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ABSTRACT

Monochlorobimane (MCB) has been used as a glutathione (GSH)
specific fluorescent probe capable of delineating GSII heterogeneity in
cellular systems. Generally, low concentrations of MCB (<50 MM)have
been used to quantitatively label GSH in rodent cell lines. Incubation of
the hamster cell lines, CHO AB1 and \ 79, with 10 MMMCB labeled 75
and 39% of the reduced GSH pool, respectively. In contrast, incubation
of 7 different human cell lines with 10 MMMCB labeled less than 4% of
the total reduced GSH pool. The human cell lines required 1000 MM
MCB to label an average of 73% of the GSH pool (range, 60-88%).
When using 1000 MMMCB to label GSH, flow cytometry results from 7
different cell lines (human and rodent) were in good agreement with high
performance liquid Chromatograph) and standard spectrophotomctric
analysis with regards to a rank ordering of the GSH content determined
for each cell line. The human glutalhione S-transferases B2B2, B1B2, -J,
IT,and the rat transferases 1-2, 3-3, and 3-4 were isolated and purified
for steady state kinetic analysis with MCB and GSH as the primary
substrates. The human basic transferases, B1B2 and B2B2, had A,
values for MCB of 354 and 283 MMand (â€¢'â€ž.,values of 33.3 and 34.6

june11bimane-GSH/min/mg protein, respectively. The rat basic transfer-
ase 1-2 showed similar kinetic results with a A.,,of 199 MMand a Kmlvof
35.5 Mii'i'lbimane-GSH/min/mg protein. The human neutral transferase
(iÂ¿)had a A'mfor MCB of 204 MMwith a f 'â€ž.,of 6.5 Mmolbimane-GSH/

min/mg protein. In contrast, MCB has a high affinity for the rat neutral
transferase with a Kmof 2.6 MMand a fmaxof 35.1 Mmolbimane-GSH/
min/mg protein. The human acidic transferase (-.}. the predominate
transferase found in most human tumor cell lines, has a A',,,of 264 MM

for MCB and a Fmaxof 1.99 Mmolbimane-GSH/min/mg protein. The Â£â€ž,/
Kmvalues indicated that MCB is an excellent substrate for the rat neutral
transferases while the human ir glutathione S-transferase showed the
least reactivity. Collectively the data indicate that MCB fails to label
GSH at lower concentrations (<50 MM)in human cell lines because of
the reduced affinity of MCB for the human transferases and possibly
also due to differences in glutathione S-transferase isozyme expression
between rodent and human cell lines.

INTRODUCTION

The elevation of glutathione and/or GSH2 dependent en

zymes can markedly affect drug detoxification pathways in a
variety of in vitro cell lines (1-5). The development of tumor
drug resistance could occur through one of several paths, in
cluding increases in GSH dependent enzymatic activities, en
zyme concentration, or through a combination of both of these
processes. A group of enzymes, the GSTs, have been and are
being studied with regards to their importance in the develop
ment of drug resistance in in vitro cell systems and in human
tumors (6-10). The GSTs catalyze the nucleophilic reaction of
GSH with electrophilic centers found in diverse cytotoxic and
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carcinogenic agents (6, 7). The GST enzyme is composed of 2
monomer subunits with a holoenzyme molecular weight be
tween 46,000 and 52,000 and having widely varying pis (6, 7).
The GST isozymes have been classified into 3 broad categories
based on their migration on isoelectric focusing gels: the basic
(Â«)GSTs (pi 8-11), neutral (M,<Â¿)GSTs (pi 5-7). and the acidic
(w) GSTs (pi < 5) (6, 7). Within a species, differences exist
between given individuals with respect to subunit expression
(6-7, 11), and within an individual there are specific differences
in subunit expression among different organs (6-7, 12). While
each group of GSTs (<*,n, or IT)catalyzes the GSH dependent
nucleophilic reactions, substrate specificity can and does vary
substantially from one group to another (6-7, 13). Such specific
substrates are used to define and differentiate the various GSTs
in both tissue samples and in vitro cell types (14, 15).

Most studies of GST function utilize electrophilic substrates
to assay for total GST activity (6-10, 16); however, since GSH
is an obligatory substrate in the conjugation step it is also
possible to use GST as a quantitative assay for reduced GSH.
Rice et al. (17) introduced the compound, MCB, as a GST
specific substrate capable of labeling cellular reduced GSH
pools. As a GSH specific probe, MCB has a number of impor
tant features: (a) until reaction with GSH the chloro group
quenches the fluorescence (18): (b) it rapidly crosses cellular
membranes; (c) it reacts very slowly with non-GSH sulfhydryls
(cysteine, protein sulfhydryls) (19); and (d) the reaction of GSH
with MCB (catalyzed by the GSTs) releases the highly fluores
cent bimane-GSH adduci (19). Because of the specificity of
MCB for GSH it is possible with flow cytometry to quantitate
the bimane-GSH fluorescence on a single cell basis and thereby
follow the GSH status of cellular populations (17, 19). Thus,
in contrast to the more traditional GSH measuring techniques
which reflect the average GSH content of a population of cells
(20), the GSH heterogeneity within a population of cells can
also be studied.

Initial papers using MCB in a flow cytometric technique
reported that relatively low MCB concentrations (10-50 /Â¿M)
were required for GSH measurements in rodent cell lines (17,
19). However, when the MCB flow technique was applied to
human cell lines, much higher MCB concentrations (>500 n\i)
were required to label GSH (21). Species specific differences in
the affinity of GST for MCB was suggested as a possible reason
for the differences between rodent and human cell lines (21).

Evidence is presented which demonstrate that there are dif
ferences in the kinetic properties between the different classes
of GSTs when utilizing MCB and GSH as substrates. Specifi
cally, we show that rat neutral transferases have a very high
affinity for MCB and that the predominant transferase found
in human tumors, the TTGST, has both a low affinity and a low
catalytic reactivity with MCB.

MATERIALS AND METHODS

Cell Culture. The following cell lines were grown in RPMI 1640
medium containing 10% PCS (final concentration): A549 (human lung
adenocarcinoma); MCF7WT (human breast carcinoma); MCF7-ADR
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(human breast carcinoma resistant to Adriamycin): OVG1 (human
ovarian carcinoma); HT29 (human colon adenocarcinoma). HepG2
cells (human hepatocellular carcinoma) were grown in Eagle's minimal

essential medium with nonessential amino acids plus 10% PCS (final
concentration). AG 1522 cells (normal human fibroblasts) were grown
in Ham's F12 medium plus 15% PCS (final concentration). V79 cells

(Chinese hamster lung fibroblasts) and CHO AB1 cells (Chinese ham
ster ovary cells) were grown in Ham's F12 medium plus 10% PCS
(final concentration). All cell lines were maintained at 37Â°Cin a

humidified 5% COi/95% air environment. Exponentially growing cells
were used for all experiments.

Flow Cytometry. Cells were trypsinized from flasks, washed in PBS,
and resuspended at IO6 cells/ml in PBS for flow cytometric analysis.

For human lymphocytes, 2 ml of fresh human blood was lysed with a
RBC lysing buffer (150 mM NH4C1, 10 mM KHCO,, 0.01 miviEDTA),
washed once with PBS, and resuspended in 1 ml of PBS. Cell suspen
sions were incubated with 1000 MMMCB (Molecular Probes, Inc.,
Eugene, OR) for l h at room temperature, washed with PBS, and
resuspended in 1 ml PBS for analysis. All flow studies were done with
a Coulter Epics V cell sorter (Coulter Electronics, Inc., Hialeah, FL).
MCB was excited at 350-360 nm and the MCB fluorescence greater
than 408 nm was analyzed. The fluorescence signal from each cell was
detected by a photomultiplier tube, amplified, and digitized for com
puter storage and analysis.

HPLC Analysis. Cells were trypsinized, washed, and resuspended at
3 x 10' cells/tube for all labeling studies. Three sets of labeling

conditions were used to react the cellular GSH with MCB: (a) cells
were resuspended in PBS and either 10, 100, or 1000 MMMCB; (6)
cells were resuspended in 0.2% Triton X-100 (Research Product Inter
national Corp., Elk Grove Village, IL) and either 10, 100, or 1000 MM
MCB; and (c) cells were resuspended in 0.2% Triton X-100 plus 0.4
unit of rat liver transferase (Sigma Chemical Co., St. Louis, MO) and
either 10, 100. or 1000 MMMCB. Labeling times for all three conditions
was l h at either 25 or 37Â°C.At the end of 1 h, cells incubated under

condition (a) were washed and resuspended in 0.2% Triton X-100. All
samples were quenched with glacial acetic acid to achieve a final acid
concentration of 10%.

The bimane-GSH adduci was separated on a Waters HPLC system
(Millipore Corp., Milford, MA) by using a Waters 5 MMC,8 reverse
phase column. The mobile phase started at 96% H2O/4% acetonitrile
and was ramped by a linear gradient to 64% H2O/36% acetonitrile over
a 20-min period. The bimane-GSH adduct was detected with a Waters
M-470 scanning fluorescence detector by using 395 nm excitation and
detecting the fluorescence between 465 and 495 nm. Bimane-GSH
curves were established to quantitate GSH levels in fmol/cell. To isolate
the bimane-GSH adduct, 100 HIM GSH was reacted with 10 HIM
monobromobimane (Molecular Probes) to generate the bimane-GSH
adduct and was isolated by HPLC by using a Frac-100 fraction collector
(Pharmacia-LKB Biotechnology, Inc., Piscataway, NJ).

The percentage of GSH labeled for each cell line was determined by
calculating the ratio of fluorescence intensities of the bimane-GSH
adduct for cells incubated with MCB alone compared to cells lysed
open (by 0.2% Triton X-100) and incubated with 0.4 unit of rat liver
transferases and MCB.

GST Isolation. A human liver was obtained upon autopsy from a
patient with glioblastoma multiforme and no metastatic lesions. Fifty
g of liver were partially thawed and homogenized in 40 mM Tris-HCl,
154 mM KC1, 5 IHMdithioerythritol (Sigma), pH 7.4. The homogenate
was centrifuged at 6,500 x g for 10 min, and the supernatant was
centrifuged at 100,000 x g for 45 min. The supernatant cytosolic
fraction containing the GSTs was applied to an epoxy-activated Seph-
arose 6B column conjugated to S-hexylglutathione (Sigma) equilibrated
with 10 m.MTris-HCl, 0.2 mM dithioerythritol, 1 mM diethylenetria-
minepentaacetic acid (Sigma). pH 7.8 (buffer A). The column was
washed extensively with buffer A containing 0.2 M NaCl to remove
unbound proteins. The GSTs were eluted with buffer A containing 0.2
M NaCl and 5 m\i 5-hexylglutathione (22). Each protein peak isolated
was assayed for GST activity by using the CDNB technique ( 16). Active
fractions were pooled and further purified through chromatofocusing

procedures (23). The chromatofocusing column (1 x 30 cm) was pre
pared with polybuffer exchanger 118 (Pharmacia-LKB) and equili
brated with 25 mM triethylamine to reach a starting pH of 11. The
column was eluted with Pharmalyte 8-10.5 (1 volume Pharmalyte:45
volumes H;O, pH 7). The proteins eluted were dialyzed against multiple
changes of a PBS plus 5 mM GSH buffer. The purified proteins were
analyzed with both SDS-PAGE and IEF methods (24, 25). SDS-PAGE
analysis was performed by using a Pharmacia Phast system with 10-
15% polyacrylamide gradient gels (24). IEF was done by using the
Pharmacia Phast system (25). SDS-PAGE and IEF standards were
purchased from Pharmacia-LKB and Bio-Rad (Bio-Rad, Rockville
Centre, NY) and were used for molecular weight and pi determinations.
For accurate pi measurements (pH range between 7.8 and 10), large 2-
mm polyacrylamide IEF gels (11 x 25 cm) were prepared and focused
by using the Pharmacia-LKB Multiphor system. All gels were stained
for protein with a silver staining method (26).

Human ?r and rat liver GST enzymes were obtained from Sigma
Chemical Co. The rat liver GST was further purified by using chro
matofocusing as described above and was analyzed for purity with SDS-
PAGE and IEF methods.

Kinetic Assay. All fluorescence studies were performed by using an
SLM-Aminco 8000 spectrofluorometer (SLM-Aminco, Urbana, IL).
The MCB-GSH adduct formation was followed with excitation at 460
nm and the resultant emission was monitored at 479 nm. For enzymatic
rates, the reaction mixture consisted of 2 mM GSH, enzyme (5-10 tig
human ir GST, 0.3-2 Mg human liver GST, or 0.3-0.5 Mg rat liver
GST), and PBS for a final volume of 2 ml. After addition of MCB
(final MCB concentration of 100-1000 MMfor human GST and basic
rat GST, I-IOO MMfor rat neutral GST), the reaction was followed for
2 min at 25Â°C,pH 6.6. Nonenzymatic rates were measured with 2 mM

GSH alone. The velocity of the MCB/GSH reaction (in fluorescence
units/s) was analyzed by a linear least squares fitting program associated
with the SLM-Aminco software. MCB-GSH standards were created by
incubating 2 mM GSH with 100 MM MCB plus 0.4 unit rat liver
transferase for I h at room temperature. The stock standard was then
serially diluted and analyzed to quantitate the GSH-MCB adduct
production. Lineweaver-Burk double reciprocal plots were constructed
to determine Fmavand Kmvalues.

Inhibition Studies. Inhibition studies were carried out with the CDNB
assay (16). The GSH-bimane adduct was placed into both the sample
and reference chambers and the reaction was started with the addition
of CDNB. The transferase activity was measured by recording the
absorbance changes at 340 nm.

GSH Measurement. GSH was measured in 5 x IO5 cells with the

cyclic reducÃaseassay (20). Protein was measured by the Bradford
method (27).

Statistical Measurements. All results in Tables 1 and 3 are listed as
the mean Â±SEM.

RESULTS

Cell Labeling Studies. Initial studies using MCB to label
GSH in human lung adenocarcinoma cell line (A549 cells)
revealed that approximately 80 times greater MCB concentra
tion was needed to reach maximal fluorescence intensities as
compared to the MCB labeling of the rodent V79 cell line (21).
HPLC studies were done to determine what fraction of reduced
GSH in the cellular pool would be labeled by 10, 100, or 1000
MMMCB. Labeling conditions were identical to those used to
label cells for flow cytometry studies to better understand the
fluorescence results obtained by flow analysis (21). Cell lines
tested included 6 human tumor lines (A549, MCF7WT, MCF7-
ADR, OVG1, HT29, and HepG2), 1 normal human cell line
(AG1522), and 2 rodent cell lines (V79 and CHO AB1). Incu
bation of the 7 human cell lines with 1000 MMMCB labeled an
average of 73% of the total cellular reduced GSH pool (range,
60-87%) (Table 1). In CHO AB1 and V79 cells 88 and 54% of
the reduced GSH pool was labeled with 1000 MMMCB, respec-
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Table 1 Percentage of total reduced GSH pool labeled by MCB in unlysed cell
lines

% of labeled GSH
(concentralo!! of MCB)*

Table 2 Rank ordering of cell lines as a function oj GSII levels predicted by
Tiet:e, HPLC. and flow data

Cell lines" lOOOj/M IOO/JM 10 MM

OVGIMCF7WTA549HepG2HT29MCF7ADRAC

1522V79CHO

ABlr677066607787845414g314333882015a7153958441110.1-)136790.4

Â±0.10.20.40.30.61.6439O.I0.10.10.10.4575

" Data determined from 3 experiments.
* Data listed as the mean Â±SEM.
r Data determined from 1 experiment.

lively (Table 1). All the human tumor cell lines showed a large
reduction in GSH labeling as the MCB concentration was
reduced from 1000 to 100 MM(from an average of 73 to 17.5%)
(Table 1). However, the normal human cell line, AG 1522, and
the 2 rodent cell lines (V79 and CHO AB1) showed a significant
amount of GSH labeling with 100 MMMCB incubation (58, 44,
and 79%, respectively) (Table 1). Furthermore, both the V79
and CHO AB1 cells showed significant GSH labeling when
using 10 MMMCB (39 and 75%, respectively) (Table 1). Most
of the human cell lines (5 of 7) incubated with 10 MMMCB
showed minimal GSH labeling (from 0.2 to 0.6%), while the
MCF7-ADR and AG 1522 cells showed an increased (but still
low) level of GSH labeling (1.6% for MCF7-ADR cells and 4%
for AG 1522 cells) (Table 1). No significant differences were
measured in the percent of GSH labeled when human cell lines
were lysed open and incubated with 1000 MMMCB compared
to unlysed cells.1 However, complete labeling of the GSH pool

was accomplished in both the V79 and CHO AB1 cell lines
which had been lysed open.1 GSH labeling occurred to the same
extent whether the cells were incubated at 25 or 37Â°Cwith 1000
MMMCB.1

Accuracy of MCB Flow Technique. We previously demon
strated when human cell lines are incubated with 1000 MMMCB
the flow cytometric analysis of the bimane-GSH fluorescence
can be used as a qualitative indicator of the cellular GSH status
(21). To further corroborate the flow studies, 7 different cell
lines were incubated with 1000 MMMCB and analyzed by HPLC
analysis as well as by the cyclic reducÃaseassay (Tietze). Table
2 demÃ³nstrales lhal when the cell lines were ordered by increas
ing GSH content the Tielze, HPLC, and flow analysis were in
excellenl agreement Only ihe MCF7-ADR and HT29 cells did
noi malch the Tietze to the HPLC or flow results. However,
bolh ihe flow and HPLC results were in exact agreemeni wiih
one another (Table 2).

Steady State Enzyme Analysis of MCB-GSH Reaction. The
advantage of ihe MCB assay is Ihe degree of specificily by
which MCB reacts with GSH (17, 19). However, as data in
Table 1 show, ihe concenlralions of MCB needed lo achieve
maximal labeling of GSH in human cells were substantially
higher than lhat needed for rodent cell lines (â€”50lo 100-fold

higher). Because many different isozymes of the GSTs exist
[12-15 different basic isozymes have been reported (6)], we
previously suggested that the differences between the rodent
and human lines wilh regard lo MCB labeling may resull from
differing subslrate specificity of the MCB for Ihe human and
Ihe rodenl GSTs (21). Two human GSTs of the a class (basic

3J. A. Cook and S. N. lype. unpublished results.

Tietze"V79

(3.8)
AG 1522 (7.0)
MCF7ADR06.2)
HT29(21.8)
A549 (36.0)
MCF7VVT (50.9)
OVG1 (52.2)HPLC*V79(l.l)

AG 1522 (7.1)
HT29(14.4)
MCF7ADR05.5)
A549(21.5)
MCF7WT(3I.9)
OVGI (39.0)FlowrV79(1.0)

AG 1522 (1.6)
HT29(2.3)
MCF7ADR (2.8)
A549{3.1)
MCF7WT (3.8)
OVGI (5.1)

" Tietze dala listed as fmol/cell.
* HPLC data listed as fmol/cell.
' Flow data listed as relative fluorescence units.

isozymes) and the neutral (i/<)GST were isolated and purified
from human liver. The placenta! it GST (acidic isozyme) was
obtained from a commercial source. The 2 isolated basic liver
GST enzymes migrated as single bands on SDS-PAGE gels
(subunit M, 26,000) and each protein migrated as a single band
on IEF gels (pi 8.1 and 8.4). These proteins were identified as
the B2B2 and B1B2 GSTs (6, 7). The neutral GST migrated as
a single band on both SDS-PAGE (subunit M, 27,000) and IEF
gels (pi 5.5) and was identified as the neutral transferase, ty.
Fig. 1 shows the Michaelis-Menten kinetics and the correspond
ing Lineweaver-Burk transformation for human B1B2, ^, and

the placenta! (;r) GSTs as a function of MCB concentration.
All the human transferases demonstrated hyperbolic kinetics
and showed linear Lineweaver-Burk results (Fig. 1). The Km
values calculated for the human transferases were very similar
(264 MM,T; 283 MM,B2B2; 354 MM,B1B2; 204 MM,i/>).There

Human Liver 'basic1 CST B1112 (a)

MCBUiM)
! litiii.in Liver 'neutral' (Â¡ST(y)

MCB (uM)
Human Placental 'acidic' (Ã¬ST(n

0.000 0.002 0.004 0.006
l/S

O.OOX 0.010 0.012

MCB (MM)

Fig. 1. Michaelis-Menten and Lineweaver-Burk analysis of 3 purified human
GSH-S-transferases. Human transferases were purified as described in "Materials
and Methods." Ten ^g human placental (IT)GST. 0.35 ng human liver basic

(Bl B2) GST, and 2.0 ^g human neutral (\t) GST were used for all kinetic studies.
â€¢enzymatic reaction of 2 m,\i GSH with MCB; (A) nonenzymatic reaction of

2 HIMGSH with MCB. Units for the Lineweaver-Burk plots are I/V (nmol/s)~'
and 1/S (Â»/Mr1.VEL, velocity.
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was greater variability in the Fmaxvalues calculated with the v
being least reactive (1.99 Â¿Â¡molB-G/min/mg protein) followed
by i/<(6.5 Â¿Â¿molB-G/min/mg protein), with the basic enzymes
being most active (33.3-34.6 /Â¿molB-G/min/mg protein) (Table

3).
Rat liver transferases were also isolated in order to compare

the kinetic results with those of the human transferases. Rat
liver supernatant (CDNB active) was obtained from a commer
cial source and was further purified by chromatofocusing tech
niques, resulting in the isolation of several CDNB active peaks.
One of the isolated peaks migrated as a single band on an IEF
gel (pi 9.7-9.8) and showed 2 bands on a SDS-PAGE gel with
subunit molecular weights of 25,000 and 28,000. This peak was
identified as the 1-2 basic rat GST (7). The second peak isolated
migrated as 2 bands on IEF gels (pi 8.1 and 8.4) but showed
only a single band on SDS-PAGE gels (subunit M, ~ 26,000-
27,000). This peak contains 2 rat isozymes, the 3-3 and 3-4
GSTs, which are known as the rat neutral transferases (7). Fig.
2 shows the Michaelis-Menten kinetics and corresponding
Lineweaver-Burk plots for the whole rat liver supernatant, the
rat basic (1-2) transferase, and the combined neutral (3-3, 3-4)
transferases. The Km (199 MM)and Fmax(35.5 /Â¿molB-G/min/
mg protein) determined for the basic rat transferase were very
similar to the Km and Fmaxdetermined for the basic human
transferases (Table 3). Although the Fmaxvalues determined for
the rat neutral transferases were identical with those of the rat
basic transferases, the A"mwas some 75-fold lower (2.6 versus

199 fiM, respectively), indicating that MCB had a much greater
binding affinity for at least one and possibly both rat neutral
transferases.

Bimane-GSH Adduct Inhibition of Transferases. One of the
products of the GSH catalyzed reaction of MCB with GSH,
the bimane-GSH adduci, was isolated by HPLC and used for
kinetic studies. Using the CDNB assay with rat liver superna
tant, the bimane-GSH adduci was observed to inhibit ihe GST
catalyzed reaction of CDNB with GSH. The bimane-GSH
adduct concentration in which 50% of the reaction was inhibited
was approximately 70 /Â¿M.The B-G adduct concentration in
which 50% of the reaction was inhibiled for the human placenta!
(TT)transferase was found to be approximately 35 nM.

DISCUSSION

MCB was first introduced as a GSH specific fluorescent probe
and held great promise in helping to delineate GSH heleroge-

Table 3 Steady stale kinetic parameters of GST catalyzed reaction between GSH
and MCB

Enzyme0 m â€žâ€ž(MM)*''' (Mtnol/min/mg)*- (s"')*' ' (NT1s"1)

Human placentalGSTacidic
(*â€¢)Human

liver GSTbasic(B2B2)Human

liver GSTbasic(B1B2)Human

liver GST neu
tralWRat

liverGSTRat
liver GSTbasic(1-2)Rat

liver GSTneutral(3-3
and 3-4)264Â±23283

Â±1354

Â±202045.8

Â±0.4199
+282.6

Â±0.21.99Â±0.133.3

Â±2.934.6

Â±3.56.57.4

Â±3.535.5
Â±4.035.1

Â±2.01.5Â±0.124

Â±328

Â±35.66.229

Â±429

Â±25.8

xIO38.5

x10"7.8

x10"3.1

x10"2.1

x10'1.7
xIO51.1

x 10'

" GST dimer identification based upon isoelectric focusing and SDS-PAGE.
* Determined from 3 experiments.
' Data listed as the mean Â±SEM.
Ã¤Determined from 2 experiments.

Ral Liver GST

200
R: = 0.91

0 20 40 60 SO 100 120 0.0

MCB (llM)
Rat Basic GST

OJ 0.4

R2 = 0.99

200 400 600 800 1000 0.00 0.01 0.02 0.03 0.04 0.05

MCB (|iM) 1/S

Rat Neulral GST

R! = 0.93

MCB <|iM> 1/s

Fig. 2. Michaelis-Menten and Lineweaver-Burk analysis of 2 purified rat liver
GSH-5-transferases and the whole rat liver supernatant preparation. Rat trans
ferases were purified as described in "Materials and Methods." Rat liver basic
(0.34 Mg)(1-2) GST, 0.18 Mgrat liver neutral (3-3 and 3-4) GST, and 0.5 Mgof
rat liver supernatant were used for all kinetic studies. (â€¢)enzymatic reaction of 2
HIMGSH with MCB; (A) nonenzymatic reaction of 2 mM GSH with MCB. Unitsfor the Lineweaver-Burk plots are 1/V (nmol/s)"' and 1/S (MM)"'. VEL, velocity.

neity within tumor cell populations (17, 19). The low concen-
Iralions of MCB needed to label the reduced cellular GSH pool
(-10 MM)and the high degree of specificity of MCB for GSH
were precisely the conditions needed for quanlilative flow analy
sis of GSH in cellular populations. However, initial studies
were done wilh Chinese hamsler ovary cells (CHO HAI) and
certain mouse tumor lines (EMT-6/SF) (17). Subsequent work
has found that human cell lines required much higher MCB
concentrations to provide even qualitative GSH comparisons
between cell lines (21). It was suggested, but no evidence was
presented, thai differences in the specificity of MCB for ihe
various transferases between species may be the reason for ihe
differences in labeling belween ihe human and hamsler cell
lines (21). The data presented in this report demonstrate that
there are differences in MCB affinities and kinetic properties
between different classes of GSTs within the same species and
suggests that kinetic differences between species may also influ
ence the GST catalyzed reaction of MCB to GSH.

The poor correlation between the MCB and Tielze results
when using 10 /Â¿MMCB to label GSH in human cell lines was
the result of poor GSH labeling (Table 1). To label grealer than
50% of the cellular GSH pool, concenlralions up lo 1000 /Â¿M
MCB were necessary. However, even al Ihis very high MCB
concenlration on the average only 70-75% of the GSH in the
human cells were labeled (Table 1) and in specific cases (HepG2
cells) as little as 60% of the total reduced GSH pool labeled up.
This variability in labeling cannol be allributed to GSH oxida
tion since the addition of exogenous rat liver GST lo lysed
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human cells resulted in the labeling of the entire reduced GSH
pool. The inability to label the entire GSH pool by MCB alone
is possibly the result of end product inhibition of the GSTs by
the bimane-GSH adduci. Isolation of the bimane-GSH adduci
demonstrated that end product Â¡nhibilionof the GSTs can and
does occur at relatively low adduci concentrations (30-70 MM).
ll has also been demonslraled that the end product of the
CDNB reaction wilh GSH (dinitrophenyl glutathione adduci)
is an effeclive competitor of CDNB for the H-binding site in
GSTs (28). Another possible mechanism for incomplete GSH
labeling is the resynthesis of GSH stimulated by Ihe deplelion
of Ihe GSH pool by MCB conjugalion. A resynthesis rate
exceeding the labeling rate would lead lo unlabeled GSH ac-
cumulalion. If subslaniial GSH resynlhesis was occurring over
Ihe 1-h incubation time then it would be expected that the total
GSH content determined by the HPLC method (with rat trans-
ferase added) should exceed the GSH content measured by the
Tietze method. However, no consistent trend of higher GSH
levels was detected by the HPLC method over that of the Tietze
method,1 thus suggesting that if resynthesis was occurring it

was not a substantial problem. Whatever the mechanism, it is
likely under conditions used in the MCB flow technique that
the entire cellular GSH pool cannot be fluorescently labeled.

An important difference between the hamster (V79 and CHO
AB1) cell lines and the human cell lines was the extent of GSH
labeling with the various MCB concentrations used. The ham
ster cell lines demonstrated a much higher degree of GSH
labeling with 10 MMMCB than any of the human cell lines
tested (Table 1). There were differences between the two ham
ster lines used since the extent of GSH labeling in the V79 lines
was only 40-55% while the CHO AB1 cells showed from 75 to
88% labeling (Table 1). This was surprising since it had been
demonstrated that the MCB flow technique can be used in V79
cells to quantitatively measure GSH when the cellular GSH
pools are depleted or elevated.4 Such findings suggest that the

MCB technique may have greater utility when studying GSH
perturbations within a single cell type and is less suited for
studying GSH levels between cell lines. Thus, taking into ac
count the difficulty in achieving complete GSH labeling in the
human lines and the degree of variability in labeling, it is
concluded that the MCB flow assay cannot be easily used to
quantitate GSH differences between different cell types.

An examination of the GST activity of MCF7WT cells
showed either very low or undetectable transferase activity.1

However, 70% of the GSH in the MCF7WT cells was labeled
with 1000 MMMCB (Table 1), suggesting that the nonenzymatic
reaction of MCB with GSH must play an important role in
labeling. Because the nonenzymatic reaction rates are high
other nonprotein sulfhydryls (mainly cysteine) and protein
sulfhydryls will be labeled and contribute to the overall fluores
cence detected. Thus, in addition to incomplete GSH labeling.
non-GSH fluorescence will limit the quantitative use of the
MCB assay when comparing the GSH levels in different human
cell lines.

While not usable as a quantitative assay, under the proper
staining conditions (>500 MMMCB), the MCB flow assay can
be used as a reliable qualitative indicator of the GSH status
between different cell types. Table 2 demonstrates that the flow
results from 7 different cell lines was in excellent agreement
with both the Tietze and HPLC analysis of GSH content when

using 1000 MMMCB for labeling. The correlation between the
Tietze and HPLC data was not as good when using 100 MM
MCB and showed no correlation at all when using 10 MMMCB.1

While the MCB technique is far from being ideal, it is the best
technique currently available to identify GSH differences in
cellular populations. In fact, the MCB-flow assay has been used
to monitor lung tumor specimens and has identified several
patients with a subpopulation of tumor cells with greatly ele
vated GSH levels.4

A major question about the reaction of MCB with GSH in
human cell lines is why do human cells react so differently with
MCB than hamster cell lines? The answer has two possible
components; the first related to the specificity of MCB for
transferases and the second to differences between cell lines in
the expression of specific isozymes of transferases. From the
data in Table 3 it becomes clear that specific isozymes of all
three classes of human transferases exhibit a high Kmfor MCB.
The cell labeling studies also support the kinetic results as none
of the human cell lines tested showed a substantial degree of
GSH labeling with 10 or 100 MMMCB. Instead, 1000 MMMCB
was required to maximize the GSH labeling (Table 1). Data
have been published demonstrating that the MCF7-ADR and

HT29 cells express high quantities of the TTtransferase (8, 29)
and that the HepG2 cells express the basic and neutral trans
ferases (29). Because the GSH in these cell lines was not labeled
to any appreciable extent with 10 MM MCB (Table 1) this
further supports the suggestion that MCB is not a good sub
strate for the human GSTs.

The kinetic data for the rat transferases revealed both simi
larities and differences when compared to the kinetic data
obtained for the human transferases, Initially, kinetic parame
ters were obtained from rat liver supernatant which contained
several basic and neutral isozymes (6, 7). The rat liver MCB
affinity listed in Table 3 (Km 5.6 MM)is in good agreement with
previously published data (A"m2.5 MM)(19). However, some

important differences emerged when the liver supernatant was
further purified into individual GST isozymes. Both the rat
basic isozyme 1-2 and the rat neutral transferases 3-3 and 3-4

had similar Fmaxvalues but the affinity of the neutral transfer
ases for MCB was some 75-fold greater than the affinity of
MCB for the basic transferase (Km 2.6 versus 199 MM,respec
tively) (Table 3). Because purified rat neutral transferase con
tained both the 3-3 and 3-4 isozymes we were unable to defi
nitely state that both isozymes have similar binding and kinetic
properties. However, the linearity of the Lineweaver-Burk
analysis would suggest similar binding properties.

In addition to the Km and Fmas values obtained for each
enzyme, a k^,/Km value was also calculated for each enzyme
(Table 3). The kca,/Kmparameter is a pseudo-second order rate
constant which determines the specificity of an enzyme for
competing substrates (30). The kCM/Kmvalues listed in Table 3
indicate that MCB is a very poor substrate for the human acidic
transferases when compared to either the basic or neutral
transferases (human or rat). In contrast, the kc.M/Kmvalue deter-

4J. A. Cook, H. I. Pass. S. N. lype. N. Friedman. VV.DeGraff. A. Russo, and
J. B. Mitchell. Cellular glutathione measurements from surgically resected human
lung tumor and normal lung tissue, manuscript in preparation.

mined for the rat neutral transferases (IO7 M 's ') indicate that

MCB is an excellent substrate for these transferase isozymes.
Published data demonstrate that in hamster liver prepara

tions the neutral transferase predominates while the Â«and TT
forms are suppressed (6, 31). This is in sharp contrast to human
liver preparations where expression of the basic transferases
predominates, and in addition, where about 40% of humans
express no neutral transferases (6, 32). Furthermore, numerous
papers have demonstrated that in human tumor specimens and
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in human tumor cell lines the acidic form (w) generally predom
inates (6, 10, 33). Thus, it seems likely that in human tumor
cell lines where ITpredominates, low concentrations of MCB
(<100 MM) will not label GSH, and MCB must be used at
concentrations compatible with the A',,, values of the GSTs

present.
In hamster cell lines much lower MCB concentrations were

sufficient to label the GSH pool (Table 1). It has been reported
that in at least one hamster cell line (CHO Kl) that both the
basic and neutral transferases are expressed (34). If the hamster
cell lines used in this report also express these isozymes then
this may explain the GSH labeling observed with 10 MMMCB.

Although MCB was not a good substrate with the human
neutral transferase (i/-), another human neutral transferase, MÂ»
has been isolated; however, we were unable to obtain Mfor the
MCB kinetic studies. In addition, whether or not the transfer
ases from hamsters will show a similar kinetic pattern with
MCB as the rat is unknown. Thus, additional data are required
to support the hypothesis of species differences with regard to
the transferase catalyzed MCB/GSH reaction.

In summary, several observations regarding the reaction of
MCB with GSH in human cell systems can be made. First, to
obtain quantitative fluorescence labeling of GSH in human cell
populations, substrates with lower binding affinities (<50 MM)
for the human transferases should be developed. In particular,
since the acidic or TTform is the predominant form found in
extrahepatic human tissue and human tumors (6. 10, 17, 33). a
substrate specific for this transferase would have the greatest
utility. A caveat to pursuing such an approach is that even with
a high affinity substrate it is probable that end product inhibi
tion by the GSH-substrate adduct can and will interfere with
the labeling of the reduced GSH pool. Incomplete and variable
GSH labeling and non-GSH fluorescence may well limit any
quantitative fluorescence analysis utilizing flow cytometry, no
matter what fluorescent substrate is developed to be used by the
GSTs. However, in the absence of new GST substrates, accurate
qualitative comparisons between cell lines is possible with the
MCB technique and may provide important information with
regard to tumor GSH heterogeneity. Finally, the differences in
MCB conjugation between human and hamster cell lines em
phasizes, in general, that isozyme differences between species
could radically affect drug metabolism and that these differ
ences should be carefully studied when drug toxicity studies are
extrapolated from animals to human patients.
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