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Enzymatic conjugation of chlorambucil with glutathione by human glutathione
S-transferases and inhibition by ethacrynic acid
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Chlorambucil (CMB™) is a clinically important alkylating
agent employed in the treatment of a number of neoplastic
diseases including chronic lymphocytic leukemia. The
effectiveness of this and other anticancer agents can be
limited by the development of tumor cell resistance. Several
mechanisms have been postulated for the alkylator-
resistance phenotype, including impaired cellular uptake
of drug [1], altered levels of glutathione (GSH) [2}, and
elevations of glutathione S-transferase (GST) [3-5].
GSTs are a structurally and functionally heterogeneous
family of enzymes that conjugate GSH to diverse
electrophiles [6, 7]. It has been suggested that the increased
expression of particular classes or individual subunits of
GSTs confers resistance by detoxifying drug substrates [3—
5,8-10]. Early studies revealed overexpression of GST
class & in association with alkylator resistance {4.8, 11].
whereas Adriamycin resistance was accompanied by
increased expression of GST class x [10, 12]. By contrast,
all three GST classes (a. u and x) were elevated in
preneoplastic liver foci induced by in vivo treatment with
alkylating agents [13]. Recently, where Nakagawa et al.
[14] and Moscow et al. [15] did not find protection against
CMB treatment with 7 cDNA transfection into cultured
cells, both Black er al. [16] and Puchalski and Fahl [17]
noted that transfection of either « or 1 cDNAs into yeast
or mammalian cells, respectively, could confer low
levels of resistance to CMB. Further complications for
interpretation are provided by studies on transfection of
human GSTa ¢cDNA into MCF-7 human breast cancer cells
that failed to give resistance against these drugs [18].
Overall, these findings suggest that at least in some cells
involvement of a class GSTs in alkylator resistance is
relevant. The common finding of overexpression of GSTx
in human tumors (6, 7] lends itself to the still unanswered
question as to whether this GST plays a direct role in
metabolizing alkylating agents. To sort out differences in
functional capacity (detoxification ability) that also
determine resistance or sensitivity, we explored which of
these two GST classes most efficiently catalyzes the
conjugation of CMB to GSH. Kinetic analyses suggest that
purified human liver GSTa catalyzes this reaction more
efficiently (Vp../K,) than does purified human ovarian
GSTx. Ethacrynic acid (EA), a substrate and inhibitor of

* Abbreviations: CMB, chlorambucil (4[bis(2-chlor-
ethyl)amino]benzene butanoic acid); GS-CMB,
monochloromonoglutathionyl CMB; EA, ethacrynic acid
([2,3 - dichloro - 4 - (2 - methylene - butyryl)phenoxylacetic
acid); GSH, reduced glutathione (y-glutamyl-cysteinyl-
glycine); GST, glutathione S-transferase (EC2.5.1.18),
CDNB, 1-chloro-2,4-dinitrobenzene; IEF, isoelectric focus-
ing; and SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.
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GST function that is currently under clinical investigation
for use in combination with alkylating agents.t potently
inhibited the reaction catalyzed by the GSTa enzyme.

Methods and Results

Affinity and chromatofocusing HPLC purification of
human liver GSTa and human ovarian GSTx. Tissue
samples were obtained at the time of surgical resection and
were stored at —80° prior to use. Liver tissue from an adult
female human was minced and homogenized in 2-3 vol. of
10mM Tris-HCI, pH 7.8 (Buffer A) using a polytron
homogenizer. Ovarian tumor tissue pooled from twelve
humans was treated similarly. Liver and ovarian cytosol
was prepared from homogenate by differential centrifu-
gation, and GST enzymes were isolated by HPLC using a
glutathione affinity column as described previously [19, 20].
Pooled fractions from respective tissues were concentrated
and dialyzed against Buffer A and separated into the three
GST classes (a, p and ) by HPLC chromatofocusing.
Aliquots (2.5 to 5 mg) were adjusted to pH 9.3 with 25 mM
triethylamine (liver) or to pH 7.0 with 25 mM bis-Tris
buffer (liver and ovarian) and applied to a mono PHR 5/
20 chromatofocusing column (Pharmacia Fine Chemicals,
Uppsala, Sweden). pH gradients were run from 9.3-7.0
and 7.0-4.0 using appropriate combinations of Pharmalyte
with Polybuffer 96 or Polybuffer 74 (Pharmacia) [20]. The
I-mL fractions were monitored for protein at 280 nm and
for GST activity using 1-chloro-2,4-dinitrobenzene (CDNB)
as substrate. Pooled fractions were analyzed for elec-
trophoretic and GST class homogeneity by isoelectric
focusing (IEF), sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and immunoblotting
procedures [20].

Four peaks from liver and four peaks from ovarian
purified GST samples were resolved by chromatofocusing.
Proteins in pools I-11I from liver were recognized only by
antibodies raised against GSTa protein and, as a class,
were electrophoretically homogeneous (immunoblotting
and silver staining, data not shown; and IEF, Fig. 1). Also.
electrophoretic resolution (SDS-PAGE) and immuno-
detection of pool IV from ovarian tissue revealed GST
class homogeneity and recognition only by antibodies raised
against GSTx. For subsequent experiments, only pools I-
IIT from liver and pool IV from ovarian tissue were
employed. Since yields for GSTu from the liver were very
low, this GST class was not used for further study. It is
known that different GST forms may arise from dimeric
combinations of structurally distinct subunits [21]. GSTx
subunits are also subject to glycosylation which may affect
pl values [22]. Approximately consistent with pI values
reported by other investigators for GSTs from normal liver
tissue [21, 23] and for GSTs from ovarian tumor tissue,}
pl values (Fig. 1) determined for liver samples were: I,
9.1; II, 8.8; and III containing two subunits, 8.3 and 7.9.
Both proteins from pool III were immunoreactive with
anti-Ya («) antibodies, as determined by two-dimensional
IEF and gel electrophoresis (data not shown). pl values
determined for the mixture of ovarian s subunits or forms
were 4.68 (most enriched), 4.75 and 4.81. Using CDNB as
substrate, specific activities of these GST preparations were
(umol-min™"-mg™): liver, pool L. 18.1: pool II, 17.3; pool
II1, 19.6; ovarian, pool IV, 67.0.
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Fig. 1. One-dimensional IEF analysis of GST purified from adult human liver and adult human ovarian

tumors. Protein per sample: 2.5 ug. Panel A (pH gradient 3.0-10.0): lanes 1 and 5, pI standards

(Sigma), 3.6, 4.6, 5.1, 5.9, 6.6, 6.8, 7.2, 8.4, 8.6 and 9.3; lanes 2 and 3: human liver GSTa, pools I

and II; and lane 4, human ovarian GSTx, pool IV. Panel B: (pH gradient 6.5-9.0): lane 1, human

liver GSTa, pool III; and lane 2, pI standards 6.6, 6.8, 7.2, 8.4, 8.6 and 9.3. Gel conditions: 1% IEF

agarose (Pharmacia), 12% sorbitol, 6.3% ampholines (Pharmacia); run at 15 W, 1500V for 1.5 hr;
stained with Coomassie Blue

Incubations with purified GST and CMB. Reaction
mixtures consisted of 100 ug/mL purified GST, 1 mM GSH
(Sigma, St. Louis, MO), in 0.1 M potassium phosphate
buffer, pH 6.5. After a2-min preincubation at 37°, reactions
were initiated by the addition of CMB (Sigma) in acetone
solution and were permitted to run for 2.5 min. Reactions
were stopped by the addition of 50 uL of concentrated
perchloric acid/mL. When used, EA was added 30 sec
before CMB. pH 6.5 was chosen because it permitted
more sensitive differentiation between enzymatic and
nonenzymatic contributions to monochloromonogluta-
thionyl chlorambucil (GS-CMB) (structural identity, Ref.
20 and 24) conjugation. Test reactions (nmol GS-CMB
metabolite/min/0.1 mg protein = SD) run at pH7.0
(0.74 £ 0.06) and pH7.4 (0.85+0.11) with 100uM
CMB showed the enzymatic contributions to GS-CMB
conjugation to be approximately equivalent to reactions at
pH 6.5 (0.83 £ 0.12). Less than 10% of parent CMB was
used in any given reaction. Production of the GS-CMB
metabolite was found to be linear with time up to 2.5 min
and was quantified by HPLC as described [21] with two
modifications in the use of the mobile phase. The pH of
the 0.1 M ammonium acetate buffer was 5.0 and, for kinetic
studies without EA, a linear gradient of 30-90% methanol
over 15 min was employed.

Figure 2 illustrates the total, nonenzymatic (spontaneous)
and enzymatic (GSTw pool II) rates of formation of the
GS-CMB metabolite with increasing CMB concentrations.
The enzymatic rate was calculated by subtracting the
spontaneous rate (without enzyme) from the total rate
(with enzyme). The total and spontaneous rates of
formation continued to increase linearly above 50 uM

CMB, whereas the enzymatic contribution was saturable.
To characterize functional similarities among GST classes
and between human GSTa and mouse GSTa forms, kinetic
analyses of the dependence of GS-CMB formation on CMB
concentration were undertaken. Kinetic parameters
calculated from double-reciprocal plots and regression
analysis are listed in Table 1. All GST samples displayed
approximately similar V,, values with human liver GSTa
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Fig. 2. Total (@), nonenzymatic (W) and enzymatic (#)
rates of GS-CMB formation with increasing CMB
concentration. Human liver GSTa pool II (£ 100 ug/mL)
was incubated in 0.1 M potassium phosphate (pH 6.5) with
ImM GSH and 12.5, 25, 50, 100 or 200 uM CMB for
2.5 min at 37° as described in Materials and Results. Each
point is the mean (+ SD) of assays performed in triplicate.
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Table 1. Apparent kinetic constants for human and mouse GST-catalyzed formation of
monochloromonoglutathionyl CMB metabolite.

V max K., Efficiency

Sample Pool (nmol/min/0.1 mg) (uM) (Vimax/ Kon)
Human liver GSTa 1 0.8 19 0.042
I 1.9 150 0.013
I 34 220 0.016
Mouse liver GSTa I 1.0 38 0.026
Human ovarian GSTx v 1.6 830 0.002

Enzymatic assays were performed in duplicate (mouse GSTa and human ovarian s} or
triplicate as described in the legend to Fig. 2 with minor differences {additional, higher
concentrations of CMB were used for pools II and III (400 uM) and pool IV (400 and
600 uM)]. Kinetic parameters were calculated by linear regression analysis.

pool III being the highest. Apparent K, values ranged
from 19 uM (GSTe, pool I) to 830 uM (GSTx, pool IV).
Although the apparent K, values of GSTa« pools II and
III were higher than that of pool I, the efficiency values
were approximately similar among the three. Human
ovarian GSTx was the least efficient (V. /K., by 6-fold)
catalyst of this reaction despite a K, value that was only
four times that of GSTa pool HI. The diuretic EA has
been reported to cause maximal competitive inhibition of
GSTa-catalyzed conjugation of GSH to CDNB [25]. The
data listed in Table 2 show that it is a potent inhibitor of
the in vitro enzymatic (GSTa) formation of the GS-CMB
metabolite. The ability of EA to inhibit GST activity at
low concentrations in vitro is consistent with its ability to
sensitize resistant cell lines from both human and rat to
CMB [26] and to sensitize human tumor xenografts to
melphalan [27].

Discussion

Acquired resistance to alkylating agents is frequently
associated with overexpression of GST isozymes. For this
relationship to be relevant as a cause of resistance, it is
necessary to show that drugs such as CMB are substrates
for these isozymes. We have shown previously that CMB
is metabolized by mouse GSTs [20]. It should be noted
that the cyclic aziridinium ion intermediate derived from
the parent mustard is likely to be the true substrate [20].
Melphalan metabolism both by purified mouse liver
cytosolic GSTa isozymes (but not GS8Tu and GSTxn
isozymes) [28] and by Sepharose-bound monkey liver

Table 2. Ethacrynic acid inhibition of human liver GSTa-
catalyzed formation of GS-CMB

GS-CMB
(nmol/min/0.1 mg protein)
EA
(uM) 25 uM CMB 100 uM CMB
0 0.46 1.05
2.0 0.13 0.52
5.0 0.06 0.36
7.5 0.02 0.07

Analyses were performed in duplicate as described in
Materials and Results and in Ref. 20.

* To whom correspondence should be addressed.

cytosolic protein containing GSTs [29] has been reported.
However, metabolism studies on enzymes from other
species cannot be extrapolated so readily to humans since
markedly different substrate specificities have been
observed with only a small number of amino acid
substitutions [30], a phenomenon that in theory can occur
with GSTs of the same class from different species [31].
Our results confirm that human GSTa, and to a lesser
extent GSTw, can enhance the conjugation of CMB to
GSH. Despite some differences in amino acid composition,
the kinetics of metabolite production by GST« from mouse
and human liver were similar. Although the maximal rates
of catalysis were not high, the sharp slope of the
concentration-response curve for alkylating agents predi-
cates that the 2-fold enhancement of detoxification could
have a significant impact on cell survival following
CMB treatment. Similarly, the concentration-dependent
inhibition of catalysis by EA (at concentrations which
approximate clinically achievable serum values) supports
the rationale for use of EA in conjunction with alkylating
agents for treatment of certain cancers,

PauL I. Craccio*
KENNETH D. TEW
FrAaNK P. LACRETA

Department of Pharmacology
Fox Chase Cancer Center
Philadelphia

PA 19111, U.S.A.
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