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a b s t r a c t

Glutathione S-transferase p (GST, E.C.2.5.1.18) overexpression contributes to resistance of

cancer cells towards cytostatic drugs. Furthermore, GSTp is involved in the cellular stress

response through inhibition of Jun N-terminal-kinase (JNK), a process that can be modulated

by GST inhibitors. GSH conjugates are potent GST inhibitors, but are sensitive towards g-

glutamyltranspeptidase (gGT)-mediated breakdown. In search for new peptidase stable GST

inhibitors we employed the following strategy: (1) selection of a suitable (GST inhibiting)

peptide-bond isostere from a series of previously synthesized gGT stabilized GSH-analogs.

(2) The use of this peptidomimetic strategy to prepare a GSTp selective inhibitor. Two gGT

stable GSH conjugate analogs inhibited human GSTs, although non-selectively. One of

these, a urethane-type peptide-bond is well accepted by GSTs and we selected this mod-

ification for the development of a gGT stable, GSTp selective inhibitor, UrPhg-Et2. This

compound displayed selectivity for GSTp compared to a and m class enzymes. Furthermore,

the inhibitor reversed GSTp-mediated drug resistance (MDR) in breast tumor cells. In

addition, short-term exposure of cells to UrPhg-Et2 led to GSTp oligomerization and JNK

activation, suggesting that it activates the JNK-cJun signaling module through GSTp dis-

sociation. Altogether, we show the successful use of peptidomimetic glutathione conjugate

analogs as GST inhibitors and MDR-modifiers. As many MDR related enzymes, such as

MRP1, glyoxalase 1 and DNA-pk are also inhibited by GSH conjugates, these peptidomimetic

compounds can be used as scaffolds for the development of multi-target MDR drugs.

# 2005 Elsevier Inc. All rights reserved.
1. Introduction

Glutathione S-transferases (GSTs, E.C.2.5.1.18) play a pivotal

role in the protection of cells from injury by toxic chemicals

[1–4]. GSTs conjugate xenobiotic or endogenously formed

electrophiles with the abundant tripeptide glutathione (g-L-

glutamyl-L-cysteinyl-glycine, GSH). The mammalian GST

family consists of eight distinct classes of cytosolic/mitochon-

drial and four classes of membrane-bound (microsomal,
nl (B. van de Water).
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MAPEG) GST isoenzymes [5,6], which have different, but

partially overlapping substrate specificity towards electro-

philic substrates. Overexpression of a, m and p class cytosolic

GSTs has been associated with resistance of tumor tissues to

cytostatic drugs [7], although various studies have shown that

GST overexpression by itself is not sufficient to generate a

multidrug resistant phenotype. Increased efflux of the formed

GSH conjugates by overexpression of multidrug resistance

associated protein (MRP1) is often also required [8]. GST is
.
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thought to protect by direct detoxification of electrophilic

species, or by inactivation of reactive intermediates formed

during treatment with cytotoxic agents [9,10]. Furthermore,

GSTs were shown to regulate stress-activated signal transduc-

tion pathways: cJun NH2-terminal kinase (JNK/SAPK), which

plays a crucial role in both cell-survival and death pathways, is

partly regulated by protein–protein interactions with GSTp

[10,11]. Similar functions in regulating stress-activated signal-

ing kinases have also been reported for other GST family

members. GSTm, for example, mediates the activity of Ask1

and MEKK1 [12,13], two upstream components of the JNK/

SAPK signaling pathway. GSTv, in addition, regulates ryano-

dine receptors, which are main regulators of calcium home-

ostasis [12]. As ryanodine receptor mediated release of Ca2+

from internal stores precedes many crucial cellular processes,

GSTv may also have a regulatory function.

Altogether, these findings show that GST inhibitors,

besides their ability to modulate GST-mediated GSH-conjuga-

tion, can also influence cell signaling processes [14]. The use of

such compounds is illustrated by TLK199, an isoenzyme

selective GSTp inhibitor that is able to increase the cytostatic

effect of anti-cancer agents [15]. In addition, TLK199 initiates a

signal transduction cascade by dissociating GSTp from JNK,

which subsequently phosphorylates its downstream target

cJun [10]. In vivo, this process leads to increased myelopro-

liferation, which is currently being explored in a clinical

setting. These studies emphasize the importance of GST

inhibitors as pharmacological manipulators of signaling

cascades.

GSH conjugates are commonly good inhibitors of GSTs in

vitro [16–18]. Although the g-glutamyl-cysteine peptide-bond

renders them resistant to most a-peptidases, GSH conjugates

are rapidly degraded by g-glutamyl transpeptidase (gGT) [19].

Cleavage by this enzyme, which has particularly high activity

in the kidney, precludes the use of GSH conjugates in vivo [20].

Recently, we synthesized a series of novel peptidomimetic

GSH conjugate analogs (Fig. 1) [21], some of which were

stabilized towards gGT-mediated breakdown. These GSH-

isosteres were conjugated to ethacrynic acid [22,23], thus

enabling us to evaluate the effect of peptide-backbone

modification on GST inhibition. Initial studies indicated that

these compounds inhibit GST activity in the rat liver S100

fraction, a mixture of mainly a and m class GSTs [21]. As GSH

conjugates are also good MRP1 inhibitors, our series of GS-EA

analogs was also tested for MRP1 inhibition. We showed that

our new peptidomimetics modulate resistance towards

methotrexate in MRP1 overexpressing ovarian carcinoma

cells [24]. In the current report, we characterize the GST

inhibition by peptidomimetic GS-EA analogs on human GST

isoenzymes to find a peptide-bond mimetic that is compatible

with GST inhibition. We selected a urethane-type peptide-

bond isostere for the design of a novel GSTp inhibitor, UrPhg

and its cell permeable diethyl ester derivative, UrPhg-Et2. We

find that the novel compound increases sensitivity of mam-

mary carcinoma cells towards cytostatics. In addition, UrPhg-

Et2 initiates a JNK-mediated signal transduction cascade,

leading to phosphorylation of the transcription factor cJun.

Altogether, the data indicate that peptide-bond modified GSH

conjugates can be used to modulate various cellular processes,

such as GSTp-mediated MDR and MAP-kinase signaling.
2. Materials and methods

2.1. Materials

Recombinant human GST isoenzymes A1-1, M1-1 and P1-1

were purchased from PanVera Corporation (Madison, WI,

USA). Cisplatin, thiotepa and doxorubicin were obtained from

Sigma (St. Louis, MO, USA). GST assays were performed in 96-

well plates using a Perkin-Elmer HTS7000 BioAssay Reader

(Perkin-Elmer, Boston, MA, USA). Phospho-state specific anti-

bodies, were obtained from Cell Signaling (Beverly, MA, USA).

2.2. Cell lines

VCREMS and MCF7 human mammary carcinoma cells, were

cultured in DMEM, supplemented with 10% (v/v) fetal calf

serum, 100 U/l penicillin and 100 mg/l streptomycin. MTLn3

rat mammary adenocarcinoma cells were grown in Mem-a,

supplemented with 5% (v/v) fetal calf serum. All cells were

cultured at 37 8C in a humidified 5% CO2 atmosphere.

2.3. Synthesis of GSH conjugate analogs

g-Glutamyl-(S-benzyl)cysteinyl-phenylglycine (gGCP, identi-

cal to TLK199), was synthesized according Lyttle et al. [25]. The

synthesis of peptidomimetic GS-EA analogs was recently

described [21]. Cys(EA)–Gly was synthesized in accordance

with these published methods. Non-esterified, phenylglycine

containing, compounds were obtained by similar methods

described in our original article [21]; deviations from these

protocols are the use of phenylglycine-OtBu, instead of

glycine-OtBu and S-alkylation with benzylbromide, instead

of ethacrynic acid (see Fig. 3A). Synthesis of the diethylester

derivatives was performed using serine ethyl ester, phenyl-

glycine ethyl ester [25] and S-benzylcysteine as building blocks

(Fig. 3B). All compounds were purified by HPLC, using a

separations system (Separations Analytical Instruments,

Hendrik Ido Ambacht, The Netherlands) equipped with a

Supelcosil SPLC-18-DB semi-preparative column and UV-

detection (Waters 490 detector) at 254 nm. A linear gradient

(10–95%) acetonitrile in H2O/0.1% TFA was used to purify end

products. All tested compounds were >95% pure, as deter-

mined by HPLC (column: Alltech Platinum C18, Alltech, Breda,

The Netherlands, UV detection at 210/254 nm) and LC–MS

(Alltech Platinum C18 column, Perkin-Elmer Sciex API 165

mass spectrometer).

2.4. Inhibition of recombinant GST isoenzymes

GST inhibition assays were performed according to Habig et al.

[26], modified for a 96-wells plate-reader. Recombinant GSTs

(10–20 ng/ml) were incubated with or without inhibitor in the

presence of 1 mM GSH at 37 8C in 0.1 M potassium phosphate

buffer pH 6.5, containing 1 mM EDTA. For the determination of

IC50 values, six different inhibitor concentrations were tested

(range 1–500 mM, depending on inhibitor efficacy). The reac-

tion was initiated by addition of 1-chloro-2,4-dinitrobenzene

(CDNB) in ethanol (final concentration 1 mM, 2% ethanol in

assay mix), after which the formation of GS-DNB was

spectrophotometrically monitored at 340 nm. Reaction rates
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Fig. 1 – Peptide-bond modified GSH conjugate analogs. Deviations from the GSH-backbone are indicated in bold.
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Table 1 – Inhibition of human GST isoenzymes by GS-EA
mimics

Inhibitor IC50 (mM)

GSTA1-1 GSTM1-1 GSTP1-1

GS-EA 2.3 � 0.1 0.6 � 0.2 4.5 � 0.6

Cys(EA)–Gly >500 >500 >500

Sarc(EA) 4.5 � 0.2 7.6 � 0.7 4.8 � 0.4

MeCys(EA) >500 53 � 8 >500

AmHex(EA) >500 61 � 5 390 � 20

Red(EA) 37 � 3 12 � 2 45 � 2

Ur(EA) 8.5 � 1.4 6.7 � 0.8 28 � 4

Shown are inhibitor concentrations at which half-maximal

enzyme activity was obtained (IC50, mean � S.E.M., n = 4).
were corrected for the non-enzymatic conjugate formation.

IC50 values were obtained by non-linear regression of the

inhibition data. Experiments were performed three times,

using quadruple samples per data point. Kinetic parameters of

GSTA1-1, GSTM1-1 and GSTP1-1 inhibition by GS-EA analogs

were determined at various GSH concentrations (0.1–4 mM)

with constant CDNB (1 mM). Ki values were obtained by the

Km,app method described by Kakkar et al. [27,28]. From the [S]

versus V0 curves, apparent Km and Vmax values were obtained

by non-linear regression (Graphpad Prism, Graphpad Soft-

ware, San Diego, CA, USA). The Ki value was determined by

extrapolation of the linear Km/Vmax versus [inhibitor] graph.

2.5. Immunoblotting

Confluent monolayers of MTln3 cells in 6-well culture dishes

were exposed to UrPhg-Et2 in complete medium at 37 8C. Cells

were then washed, scraped in ice-cold PBS and subsequently

lysed by ultrasonication in cold TSE (10 mM Tris, 250 mM

sucrose, 1 mM EGTA, pH 7.4), containing protease inhibitors

(50 mM Na3VO4, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mM

phenylmethylsulfonylfluoride). For GSTp blotting, non-redu-

cing and non-denaturing conditions were employed to

maintain its original (homodimer) state. (Phospho)JNK, (phos-

pho)Erk, (phospho)P38 and (phospho)cJun blots were sub-

jected to standard Western blotting sample pre-treatment

protocols. Twenty micrograms of total cellular protein was

separated by SDS-polyacrylamide gel electrophoresis and

subsequently transferred to PVDF membrane (Millipore, Bill-

erica, MA, USA). Blots were blocked with 5% BSA in TBS-T

(0.5 M NaCl, 20 mM Tris–HCl, 0.05%, v/v Tween 20; pH 7.4) and

probed for the appropriate proteins. The secondary HRP-

coupled antibody was visualized with ECL reagent (Amersham

Pharmacia Biotech, Piscataway, NJ, USA).

2.6. Antineoplastic drug cytotoxicity assays

MCF7 and VCREMS cells were seeded at 4 � 103 cells/well in 96-

wells polyethylene culture dishes. After overnight attach-

ment, culture medium was replaced by Hanks’ Balanced Salt

Solution (HBSS: 137 mM NaCl, 5 mM KCl, 0.8 mM MgSO4,

0.4 mM Na2PO4, 0.4 mM KH2PO4, 1.3 mM CaCl2, 4 mM NaHCO3,

25 mM HEPES, 5 mM D-glucose; pH 7.4), containing the GST

inhibitor and various concentrations of cytostatic agents (from

freshly prepared DMSO stock solutions, maximal DMSO

concentration in final incubation volume 0.3%, v/v). Experi-

ments were performed three separate times with each point

determined in quadruple. After 4 h at 37 8C, cells were washed

twice with PBS, and subsequently incubated for 72 h in

complete culture medium (in absence of inhibitor). The cells

were then rinsed once with PBS and lysed by repeated freeze–

thaw cycles in 200 ml water, followed by homogenization on a

rotary shaker. Cell proliferation was measured by DNA

content, using Hoechst-33258 staining according to Rago

et al. [29]. In short: 50 ml Hoechst-33258 (20 mg/ml in TNE;

10 mM Tris, 1 mM EDTA, 0.2 M NaCl, pH 7.4) was added to 50 ml

lysate. Stained DNA was measured by spectrofluorometry

(excitation: 360 nm; emission 465 nm). A calibration curve of

calf thymus DNA was used to determine total DNA quantities.

Growth curves were calculated using Graphpad/Prism.
3. Results

3.1. Inhibition of human GSTs

Many alterations to the GSH peptide backbone have been

made, mainly by substitution of the amino acids; modifica-

tions of the internal peptide-bonds have rarely been made [30].

We used peptide-bond surrogates to potentially improve

inhibition characteristics and peptidase stability. To compare

the inhibition of human GST isoenzymes, IC50 values were

obtained for the series of GS-EA analogs (Table 1). IC50 values

could not be determined for Cys(EA)–Gly as hardly any

inhibition was measured at 500 mM, indicating that the g-

Glu portion is critical for binding efficiency. N-Methylation of

the Cys–Gly amide is very well accepted by GSTA1-1 and

GSTP1-1. Interestingly, inhibition of GSTM1-1 is decreased by

this methylation. Contrary to methylation of the Cys–Gly-

bond, N-methylation of the g-glutamyl peptide-bond in

MeCys(EA) is not accepted by these enzymes. Apparently,

the increased steric bulk prevents this compound from

binding to the GST G-site. The increased flexibility and the

loss of H-bonds by omission of the Cys–Gly peptide-bond in

Amh(EA) prevent the compound from binding correctly. The

reduced isostere, Red(EA) has lost some of its activity on the

human GSTs, but is still able to interact with the enzymes. The

urethane derivative Ur(EA) is a fairly good inhibitor of GSTA1-

1, being four-fold less potent than GS-EA.

We next investigated the inhibition characteristics of two

gGT stable compounds, Red(EA) and Ur(EA) in more detail. As

differences in inhibition are presumably a result of altered

binding in the GST G-site, we determined inhibitory constants

towards GSH. As shown by Lineweaver–Burk plots (Fig. 2), the

two compounds inhibit GSTM1-1 and GSTP1-1 competitively;

GSTA1-1 displays a mixed-type inhibition. These data suggest

that the inhibitors compete with GSH for binding the G-site.

Ur(EA) is a more potent inhibitor of the human GST

isoenzymes than the reduced isostere, Red(EA). Both com-

pounds inhibited GSTM1-1 equally well, but Ki values (Table 2)

indicate a reduction in affinity compared to unmodified GSH.

GSTP1-1 required higher concentrations for inhibition.

Altogether, data indicate that the reduced and urethane

peptide-bond isosteres are well accepted by human a, m and p

class GSTs. Red(EA) and Ur(EA) can be regarded as lead

compounds for the development of novel, gGT stabilized GST

inhibitors. As a next step we, therefore, investigated whether
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Fig. 2 – Lineweaver–Burk representation of inhibition of human GSTs by Red(EA) and Ur(EA). Shown are reciprocal enzymatic

velocities (WS.E.M., V in mmol/min/mg protein) vs. 1/[GSH] (mMS1) of GSTA1-1 (A), GSTM1-1 (B) and GSTP1-1 (C) without

inhibitor (- - -), or with Red(EA) (—) or Ur(EA) (– – –). Symbols: (*) no inhibitor; (&) Red(EA) 10 mM; (~) Red(EA) 50 mM; (&) Ur(EA)

12.5 mM; (~) Ur(EA) 25 mM. Insets represent a magnified view of the graph.
the urethane peptide-bond isostere could be used in the design

of a more selective GSTp inhibitor.

3.2. Synthesis and evaluation of a phenylglycine
containing GST inhibitor

To date, the most potent competitive, isoenzyme selective

GSTp inhibitor is TLK199. This compound contains a
Table 2 – Ki values for inhibition of human GST
isoenzymes by GSH conjugate analogs

Inhibitor Ki values (mM)

GSTA1-1 GSTM1-1 GSTP1-1

Red(EA) 16 � 3 6 � 3 22 � 6

Ur(EA) 4 � 2 3 � 1 16 � 7

UrP-Bzl 29 � 4 16 � 2 3 � 2

Ki values (mean � S.E.M., n = 3) were obtained by non-linear

regression of Michaelis–Menten graphs.
phenylglycine moiety that interacts with a hydrophobic

pocket near the GSTp GSH binding site [31]. TLK199 owes its

selectivity to the absence of this lipophilic cavity in other GST

classes. To gain selectivity for GSTp we utilized this moiety,

together with TLK199’s benzyl thioether, to obtain selective

peptidomimetic inhibitors. For the synthesis of the non-

esterified phenylglycine-containing urethane analog, UrPhg,

shown in Fig. 3A, we essentially employed methods analogous

to the synthesis of Ur(EA) [21]. In short, acylation of

BocSerOtBu with bis(4-nitrophenyl)carbonate yields an o-

nitrophenyl building block, which is condensed with

Cys(Acm)–PhgOtBu. After removal of the Acm group, the

benzyl thioether function can be attached at the last synthesis

step, which is useful for screening various thioether moieties.

During synthesis, we observed racemization of the phenyl-

glycine moiety, as was also described for TLK199 [32]; the L-

and D-phenylglycine containing products were separated by

semi-preparative HPLC. Overall purity of the D-phenylglycine

product, the major peak eluting later from the column, was

approximately 90%. The L-phenylglycine product could not be
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Fig. 3 – (A) Synthesis of UrPhg: (I) bis(4-nitrophenyl)carbonate, diisopropylethylamine (DiPEA), dimethylformamide (DMF); (II)

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), dichloromethane (DCM); (III) dioxane, 80 8C; (IV) I2, methanol (MeOH); (V)

trifluoroacetic acid (TFA)/H2O (98:2, v/v); (VI) tri-n-butylphosphine, n-propanol/H2O (3:1, v/v), benzylbromide,

sodiumbicarbonate, EtOH/H2O. (B) Synthesis of UrPhg-Et2: (I) di-tert-butyldicarbonate (Boc2O), triethylamine; (II) bis(4-

nitrophenyl)carbonate, DiPEA, DMF (III) dicyclohexylcarbodiimide (DCC), hydroxybenzotriazole (HOBt), DCM; (IV) TFA/DCM

(3:7); (V) dioxane, 80 8C; (VI) TFA/DCM (3:7).
obtained in acceptable purity. Initial inhibition experiments

indicated that the D-phenylglycine product is a better GSTp

inhibitor than its L-diastereomer (not shown); we only use the

D-product for our inhibition studies. UrPhg competitively

inhibits GSTA1-1, GSTM1-1 and GSTP1-1. Ki values (Table 2)

indicate that inclusion of the phenylglycine moiety indeed

provides selectivity for the p class enzyme. UrPhg is a fairly

potent GST inhibitor, displaying 4–10 fold selectivity for

GSTP1-1 over the m and a class enzymes. Although potent,

UrPhg is a weaker GSTp inhibitor than parent compound

TLK199, for which literature data and our own inhibition data

show a submicromolar (<1 mM) Ki [33].

For cell-based assays, the charged carboxylate residues of

UrPhg have to be shielded by esters, as this dramatically

improves their cellular uptake [34]. Initial attempts to obtain

the diethyl ester derivative of UrPhg, UrPhg-Et2, using SOCl or

TMS-Cl in dry ethanol failed due to the generation of
numerous by-products. Thus, we employed a more direct

method, shown in Fig. 3B, to obtain UrPhg-Et2. Starting from D-

phenylglycine-ethyl ester, S-benzyl cysteine and serine-ethyl

ester, we constructed the diester derivative according to our

published methods [21]. The end-product was purified in good

yield without significant racemization, due to the use of Boc-

protected cysteine instead of Fmoc. We used the diethyl ester

derivative to evaluate the effects of GSTp inhibition on GSTp-

mediated drug resistance in breast tumor cells and on the

MAPK signaling pathways.

3.3. UrPhg-Et2 induces GSTp oligomerization and
MAPkinase signaling

GSTp inhibitors can dissociate the GSTp/JNK complex [10]. In

line with these studies, we investigated whether UrPhg-Et2

induces GSTp oligomerization and activation of JNK signaling
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Fig. 4 – UrPhg-Et2 induces GSTp oligomerization and JNK activation: (A) MTLn3 cells were exposed to 50 mM UrPhg-Et2 (a) or

25 mM gGCP (b) for indicated times. GSTp oligomerization state (upper panel) was determined by Western blotting under

non-denaturing conditions, JNK phosphorylation was analyzed by standard (denaturating) Western blotting. (B) MTLn3

cells were exposed for 4 h to indicated concentrations (in mM) of UrPhg-Et2, after which cell lysates were used for Western

blot analysis. (C) MTLn3 cells were exposed to increasing concentrations of UrPhg-Et2 for 4 h, after which lysates were

analyzed for cJun phosphorylation by Western blot. (D) Densitometric analysis of three separate (phospho)cJun Western

blot experiments. Shown are meanW S.E.M. of the p-cJun/cJun ratio, symbol ‘*’ indicates significant increase compared to

the control (Student t-test, d.f. = 4, p < 0.05)).

Table 3 – Modulation of the cytostatic effect of thiotepa,
cisplatin and doxorubicin by UrPhg-Et2

IC50 (mM)

[UrPhg-Et2]
= 0

[UrPhg-Et2]
= 25

[UrPhg-Et2]
= 50

MCF7

Thiotepa 164 � 26 152 � 11 77 � 8

Cisplatin 34 � 4 17 � 2 8 � 1

Doxorubicin 7 � 3 5 � 0.8 2 � 0.5

VCREMS

Thiotepa 1380 � 170 766 � 59 223 � 29

Cisplatin 115 � 16 93 � 16 23 � 4

Doxorubicin 11 � 1 7 � 0.6 4 � 0.6

Shown are IC50 values (mM, �S.E.M., n = 3).
in MTLn3 cells. Under non-denaturating conditions, GSTp is

predominantly present as non-covalently linked homodimers;

the 46 kDa dimer was therefore the main band (Fig. 4A); this

band also includes covalent GSTp dimers formed by inter-

subunit disulfide bonding of GSTp monomers (Mw 23 kDa).

Additional bands at 21 and 37 kDa were detected, presumably

corresponding to post-translationally modified GSTp [35].

After UrPhg-Et2 exposure, bands at 92 kDa and higher appear,

comprised of four or more GSTp subunits. After 16 h, GSTp

oligomerization is lost. In concordance with GSTp oligomer-

ization, UrPhg-Et2 exposed MTLn3 cells also display a strong

increase in JNK phosphorylation. Phospho-JNK levels return to

base-levels 16 h after exposure. Altogether this shows that

UrPhg-Et2 is able to induce GSTp oligomerization and JNK

activation, albeit transiently.

To assess the effects of short-term exposure to UrPhg-Et2,

we investigated phosphorylation of JNK, Erk and p38 by

immunoblot. Fig. 4B clearly shows that GSTp inhibition

concentration-dependently induces JNK phosphorylation.
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Fig. 5 – UrPhg-Et2 modulates thiotepa cytotoxicity in breast cancer cell lines. Shown are representative dose–response

curves (meanW S.E.M., n = 3) showing inhibition of MCF7 and VCREMS cell growth by thiotepa in the presence or absence of

0 (&), 25 mM (~) or 50 mM (!) UrPhg-Et2. Cells were exposed to thiotepa/UrPhg-Et2 during 4 h and cell proliferation was

determined after 72 h.
This is rather unexpected: although dissociation of mono-

meric GSTp facilitates the kinase function of JNK, its

phosphorylation must be caused by activation of SEK1 or

factors even further upstream in the JNK signaling module.

Activation of MAPK signaling seems restricted to the JNK

pathway; in contrast to JNK, the other MAPK family members

p38 and Erk are not phosporylated in response to UrPhg-Et2.

As shown, GSTp inhibition initiates JNK-mediated signal-

ing. The penultimate event in this cascade is JNK-induced

phosphorylation of transcription factors, such as cJun and

ATF2, which will subsequently regulate transcription of target

genes through binding to their respective promoters. As

shown in Fig. 4C and D, cJun phoshorylation increases during a

short-term exposure to UrPhg-Et2.

3.4. Modulation of antineoplastic drug cytotoxicity
through GSTP1-1 inhibition

UrPhg competitively inhibits GSTp, induces JNK signaling and

may also modulate GSTp-mediated drug resistance. Hereto we

used MCF7 derived VCREMS human breast tumor cells, which

display increased resistance towards a variety of anticancer

agents [36]. VCREMS cells express high levels of GSTp and p-

glycoprotein, both of which are low in MCF7. As model

antineoplastic agents, we used thiotepa, cisplatin and doxor-

ubicin. We exposed cells for 4 h to the cytostatics in the

presence of UrPhg-OEt2 and determined cell proliferation after

72 h. IC50 values, shown in Table 3, were determined from

dose–response curves (as shown for thiotepa in Fig. 5) to assess

the effect of the GST inhibitor on antineoplastic drug

cytotoxicity. The multidrug resistant VCREMS cell line was

highly resistant to thiotepa and, to lesser extend, to cisplatin

and doxorubicin, when compared to parent MCF7 cells. Co-

incubation with UrPhg-OEt2 enhanced cytotoxicity of all three

cytostatics in both cell lines.
4. Discussion

In the present study, we evaluated inhibitory potency of a

series of peptidomimetic GSH conjugate analogs towards

recombinant human GST isoenzymes. One of these peptido-

mimetic linkages was then used to obtain a GSTp selective

inhibitor. We showed that this compound promotes the
cytostatic effect of several anticancer agents. In addition, it

induces phosphorylation of JNK and its downstream target

cJun.

Glutathione conjugation, catalyzed by GST, is a major event

in the sequestration of electrophiles. GSH conjugates are then

readily excreted by members of the MRP family of efflux-

pumps. Both GST and MRP are frequently overexpressed in

multidrug resistant tumors, acting either alone or in concert

[8]. GSH conjugates are potent inhibitors of both these GSH

dependent enzymes and, by disturbing GSTp–JNK interac-

tions, can also influence gene transcription. A major drawback

of GSH conjugates is their inherit lability towards gGT, which

limits their use in vivo. To address this problem, we employed

peptide-bond surrogates to fortify the g-Glu–Cys amide. We

recently reported the inhibition of MRP1 by these compounds

and demonstrated the ability of Ur(EA) to abolish MRP1-

mediated resistance to methotrexate in ovarian carcinoma

cells [24]. For our present study, the effects of peptide

backbone alterations on GST inhibition was evaluated with

a panel of recombinant human GSTs. The peptidomimetic

GSH-analogs were conjugated to ethacrynic acid (EA), as GS-

EA is a potent inhibitor these GSTs. Molecular modeling

studies showed that the EA moiety binds to the hydrophobic

binding site (H-site) of GSTs in a similar fashion for all GS-EA

mimics (not shown); differences in binding efficacy, therefore,

reflects altered affinity for the peptide portion of the

molecules. The shape and electronic configuration of the

GSH binding site (G-site) is relatively conserved among the

different GST isoenzymes; GSH is bound in strikingly similar

fashion in different isoenzymes. This is surprising because

there are only few similarities in the amino acid residues that

form the G-site [37]. For GSH, the main contributors to G-site

docking are the terminal glycine carboxyl and the zwitterionic

glutamic acid residue [38,39]. Furthermore, H-bonding inter-

actions with the GSH amides are essential for binding and

keeping GSH in an optimal bioactive conformation. As a result,

alterations in the GSH peptide backbone can dramatically alter

binding characteristics, as was seen for some of our GS-EA

mimics (for example, MeCys(EA)). A urethane-type amide

proved to be well accepted by GSTs. As Ur(EA) also potently

inhibits MRP1 [24], it is a potential candidate for the

development of a multiple target MDR-modifier. We utilized

the urethane peptide-bond mimic of Ur(EA) together with a

phenylglycine moiety to obtain a GSTp selective inhibitor.
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Elevated expression of GSTp, either alone or coordinately

with MRP1, generates resistance towards alkylating antineo-

plastic drugs, but also towards other drug classes. This is a

controversial observation; GSTp-mediated resistance has also

been reported for etoposide, doxorubicin and other cytostatics

which are not substrates for GSTp. For our experiments, we

used VCREMS cells, which display elevated amounts of GSTp

and p-glycoprotein as a result of mutagenesis with ethyl

methane sulfonate and subsequent selection with vincristin

[36]. The parent cell line MCF7 expresses low levels of GSTp.

VCREMS cells were originally characterized as resistant

towards doxorubicin, vincristin and etoposide, but not to

cisplatin. In our experiments, we actually did observe a

decreased sensitivity towards this platinum drug. In general,

coexposure with UrPhg-Et2 sensitizes the breast cancer cells to

thiotepa, cisplatin and doxorubicin. As this effect is also seen

in MCF7 cells, questions arise whether the increased drug

sensitivity is due to obstruction of GST enzyme activity. The

effects of UrPhg-Et2 on JNK-mediated signaling provides a

more likely explanation. Studies have shown that cisplatin

and doxorubicin induced cell killing is dependent on pro-

longed JNK activity; JNK inhibition delays the onset of cisplatin

induced apoptosis [40]. UrPhg-Et2 may induce the dissociation

of GSTp from JNK and facilitate its kinase function, thereby

improving the apoptotic response after cytostatic insult.

Regulation of JNK-mediated signaling through its interaction

with GSTp provides an explanation for many of the con-

troversies regarding GSTp expression and MDR [41]. The GST–

JNK interaction can be perturbed either by oxidative stress or

by binding of an inhibitor in the GSTp active site, which

induces a conformational change of the enzyme. We showed

that UrPhg-Et2 induces GSTp oligomerization, which may

represent a fraction of the enzyme that has dissociated from

JNK. In addition, GSTp cluster formation is accompanied by

JNK activation, which eventually leads to cJun phosphoryla-

tion. Unknown is why JNK becomes phosphorylated. Adler

et al. showed that phosphorylation of JNK by MKK4 is not

inhibited by GSTp, although forced expression of GSTp

reduces the phosphorylation level of MKK4 itself [10]. An

excess of GSTp may block the MKK4-JNK module, which can

be cleared by GSTp inhibitors. In this scenario, UrPhg-Et2 could

be able to induce JNK phosphorylation. Remarkably, UrPhg-Et2

does not promote p38 and Erk phosphorylation. HL60 cells,

chronically exposed to TLK199, show elevated levels of

phospho-Erk [42]. This was also seen in embryonic fibroblast

derived from GSTp�/� mice. Our data suggest that Erk

activation by GSTp inhibitors is not seen after a short-term

exposure, and may therefore reflect a secondary response to

the initial JNK activation. Indeed, UrPhg-Et2 induced JNK

activity gives rise to phosphorylation of cJun, which is also

responsible for the immunoproliferative effect of TLK199 in

vivo. We, therefore, speculate that UrPhg-Et2 might cause a

similar response in vivo, which may be clinically relevant.

The mechanism behind this event is not completely under-

stood, although it has been shown that deregulation of JAK/

STAT signaling is a crucial event for increased myeloprolifera-

tion in GSTp�/�mice [43]. Gene expression profiling after

GSTp inhibitor exposure may provide more information

regarding the consequences of GSTp inhibition on (tumor)

cell biology.
All together, our data show that GSH conjugate analogs that

contain peptide-bond isosteres can be used as isoenzyme

selective GST inhibitors. The improved peptidase stability may

be beneficial in vivo. Such compounds are of pharmaceutical

interest, as they can manipulate anticancer drug sensitivity

and cell biological processes. Using our peptide-bond mimetics,

selective inhibitors can be devised for GST, MRP1, glyoxalase,

DNA-dependent protein kinase (DNA-pk) and presumably also

for numerous other GSH-dependent enzymes.
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