
Inhibition of Glutathione S-Transferase in Rat Hepatocytes by a
Glycine-Tetrazole Modified S-Alkyl–GSH Analogue

Danny Burg,a,* Liesbeth Hameetman,a Dmitri V. Filippov,b Gijs A. van der Marelb

and Gerard J. Muldera

aDivision of Toxicology, Leiden/Amsterdam Center for Drug Research, Leiden University, PO Box 9502, 2300RA,
Leiden, The Netherlands

bDivision of Bio-Organic Synthesis, Leiden Institute of Chemistry, Leiden University, PO Box 9502, 2300RA, Leiden, The Netherlands

Received 26 November 2001; revised 19 February 2002; accepted 12 April 2002

Abstract—Glutathione (GSH) conjugates inhibit enzymes that are involved in drug metabolism and drug resistance, but their cel-
lular uptake is very low. To improve membrane-permeability, we synthesized a novel GSH-conjugate analogue with a tetrazole
carboxylate isostere at the glycine position. Introduction of the tetrazole decreases inhibitory potency towards CDNB conjugation
by glutathione S-transferase. However, the tetrazole derivative inhibited 2-bromoisovalerylurea conjugation in rat liver cytosol, as
well as in hepatocytes. # 2002 Elsevier Science Ltd. All rights reserved.

Conjugation to the ubiquitous tripeptide glutathione
(GSH, l-g-glutamyl-l-cysteinyl-glycine) protects cells
against many potentially harmful electrophiles. This
reaction is catalyzed by glutathione S-transferase
(GST).1,2 Overexpression of certain GST-isoenzymes in
tumor cells contributes to resistance against cytostatic
drugs.3,4 Thus, effort has been put into the development
of GST inhibitors.

GSH-conjugates are often good inhibitors of GST in
vitro. For several years we have synthesized analogues
of S-alkylated GSH, to be used as GST inhibitors. This
resulted, for instance, in compound III, R-sHep, which
is an in vivo inhibitor of rat liver cytosolic GSTs, with
preference towards alpha class GSTs.5�10 Recently we
also synthesized a series of novel peptide bond modified
GSH-conjugate analogues which inhibited rat and
human GST isoenzymes, and were stabilized towards
g-glutamyl transpeptidase, the main enzyme involved in
breakdown of GSH-conjugates.11

GSH-conjugates are very hydrophilic: binding to the
active site in GST is dictated by electrostatic enzyme–
substrate interactions.12 Thus, the terminal acidic
groups in GSH-conjugates are important for binding to
GST; the glutamyl carboxylic acid is absolutely required

for binding, while at the glycine carboxylate position
more variation is allowed.13 Because GSH-conjugates
are highly charged, they cannot readily enter cells. To
improve cellular uptake, esterification of the terminal
carboxylic acid groups is required.14,15 Intracellularly,
these esters are hydrolyzed by esterases, thereby liberat-
ing the active inhibitor. Esterification at the glycine moiety
sufficiently improves uptake, although di-esterification is
even more effective.16

Another method to improve the cellular uptake is to
replace the carboxylic acid by a biomimetic group. Pos-
sible carboxylate isosteres include sulfonamides, sulfo-
nates, phosphates and tetrazoles.17 Sulfonates and
phosphates are even more hydrophilic than the
carboxylate and, therefore, cannot be used to improve
cellular uptake. The tetrazole is a carboxylate isostere,
which has been used frequently within different classes
of medicinal agents.18�20 Being 10-fold more lipophilic
than the carboxylate, while having similar acidity,21 it
seemed an attractive option for improving the cellular
uptake of GSH analogues. Therefore, we synthesized a
novel GSH analogue that contains this tetrazole isostere
instead of the glycine carboxylic acid (Fig. 1, Tet-sHep).
To test the ability of this compound to inhibit GST, the
sulphydryl function was derivatized with an alkyl chain,
which interacts with the hydrophobic binding site (H-
site) of GST. The 2-heptyl group was used in our
previous inhibitor R-sHep (III), and provided this
compound with selectivity towards alpha class GSTs.
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The synthesis of R-sHep and Et-R-sHep has previously
been described, and is based on the replacement of the
cysteinyl-glycine moiety by d-2-aminoadipic acid.8 The
preparation of GSH derivatives GS-sHep and Et-GS-
sHep (I) is outlined in Scheme 1. Glutathione (reduced
form) was conjugated to 2-bromo-heptane, using KI
and 12-crown-4 as catalysts for the otherwise slow cou-
pling of the relatively unreactive secondary bromoalk-
ane. After removal of excess bromoalkane by extraction
of the aqueous layer with ethyl acetate, the alkylated
product, GS-sHep, was collected in 65% yield by crys-
tallization from slightly acidified (pH 3) water. The
product was homogeneous on TLC and the identity was
confirmed by 1H NMR and LC–MS analysis. The
monoethylester was then prepared by reaction with
TMSCl in dry ethanol22 and subsequently purified by
Sephadex LH20 gelfiltration. LC–MS analysis
confirmed the identity of monoethyl ester Ib.

Tet-sHep was constructed by standard peptide synthesis
methods from the tetrazoyl-analogue of glycine
(Scheme 2), which was synthesized by a method adapted
from Duncia et al.23 First, 3-amino-propionitrile
(fumarate salt) was condensed with the, in situ formed,
N-hydroxysuccinimide active ester of Boc-glycine-OH
to obtain 1. Efficient formation of tetrazole 2 was
achieved by treatment with triphenylphosphine (Ph3P)/

diethylazodicarboxylate (DEAD) in the presence of
azotrimethylsilane (TMSN3).

20,23 This Mitsunobu-type
reaction involves the formation of a strong P–O bond
between Ph3P and the oxygen of the secondary amide.
Replacement of the Ph3O-molecule with the azide anion
forms an intermediate iminoyl-azide that tautomerizes
to the tetrazole.23 After Boc removal (!3), coupling to
Fmoc-Cys(Acm)-OH using BOP/DiPEA yielded dipep-
tide 4. By carefully controlling the Fmoc deprotection
with DBU, compound 5 was obtained without cleavage
of the cyanoethyl protecting group. The fully protected
tetrazole analogue of GSH, 6, was then obtained by
condensation with Boc-Glu(OH)-OtBu. After removal
of the Acm thiol protective group with I2 in dry metha-
nol,24,25 the symmetrical disulfide 7 was reduced using
tri-n-butylphosphine and subsequently alkylated with
2-bromo-heptane (!8).

Removal of the 2-cyanoethyl tetrazole protective group
was achieved by treatment with excess DBU.23

Tet-sHep (II) was then obtained after acidolytic clea-
vage of the remaining Boc and tBu groups. After
purification by LH20 gelfiltration, 1H NMR and LC–
MS analysis confirmed the identity of the tetrazoyl
derivative. Purity was >90%, as determined by TLC
and HPLC (UV detection at 214 and 254 nm).

Figure 1. Structures of 2-heptyl derivatized GSH analogues.

Scheme 1. Synthesis of GS-sHep (Ia) and Et-GS-sHep (Ib): (i) 2-bro-
moheptane (10 equiv), KI (2 equiv), 12-crown-4 (0.5 equiv) in H2O/
EtOH (2:1, v/v), 60 �C, argon atm, 24 h, 65%; (ii) TMSCl, EtOH, 16 h,
85%.

Scheme 2. Synthesis of the tetrazoyl isostere Tet-sHep: (i) 1, Ph3P (2.5 equiv), DEAD (2.5 equiv), TMSN3 (2.5 equiv), 0 �C, 16 h, 55%; (ii) TFA/
DCM (1:1, v/v), quant; (iii) 3, Fmoc-Cys(Acm)-OH (1.2 equiv), BOP (1.2 equiv), DiPEA (1 equiv), 0 �C, 30min, 70%; (iv) DBU (1 equiv), DCM,
quant; (v) 5, Boc-Glu(OH)-OtBu, BOP (1.2 equiv), DiPEA (1 equiv), DMF, 0 �C, 30min, 55%; (vi) I2 (2.5 equiv), MeOH, 80%; (vii) (n-butyl)3P
(1 equiv), nPrOH/H2O (3:1, v/v), 1 h; (viii) 2-bromoheptane (10 equiv), 12-crown-4 (0.5 equiv), KI (1 equiv), 60 �C, 16 h, 70% (two steps); (ix) DBU
(7 equiv), DCM, 6 h; (x) TFA/H2O (98:2, v/v), 90% (two steps).
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GS-sHep and Tet-sHep were evaluated for their GST-
inhibitory properties. We have previously described the
inhibition of rat hepatic GST isoenzymes by R-sHep
and Et-R-sHep.15 These compounds are potent inhibi-
tors of alpha-class, and to lesser extent mu-class GSTs
in vitro as well as in vivo. GST inhibition by the novel
compounds was determined according to Habig et al.26

Chlorodinitrobenzene (CDNB) was used as substrate
because it is a good substrate for almost all GST
isoenzymes.

Rat liver cytosol (S100) is a mixture of mainly alpha and
mu-class GSTs. GS-sHep is a potent inhibitor of CDNB
conjugation by rat liver cytosolic GSTs (Fig. 2). Inhibi-
tion reaches a plateau at higher inhibitor concentra-
tions, which indicates that some GST isoenzymes
present in S100 are not inhibited. Tet-sHep is a less
potent inhibitor of cytosolic GSTs than GS-sHep when
CDNB is used as substrate.

The lower inhibition of S100-GSTs by Tet-sHep may
result from different isoenzyme selectivity as compared
to GS-sHep. Selectivity of the inhibitors was, therefore,
evaluated with purified alpha and mu class GST

isoenzymes (Table 1). Both compounds show the same
inhibition pattern: GST2–2 (alpha), 3–3 and 4–4 (both
mu-class) were inhibited to the same extent, while
GST1–1 is inhibited less. For all isoenzymes, Tet-sHep
is a less efficient inhibitor than GS-sHep.

Evaluation of isoenzyme selectivity of the inhibitors in
intact hepatocytes is not possible using CDNB. We
therefore used 2-bromoisovalerylurea (BIU), which has
been used in the rat in vivo to study GSH conjugation.27

The S-enantiomer (S-BIU) is preferentially conjugated
by alpha class GST1–1 and 2–2, while mu class GST3–3
and 4–4 are stereoselective towards R-BIU.28 Back-
ground (non-GST mediated) GSH conjugation of this
substrate is very low (less than 5%). Formation of the
GSH-conjugates (R)-IU-G and (S)-IU-G, products of
S-BIU and R-BIU respectively, was followed by HPLC
with electrochemical detection as previously described.15

In contrast to their effects on CDNB conjugation, GS-
sHep and Tet-sHep inhibited GST Mu mediated con-
jugation of (R)-BIU in rat liver cytosol equally well
(Fig. 3). This discrepancy in inhibition patterns when
using various substrates has been noted before and may
result from different binding modes of the acceptor
substrates.15

Because both compounds inhibited GST activity in
cytosol equally well, we also investigated GST inhibi-
tion in intact freshly isolated rat hepatocytes (Fig. 4).
GS-sHep (Ia) and Et-R-sHep (IIIb) were used as ‘refer-
ence’ compounds. As expected, Ia was a poor inhibitor,
presumably due to its low cellular uptake. Et-R-sHep
showed preference towards alpha-class GSTs, because it
only inhibited (S)-BIU conjugation. Et-GS-sHep was
also a better inhibitor of alpha than of mu class GSTs.
Interestingly, selectivity of Tet-sHep shifted slightly
towards mu-class GSTs. Tet-sHep is a less efficient GST
inhibitor in hepatocytes than Et-R-sHep.

Table 1. Inhibition of isolated rat GST isoenzymes

% GST inhibition (�SD)

GST1–1 GST2–2 GST3–3 GST4–4

GS-sHep 53�8 98�5 95�4 91�10
Tet-sHep 16�7 53�12 65�6 59�20

Individual purified isoenzymes were supplied by Prof. Dr. P. van Bla-
deren. Each isoenzyme (20–50nM) was incubated in 0.1M potassium
phosphate buffer pH 6.5, containing 0.1mM EDTA, 1mM GSH and
50mM inhibitor at 37 �C. Reaction was initiated by addition of 1mM
CDNB in ethanol (maximal EtOH concentration=2%). Formation of
GS-DNB was followed by UV absorbance at 340 nm. Initial reaction
rates were corrected for non-enzymatic conjugation. Values are given
as percentage inhibition (�SD) compared to the non-inhibited reac-
tion rate.

Figure 2. Inhibition of CDNB glutathione conjugation in rat liver
cytosol (S100). Cytosol (S100 fraction) was prepared as described
previously.8 Cytosolic GSTs (15 mg total protein/mL) were incubated
at 37 �C in 0.1M potassium phosphate buffer pH 6.5, supplemented
with 1mM GSH, 0.1mM EDTA and the appropriate amount of
inhibitor. Reaction was initiated by addition of CDNB. Formation of
GS-DNB was followed by UV absorbance at 340 nm. Initial reaction
rates were corrected for non-enzymatic CDNB conjugation. Inhibition
is given as percentage (�SD) of the non-inhibited reaction. �: GS-
sHep *: Tet-sHep.

Figure 3. Inhibition of (R)-BIU conjugation in rat liver cytosol. (R)-
BIU (250mM, final volume 1mL) was added to a solution of cytosol
(10mg protein/mL) in potassium phosphate buffer pH 7.4, supple-
mented with 1mM GSH and 50 mM inhibitor. At appropriate time-
points a sample (100mL) was taken and added to 300mL ice-cold
HPLC buffer, containing 60% methanol. Samples were analyzed by
HPLC on an Inertsil ODS 2 column [(2 � 10 cm) � 0.3 cm, Chrom-
pack, The Netherlands]. HPLC buffer consisted of 0.1M NaNO3,
0.01M KBr, 0.01M citric acid, 0.1mM EDTA, and 0.1mM 1-decane-
sulfonic acid. Thioethers were quantified by online bromine-genera-
tion and subsequent electrochemical detection as previously descri-
bed.15 &: No Inhibitor, *: GS-sHep, �: Tet-sHep. Shown are mean
values, �SD, determined in three separate experiments.
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In conclusion: we synthesized a novel S-alkyl-GSH
analogue with a tetrazole as glycine carboxylic acid iso-
stere. This compound was a less efficient inhibitor of rat
liver cytosolic GST isoenzymes than its parent GSH
analogue when CDNB was used as substrate. Using
(R)-BIU, both compounds were equipotent. In intact
hepatocytes, the tetrazole inhibited GST activity less
than the esterified GSH analogue; because these com-
pounds were equally inhibitory in cytosol, this suggests
that Tet-sHep may be less taken up by cells. The neutral
ester moiety is more lipophilic than the charged tetra-
zole. The introduction of a tetrazole moiety into the
GSH backbone will improve the cellular permeability.
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Figure 4. Inhibition of GST activity in rat hepatocytes. Fresh hepato-
cytes were isolated by collegenase perfusion, as described by Nagel-
kerke et al.29 Hepatocytes (8�106 cells/ mL) in Hanks/HEPES buffer
pH 7.4, containing 1% BSA, were preincubated with l-methionine at
37 �C for 30min to stimulate GSH synthesis. Inhibitor and (R)- or (S)-
BIU (250mM) dissolved in DMSO (max. DMSO concentration 0.5%)
were added, after which the suspension was incubated at 37 �C for 3 h.
A sample (250mL) was taken and added to 500mL ice-cold HPLC
buffer, containing 60% methanol. Precipitated protein was removed
by centrifugation and the supernatant subsequently analyzed by
HPLC as previously described.15 Cell viability was always above 85%,
as determined by trypan blue exclusion.
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