, we found an
excellent correlation between NDA and HPLC assays of
GCL activity. However, there was a very weak corre-
lation between MCB and HPLC assays of GCL activity
(> = 0.079).

Finally, we conducted experiments in which we mea-
sured GCL activity in normal mouse liver homogenate
that had been preincubated with 10 mM buthionine-S,R-
sulfoximine (BSO), a specific inhibitor of GCL, for 15 min
at 37°C. GCL activity was completely inhibited by this
concentration of BSO, as measured by both NDA and
HPLC assays of GCL activity (data not shown). More-
over, BSO at this concentration had no effect on the
ability of y-GC or GSH to form the NDA conjugate.

Discussion

We have shown here that NDA can be used to
measure both GCL activity and GSH content using a
96-well microtiter plate format. The assay is convenient
and sensitive and is in good agreement with GCL ac-
tivity measurements made using HPLC.

During the course of these experiments, we found
that using a PBS/SB solution for cultured hepatoma
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cells and at least 45 min of GCL incubation time yielded
reasonably good sensitivity. This allowed for the as-
sessment of GCL activity in approximately 10 to 15
million cells (or 3 to 5mg/ml protein for Hepa-1 cells).
Dilutions and GCL incubation times necessary for other
cell types will depend on the GCL activity and GSH
content of those cells, many of which have lower activity
than liver cells. It is important to determine the linear
range for GCL activity with each cell or tissue type
being assayed and to construct a GSH or y-GC standard
curve with each experiment. However, because the flu-
orescence intensities of NDA—y-GC and NDA-GSH are
indistinguishable, we found it most convenient and cost
effective to use GSH to construct the standard curve.

We found that homogenization of liver tissue was
most conveniently done at a tissue-to-buffer ratio of 1:4
(w/v), with subsequent 1:4 (v/v) dilution of this ho-
mogenate to achieve between 3 and 5mg/ml of total
protein. Activity measurements on mouse liver tissue
required a reaction time of only 10min to yield satis-
factory sensitivity in the NDA-fluorescence-based assay,
as well as a good correlation between this assay and the
HPLC assay of GCL activity.

The dilution of both cells and tissue to between 3 and
5mg/ml protein is necessary because more concentrated
homogenates produce higher concentrations of y-GC,
and when attempting to derivatize these samples, the
additional NDA that is required for complete derivati-
zation results in a polymerization product. We also
found that high levels of GSH and y-GC (i.e., >0.5 mM)
in either case resulted in the development of a yellow
solution with NDA. This was associated with a
quenching of fluorescence, and so it is recommended to
not proceed with the assay unless the solution is color-
less. Moreover, dilution of the sample lowered the
baseline NDA-GSH fluorescence, providing a better
signal (NDA-GC)-to-background (NDA-GSH) ratio.

When preparing the Tris/NaOH/NDA derivatization
buffer we found that it was necessary to first add the Tris
to NaOH, mix thoroughly, and then add the NDA/
Me;,SO solution, with gentle inversion to mix; otherwise,
NDA will polymerize during vortexing. Also, when the
derivatization buffer is added to the samples, the plate
must not be vortexed, otherwise polymerization of NDA
will occur and precipitates will form and this will also
interfere with the reading of NDA-GC fluorescence.

We found that the optimal pH for the reaction be-
tween NDA and y-GC or GSH is 12.5. Cysteine addi-
tion results in the formation of a yellow product at lower
pH values and this apparently quenches the NDA-y-GC
and NDA-GSH fluorescence signals. At pH 12.5 the
solution is completely clear with very low cysteine-NDA
background fluorescence. Nonetheless, we found that
cysteine must be added to all wells (i.e., background
GSH wells) because of the slight quenching of fluores-
cence associated with the cysteine-NDA conjugate.

Addition of 2mM serine + 20 mM sodium borate to
the reaction mixture in order to inhibit any y-glutamyl-
transpeptidase (GGT) present in the samples is an es-
sential step in this protocol. When conducting this assay
on cells and tissues containing high GGT activity (e.g.,
certain tumor cell lines and kidney tissue) it may be ad-
visable to dialyze the sample prior to incubation in the
reaction cocktail. Doing so will remove glycine (and
GSH) and thus prevent the small amount of conversion of
GC to GSH that otherwise occurs through the action of
glutathione synthetase. Under these conditions all of the
fluorescence measured after derivatization should be due
to NDA-GC conjugate formation and thus a direct
measure of GCL activity.

Our results with the MCB fluorescence plate reader
assay of GCL activity showed a poor correlation with
the HPLC assay of GCL activity. Reasons for this could
include a considerably high rate of spontanecous for-
mation of cysteine-bimane (which is also fluorescent).
This effect can be minimized by lowering the cysteine
levels to 0.2 mM in the reaction cocktail (as was done in
the assay published by Nelson et al.). However, doing so
can result in a limitation in cysteine supply in tissues
with high GCL activity, as this concentration of cysteine
is near the K, for the GCL enzyme. The MCB plate
assay also requires that the samples be depleted of GSH
(in order to lower the baseline fluorescence). This is
often done by exposing the cells or animals to GSH-
depleting chemicals. Unfortunately, these same chemi-
cals often induce the expression of the GCL enzyme.
Thus, the manipulation of the cells or animals in this
way can confound the original aim of the experiment,
which was to measure GCL activity.

In summary, the NDA-fluorescence-based GCL ac-
tivity assay is easily conducted, has relatively good
sensitivity, and should be applicable to a wide variety of
cell and tissue types. Moreover, the ability to measure
GSH in the same sample (as background fluorescence in
samples not incubated with cysteine) provides an addi-
tional benefit when conducting this assay.
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