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Abstract

Anticancer drug development using the platform of glutathione (GSH), glutathione S-transferases
(GST) and pathways that maintain thiol homeostasis has recently produced a number of lead
compounds. GSTr is a prevalent protein in many solid tumors and is overexpressed in cancers
resistant to drugs. It has proved to be a viable target for pro-drug activation with at least one
candidate in late-stage clinical development. In addition, GST 7z possesses noncatalytic ligand-
binding properties important in the direct regulation of kinase pathways. This has led to the
development and testing of agents that bind to GST =z and interfere with protein—protein
interactions, with the phase Il clinical testing of one such drug. Attachment of glutathione to
acceptor cysteine residues (glutathionylation) is a post-translational modification that can alter the
structure and function of proteins. Two agents in preclinical development (PABA/NO, releasing
nitric oxide on GST activation, and NOV-002, a pharmacologically stabilized pharmaceutical form
of GSSG) can lead to glutathionylation of a number of cellular proteins. The biological
significance of these modifications is linked with the mechanism of action of these drugs. In the
short term, glutathione-based systems should continue to provide viable targets and a platform for
the development of novel cancer drugs.

Introduction

Drug discovery in cancer has evolved significantly in the past few years. High-throughput

screening and cancer-specific target discrimination have essentially supplanted the classical
synthetic chemistry structure—activity approaches to identify new lead compounds. Pathways
that involve proteins aberrantly expressed in cancer cells are optimal as targets for drug
intervention. Increased expression of the GSTr isozyme (the most ubiquitous and prevalent
GST in nonhepatic tissues) has been linked to both drug resistance and the malignant
phenotype of many solid tumors (Tew, 1994). In addition, GST rr has been found to be an
endogenous regulator of c-Jun NH,-terminal kinase (JNK) (Adler ef a/., 1999a). On the
basis of such differential expression and unusual signaling function in tumors, it was
concluded that GST z might be an opportunistic drug target that could provide for an
enhanced therapeutic index in the treatment of cancer.

The Kcat Values for GST r-mediated GSH conjugation reactions with a number of anticancer
drug substrates have been measured and are not impressive. Although rate and extent of
conjugation for some alkylating drugs can be enhanced by GST r catalysis (Ciaccio et al.,
1991), it has never seemed unreasonable to presume that some GST r functionality other
than catalysis may be of consequence to the biological importance of the protein. The recent
description of protein—protein interactions between GST rz and JNK serve to extend the basic
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principles of the ligand-binding properties of GST isozymes. Indeed, early characterization
of the GSTs centered on their capacity to act as a ligand in association with other proteins,
particularly nonsubstrate ligands such as heme and bilirubin (Litwack et a/.,, 1971). Although
comparatively large macromolecules, they do not encompass the dimensions of a kinase
such as JNK, and, not surprisingly, interactions between these two proteins are complex,
with apparent association constants in the nanomolar range (Wang et al., 2001). The
following sections describe how the evolving understanding of GST functions in cells can be
adapted to the principles of drug design and development.

GSH and GST in Cell Signaling

Adding a further layer of complexity to the understanding of GST function is the fact that
proteins rarely act in isolation in a cellular milieu. Rather, essential protein—protein
interactions govern how cellular events unfold (Golemis et al., 2002). This process has
proved to be significant to the regulation of INK signaling by GST =z (Adler et al., 1999a;
Wang et al., 2001). This same paradigm seems to hold for additional redox proteins and
associated kinases such as thioredoxin and apoptosis signal-regulating kinase, ASK1 (Saitoh
et al., 1998), implying the possible existence of a general regulatory mechanism for kinases
that may involve GSH and associated pathways (Adler et al,, 1999b; Davis et a/., 2001). In
addition, emergent literature suggests that direct glutathionylation of critical signaling
molecules may also serve as a trigger for cellular events that are influenced by oxidative
stress (Adachi et al., 2004; Cross and Templeton, 2004). It would seem that GSH and GSTs
have roles that extend much further than simple detoxification reactions.

Other small redox-active proteins such as peroxiredoxin have the potential to heterodimerize
with GST . Oxidative stress-mediated signaling events can be activated by GST-mediated
catalytic addition of GSH to a critical cysteine residue in a sterically protected region of
peroxiredoxin (Manevich et al., 2004). This observation broadens the functional importance
of GSTr into yet another arena, emphasizing how redox-active proteins have roles that are
more than just removal of reactive oxygen species but are central to the signaling processes
required in the cell’s response to stress. Changes in redox conditions can trigger cellular
responses through a number of different pathways. The nature and extent of the ROS insult
may determine the threshold of the cellular response manifest as proliferation, stress
response and damage repair or apoptosis. With further understanding, the link between thiol-
active proteins, GSTs, and stress-activated protein kinases exemplified by JNK and ASK
may become an expansive series of interconnected pathways. In an unstressed cellular
environment, JNK is kept in an inactive mode by the presence of one or more repressors.
Under conditions of oxidative stress, GST r dissociates from JNK and forms dimers and/or
multimeric complexes (Adler et al,, 1999a). Meanwhile, the liberated JINK regains its
functional capacity to be phosphorylated and to phosphorylate c-Jun. This process can
activate the stress cascade involving the numerous sequential downstream kinases. However,
in GST rz-overexpressing cells, constitutively active MEKK1 effectively phosphorylated both
MKK4 (immediately upstream of JNK) and JNK but did not result in jun phosphorylation,
confirming the specificity of the GST 7/JNK association (Yin et al,, 2000). Mouse embryo
fibroblast cell lines (MEF) from mice (Henderson et a/., 1998) engineered to be null for
GST r expression have high basal levels of JNK activity that can be reduced if these cells are
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transfected with GST z cDNA. In addition, treatment of GST rz wild-type cells (but not null
cells) with a specific GST r inhibitor, TLK199, causes activation of INK activity. Also,
human HL60 cells chronically exposed to this inhibitor develop tolerance to the drug and
also overexpress JNK, presumably as a means of compensating for the constancy of GST
inhibition and the perceived chronic stress (Ruscoe et al., 2001).

These combined data provide evidence that GST iz has a nonenzymatic, regulatory role in
controlling cellular response to external stimuli. MEFs from GST™~ mice have a 24-h
doubling time compared with 36 h for wild type (Ruscoe et a/., 2001). TLK199, although
designed to be a modulator of drug resistance through preferential inhibition of GST
(Morgan et al., 1996), was found to possess additional pharmacological activity as a
myeloproliferative agent (Gate et al.,, 2004). Each study provides support for the concept that
GST has a role in regulation of proliferative pathways. Although GST 7 regulates JINK
activity through protein—protein interactions, the influence of GST on GSH-GSSG
homeostasis could also be a contributory factor. For example, the GSH binding site of GSTs
(G-site) may be an important sequestration site for cellular GSH with concomitant impact on
cellular redox status.

There are indications that GSH and associated enzymes play a role in cellular immunity. For
example, GSH levels in antigen-presenting cells determine whether a TH1 or TH2 pattern of
response predominates (Peterson et al., 1998). The TH1 response is characterized by
production of interleukin-12 (IL-12) and interferon a and the enhancement of delayed
hypersensitivity response; TH2 by IL-4 and I1L-10 production and up-regulation of a number
of antibody responses. The molecular basis for this difference is not known, but it is also
significant that patients with HIV receiving n-acetylcysteine (a bioavailable precursor of
GSH biosynthesis) have longer survival times than untreated controls. In diseases such as
HIV, TH2 predominance is a critical component of immune response and, thus, GSH levels
in antigen-presenting cells may play an integral role in determining disease progression
(Herzenberg et al., 1997). The question now extends to a possible link between JNK and
immune response/myeloproliferation. To this end, T cells from a JINK1 null mouse
hyperproliferated, exhibited decreased activation, and induced cell death and preferentially
differentiated into TH2 cells (Dong et a/., 1998). Despite the redundancy accorded to this
system by the continued production of INK2, it seems reasonable to conclude that the JINK1
signaling pathway may be playing a role in T-cell receptor—initiated TH cell proliferation,
differentiation, and apoptosis. By association, GST r must also be involved.

There are other examples where ROS or electrophilic insults stimulate stress response
pathways. Thioredoxins are a family of redox proteins of approximately 12 kDa responsible
for mediating numerous cytoplasmic functions largely influenced by the Cys 73 residue of
the monomeric protein. Dimerization at this site mitigates many of the redox-dependent
functions of the protein. Recent data implicate a secreted form of thioredoxin in control of
cell growth, where the redox function is essential for growth stimulation (Powis et al., 1998).
Tumor cells transfected with thioredoxin demonstrate increased growth and decreased
sensitivity to drug-induced apoptosis. As mentioned earlier, thioredoxin has also been shown
to bind to ASK1 to inhibit its activity as a kinase (Saitoh et a/., 1998). This inhibition is
attenuated by ROS, which causes dimerization of thioredoxin (Gotoh and Cooper, 1998).
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Thioredoxin regulation of the glucocorticoid receptor through association at the DNA-
binding domain has also been reported (Makino et al., 1999), and this too is influenced by
ROS. These provide examples analogous to the GST 7z/JNK association and perhaps suggest
a more broad ranging role for thiol-disulfide regulation of proliferation.

In summary, alterations in redox balance by exposure to ROS cause dose-dependent changes
in GSH/GSSG ratios that can potentially influence a number of target proteins by causing
oxidation and disulfide exchange reactions at specific cysteine residues. Specifically for

GST r, the conversion from monomer to dimer (or multimers) causes dissociation from JNK
with resultant activation of the kinase. With subsequent phosphorylation of c-Jun and
enhanced transcription of AP-1-responsive genes, the stage is set for signal transduction for
stress response, proliferation, or apoptosis. Cysteine residues of GST rz have been shown to
be sensitive to oxidation by H>O5 (Shen et al., 1993). The model shown in Fig. 1 illustrates
how oxidative stress can transmit through a GST “switch” into the kinase cascade of
pathways. Of the numerous literature reports of drug-induced perturbations in GSH/GST
levels, few consider whether the biological implications extend further than an enhanced rate
of catalytic thioether product formation with a prescribed electrophilic center of an
administered drug. The early nomenclature of “ligandin” (Litwack et a/., 1971) may prove to
have been prescient, particularly regarding the interaction with kinases. This property forms
the basis for much of the rationale for drug design in directly inhibiting GST rr and is
described in the following section.

GSTras a Drug Target

In the past, modulation by inhibition of GST has been attempted as a means to improve
response to cancer drugs. Use of, for example, ethacrynic acid, although effective in its
experimental effects on various GST isozymes, was not successful enough in the clinic to
merit continued development. The dose-limiting toxicity of fluid imbalance was triggered by
the diuretic properties of the drug (O’Dwyer et al., 1991). However, one consequence of this
approach was the conceptual design of a peptidomimetic inhibitor of GSTr, TLK199 (vy-
glutamyl-S-(benzyl)cysteinyl-R(-)phenyl glycine diethyl ester; Fig. 2). In concept, the drug
was envisioned as a plausible means to sensitize drug-resistant tumors that overexpress
GST (Morgan et al., 1996). However, preclinical and mechanism of action studies with this
agent revealed an unexpected effect in animals, namely that the drug caused
myeloproliferative activity (Gate ef al., 2004; Ruscoe et al., 2001). Given the link between
GST and the kinase pathways, a model for how TLK199 can produce proliferative effects
in the marrow compartment has been proposed (Gate et al., 2004). Initial clues were
provided from the observation of increased myeloproliferation in GST rz-deficient mice
compared with wild-type animals (Ruscoe et a/., 2001). A general increase in white blood
cell counts in GST ™/~ mice but no change in leukocyte composition was observed. Spleen
cell counts were higher in knock out animals, and this was associated with a twofold
increase in B lymphocytes, whereas T lymphocytes and NK cell counts were similar in both
animal strains. In contrast, no difference in thymocyte counts and thymus subset
composition was observed. Red blood cell and platelet counts were also higher in GST ™/~
mice. Taken together, these data inferred that the absence of GST z expression potentiates
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hematopoiesis by influencing the proliferation and/or the differentiation of hematopoietic
cells.

In in vitro hematopoiesis experiments, IL-3, GM-CSF, or G-CSF induced more colonies in
GSTn/~ cells than in wild type. TLK199 stimulated colony formation in wild-type, but not
in knock out, animals. The JNK inhibitor SP600125 decreased marrow colonies produced by
cytokine treatment of knock out animals, and JNK phosphorylation was endogenously
elevated in bone marrow cells from GST ™/~ animals. These data are consistent with GST
acting as a physiological inhibitor of INK, where TLK199 disassociates GST z from JNK,
allowing kinase phosphorylation and subsequent activation of the kinase cascade (see Fig. 1;
Adler et al., 1999a; Ruscoe et al., 2001). Inhibition of INK, abrogates the increased
phosphorylation of this kinase observed in the presence of TLK199 and consequently
reduces the myeloproliferative effect of the drug. Because the cell compositions of the
colonies were similar in both mouse strains after exposure to cytokines, the increase is a
function of proliferation, rather than differentiation, of hematopoietic cells. Taken together,
these data suggest that JNK plays an integral role in the elevated myeloproliferation
observed in GST r-deficient mice and the myelostimulant properties of TLK199. This is
consistent with reports indicating a possible role for INK in control of proliferation. Yang
and colleagues have shown that the inhibition of INK1 or JINK2 expression in human
prostate carcinoma was associated with a decrease in cell proliferation (Yang et al., 2003).
Similarly, it has been observed that INK activity was required for rat liver regeneration by
increasing cyclin D1 expression and allowing GO-GL1 transition (Schwabe et a/., 2003). In
addition, JNK phosphorylates and induces the transactivation of the transcription factors c-
Jun, JunB, and JunD (Kallunki et al., 1996). Overexpression or activation of Jun and JunD
has been linked with cell proliferation and transformation (Shaulian and Karin, 2001), and
JNK activation has been linked to induction of apoptosis (Tournier ef al., 2000). More recent
data have suggested that, after UV, JNK1 was more likely to be proapoptotic, whereas INK2
was associated with survival (Hochedlinger et al., 2002). The discrimination between the
survival and apoptotic functions of JNK also seems to correlate with the level and duration
of the enzyme activation. A strong and sustained activation is associated with apoptosis,
whereas a weaker and transient phosphorylation is correlated with proliferation (Shaulian
and Karin, 2001). For example, in mouse hematopoietic BaF3 cells, JNK activity was three
times lower when cells were exposed to mitogenic concentrations of 1L-3 than to cytotoxic
concentrations of anisomycin (Terada et a/., 1997). From such reports, it seems likely that
regulation of JNK activity by GST rz should be a viable target for drug intervention. As a
consequence, company-sponsored (Telik Inc., Palo Alto, CA) clinical trials of TLK199 (now
named 7elintra) in patients with myelodysplastic (MDS) syndrome have now been
instigated. An ongoing multicenter phase Il trial has produced interim results as of the last
quarter of 2004. For 34 patients with MDS, clinically significant improvement in one or
more blood cell lineages was observed in 61.5% of patients from all major FAB subtypes
(Callander, 2004). Responses were associated with decreased requirements for red blood
cell, platelet, and growth factor support, in some cases leading to transfusion independence.
Although these results are preliminary in nature, they do provide encouragement for the
translational relevance of targeting GST rz and for the mechanism of action data for TLK199.
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GST-Activated Prodrugs

TLK286 (Telcyta)—The latent prodrug, TLK286 [y,-glutamyl-a-amino-£(2-ethyl-N,N,N
" N’-tetrakis (2-chloroethyl)phosphorodiamidate)-sulfonyl-propionyl-(R)-(-) phenylglycine]
was synthesized as the lead candidate from a group of rationally designed glutathione
analogs designed, once again, to exploit high GST r levels associated with malignancy, poor
prognosis, and the development of drug resistance (Hayes and Pulford, 1995; Tew, 1994).
Thus, selective targeting of susceptible tumor phenotypes is a strategy that should result in
the “release” of more active drug in malignant cells compared with normal tissue, thereby
achieving an improved therapeutic index.

In TLK286, the sulfhydryl of a glutathione conjugate has been oxidized to a sulfone. The
tyrosine-7 in GST sz promotes a S-elimination reaction that cleaves the compound (see Fig.
3). The cleavage products are a glutathione analog and a phosphorodiamidate, which in turn
spontaneously forms aziridinium species, the actual alkylating moieties. The cytotoxic
moiety has tetrafunctional alkylating properties, similar in concept to bifunctional nitrogen
mustards. Each can react with cellular nucleophiles with a short half-life (Lyttle et a/., 1994;
Satyam et al., 1996). The other part of the molecule contains the glutathione backbone and
an electrophilic vinyl sulfone moiety. The contribution of this component to drug efficacy or
toxicity is not entirely clear. Glutathione conjugates of the sulfone are possible, and these
could be substrates for transporters such as MRP1. In addition, the vinyl sulfone could be a
factor in chain reactions leading to lipid peroxidation and even production of hydrogen
peroxide (Comporti, 1989), considerations that could explain the enhanced expression of
catalase in the HL60 cell line selected for resistance to TLK286 (Rosario et al., 2000).

TLK286 exhibits activity against a variety of tumors and tumor cell lines. /n vitro studies
have shown that elevated GST rz in stably transfected cell lines correlates with increased
sensitivity to TLK286 cells. Similarly, drug-resistant cell lines that overexpress GST rr are
more sensitive to TLK286 (Morgan et al., 1996). In an ex vivo clonogenic assay against
human solid tumors, TLK286 showed activity against 15 of 21 lung tumors and 11 of 20
breast tumors tested. In addition, effective antitumor activity was found /7 vivo using
xenografted human tumors in nude mice, with only mild bone marrow toxicity (Morgan et
al., 1998).

Three distinct model systems have been used to study the pharmacology of TLK286 with the
ultimate goal of gaining proof-of-principle with respect to mechanism of action. The first
required establishment of a TLK286 acquired-resistant cell line, a task that proved more
difficult to achieve than would normally have been expected. Although cells frequently
survived the initial low concentration—selecting treatment and partially repopulated the
culture, recovery to full viability was difficult to attain. Considering the relative ease with
which HL60 cells can usually be made resistant to anticancer drugs, this result was
somewhat surprising. This may indicate that resistance to TLK286 is governed by multiple
factors or that survival response pathways are not readily invoked after chronic drug
exposure. A characteristic of GST rr as a GSH-conjugating enzyme is the generally low
catalytic efficiency with broad substrate “specificity.” The observation that GST r is directly
involved in the regulation of INK-mediated stress response emphasizes the ligand binding,
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noncatalytic function for the protein. In turn, this may provide a partial explanation for the
high GST r levels seen in many tumors, where kinase cascade pathways involving JINK may
be imbalanced. Although for TLK286 the S-elimination reaction catalyzed by GST rz does
not inactivate the protein, it may serve to compartmentalize it away from the JNK ligand—
binding function. This may influence the stoichiometry that controls kinase-mediated
proliferative/apoptotic pathways and may be a contributory factor in the difficulty
experienced in establishing a TLK286 resistant cell line. With perseverance, eventually a
fivefold resistant cell line was established. Phenotypically, decreased expression of GST z in
resistant cells supported a mechanism of action based on the rational design of the drug
(Rosario et al., 2000). Two other experimental systems served to corroborate these results.
For example, increased resistance to TLK286 in the MEF cell lines derived from
GSTP1-17/~ mice (Henderson et a/., 1998) was consistent with reduced activation of the
drug. In addition, increased sensitivity in a NIH3T3 cell line transfected to overexpress
GST also confirmed a direct involvement of the isozyme in determining cytotoxicity.

The resistant cell line also expressed increased glutathione levels, a mechanism commonly
associated with resistance to a range of alkylating agents (Tew, 1994). Enhanced GSH levels
were not a consequence of induced overexpression of the primary enzymes responsible for
de novo (y-glutamy| cysteine synthetase; y) or salvage (y-transpeptidase; y-GT) synthesis
of the tripeptide. Similarly, MRP expression was unaltered in resistant cells. A co-
coordinated, increased expression of y-GCS, GSTP1-1, and MRP1 has been shown in cells
selected for resistance to ethacrynic acid, a drug with Michael addition properties (Ciaccio et
al., 1996). TLK286 produces aziridinium moieties characteristic of other nitrogen mustards
but distinct in electrophilic properties from Michael acceptors. This difference may account
for the absence of evidence for inducible expression of the cadre of GSH-related
detoxification gene products in HL60/TLK286-resistant cells. In considering the other major
metabolites of TLK286, it is less clear how the release of the vinyl sulfone impacts on the
pharmacology of TLK286. Its electrophilic characteristics would predict reactivity with
cellular nucleophiles, and because GS conjugates are primary substrates for MRP (Keppler
et al., 1997), a GS-vinyl sulfone could prove to be an effective substrate for MRP. Thus,
although the vinyl sulfone component of the drug is unlikely to be important to the
therapeutic alkylating activity, it may prove to have some pharmacological significance.

Approximately 8 years encompassed the design, synthesis, and pretesting of TLK286. As
such, many of the preclinical studies discussed previously were instrumental in leading to
clinical trial design. Perhaps the most informative progress to report is the recent clinical
results presented at the 2004 American Society of Clinical Oncology meeting. In a series of
abstracts, a 46% objective response rate was reported for a combination of Telcyta and
liposomal doxorubicin in patients with platinum-refractory ovarian cancer; a 56% objective
response rate for Telcyta and Carboplatin in platinum-resistant ovarian cancer; and a 27%
objective response rate for combinations of Telcyta and Docetaxel in platinum-resistant non-
small cell lung cancer (NSCLC). Telcyta is also under active testing in a clinical phase 11l
setting for a number of disease states, including non-small cell, ovarian, and colon cancers.

PABA-NO—High GST rr expression levels in human cancers and drug-resistant disease,
together with the knowledge that nitric oxide (NO) has therapeutic potential, also provided
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the rationale for the design of the NO-releasing GST-activated pro-drug, O?-[2,4-dinitro-5-
(NV-methyl- N-4-carboxyphenylamino)phenyl] 1- N, A~dimethylamino)diazen-1-ium-1,2-
diolate; THF, tetrahydrofuran (PABA/NO; (Saavedra et al., 2004)). GST r-catalyzed
conjugation of GSH to PABA/NO releases a diazeniumdiolate ion, with subsequent release
of NO (Fig. 4). Other NO donors of the diazeniumdiolate class are known to release NO in
an enzyme-catalyzed manner, with activation by cytochrome P450’s (Saavedra et al., 1997)
or esterases (Saavedra et al., 2000).

To confirm the GST r activation requirements of PABA/NO, a number of model systems
have been used. For example, mouse embryo fibroblasts from GST 7/~ mice showed a
decreased sensitivity to PABA/NO. These data are consistent with those for activation of
TLK286 (Rosario et al., 2000). The quantitative effect on cytotoxicity of eliminating GST
I~ is influenced by the expression of other GST isoforms that can also activate PABA/NO at
different rates. In addition, slow spontaneous activation of PABA/NO can occur through
noncatalytic GSH conjugation. Other components involved in metabolism and detoxification
pathways were analyzed in a model system with stably transfected GST r, yGCS, and
MRP1. A role for GST and GSH in the activation of PABA/NO was confirmed (Findlay et
al., 2004). Forced expression of yGCS and MRP1 also provided insight into cellular
resistance mechanisms towards PABA/NO. Unlike TLK286, increased resistance to
PABA/NO was conferred by the overexpression of MRP1, supporting the concept that this
transporter (an efflux pump with affinity for GS conjugates) is involved in the removal of
PABA/NO and/or active metabolite(s). Inhibition of LTC, transport (a known substrate for
MRP1) was observed in the presence of both PABA/NO and GSH but not with either alone.
Furthermore, GST r stimulated PABA/NO-induced inhibition of LTC4 transport, suggesting
that metabolites of PABA/NO may be substrates for, and effluxed by, the transporter
(Findlay et al., 2004).

The in vivo efficacy of PABA/NO has been shown in tumor-bearing animals (Findlay et a.,
2004; Shami et al., 2003). For example, nontoxic doses of PABA/NO led to a significant
growth delay in a human ovarian cancer model in SCID mice, with results comparable to
those seen with cisplatin (the standard of care for management of ovarian cancer). Of
interest, selective GST activation of PABA/NO may produce a therapeutic advantage,
because GST 7z overexpression has been associated (although not necessarily causally
linked) with resistance to platinum drugs (Townsend and Tew, 2003). PABA/NO exerts an
apoptotic effect by induction of p38 and JNK. As noted earlier, this observation carries
greater significance because GST x functions as an endogenous negative regulatory switch
for these same regulatory kinase pathways (Adler er a/., 1999a). NO has diverse roles in a
variety of physiological processes, and augmentation of endogenous with exogenous NO
provides the foundation for a broad range of therapeutic applications (Keefer, 2003; Napoli
and Ignarro, 2003). NO has been reported to modulate the apoptotic process in a number of
cell types. Bifurcating pathways of inhibition or induction of cell death seem to be tissue
specific and to depend on the amount, duration, and site of NO production (Umansky and
Schirrmacher, 2001). In support of both cellular antioxidant and prooxidant actions of NO /in
vivo, it has been reported that low doses of NO protect cells against peroxide-induced death,
whereas higher doses result in increased killing (Joshi et al., 1999). PABA-NO has a dose-
and time-dependent effect for drug-induced activation of the kinases, and MRP1 abrogates
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and/or delays the effect, primarily as a consequence of reducing the effective intracellular
concentration of the drug (Findlay et a/., 2004). Whether kinase activation occurs as a result
of direct NO interaction (e.g., nitrosylation/nitration of residues in JNK) or by the impact of
PABA/NO (or metabolites including GSNO) effects on the GST 7—IJNK complex remains to
be shown. PABA/NO remains in early preclinical testing but has the potential disadvantage
of poor solubility and stability in aqueous solution (Srinivasan, 2005). However, reasonable
/n vivo antitumor data suggest that it is a good lead compound for further structure activity
and drug discovery efforts (Keefer, 2003).

Modulation of Glutathione and Glutathionylation

One of the more interesting conundrums to emerge from the completion of the genome
project is the realization that humans are a composite of <30,000 genes, and yet the
complexity of protein structure/function seems distinctly more layered. In the burgeoning
era of proteomics, it becomes clear that the central dogma of genetic determinism can be
influenced by a number of processes that include polymorphic variants, gene-splicing
events, exon shuffling, protein domain rearrangements, and the large number of
posttranslational modifications that contribute to alterations in tertiary and quaternary
protein structure. Among these, phosphorylation, glycosylation, methylation, and acetylation
can account for a large proportion of modifications, and indeed, there is evidence to suggest
that GSTs may be subject to either glycosylation (Kuzmich et a/., 1991) or phosphorylation
(Lo et al., 2004). More recently, the addition of glutathione to available cysteine residues
(glutathionylation; Fig. 5) has been shown to be of consequence to protein function. The
importance of modifying cysteine residues is not necessarily restricted to redox regulation
but now seems to be a plausible event that can lead to changes in signaling processes,
particularly as a response to a divergent number of stress responses. By adding the GSH
tripeptide to a target protein, an additional negative charge is introduced (as a consequence
of the glu residue), and a change in protein conformation is made likely. The implication
from this analysis is that cells actively participate in the stochastic production of multiple
protein building blocks with the intent of realizing functional nonredundancy. A recent
report (Manevich et al.,, 2004) showed that GST r is capable of acting in a catalytic manner
to glutathionylate peroxiredoxin, a non-selenium—dependent lipid peroxidase that converts
lipid hydroperoxides to corresponding alcohols. The catalytically important cysteine residue
on peroxiredoxin is sterically inaccessible within the globular dimeric complex, and GST
facilitates GSH transfer to this site. The resultant enzyme activation serves a cellular
regulatory role, particularly with respect to response to oxidative stress. It will be interesting
for future research to determine how widespread the phenomenon of GST r catalyzed
glutathionylation may be.

In the past, modulation of GSH and GST has been attempted as a means to improve
response to cancer drugs. Use of, for example, BSO and ethacrynic acid, although effective
in their experimental effects on each system, was not successful enough in the clinic to merit
continued development (Bailey et al., 1997; O’Dwyer et al., 1991). One consequence of
these approaches was the conceptual design of a peptidomimetic inhibitor of GST
discussed earlier. More recently, Novelos Inc. has developed a platinum-stabilized
coordination complex of oxidized glutathione called NOV-002 (Fig. 6). It is oxidized
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glutathione complexed with cis-platinum at an approximate 1000:1 ratio. Standard animal
and patient dosing with NOV-002 results in a cumulative total of cis-platinum that is
equivalent to <2% of a typical standard of care in oncology single-dose cis-platinum. As
such, it seems unlikely that the platinum component contributes substantially to the
pharmacology of the compound. In some manner, the platinum (and perhaps the cis-amine
groups) serves to stabilize the GSSG. In rodents, the serum and tissue levels of GSSG are
profoundly affected by this stabilizing influence where standard doses will routinely produce
a measurable elevation in circulating GSSG. Clinical data have been already been generated
in Russia. Evidence of efficacy has been reported in 340 patients with diseases such as
NSCLC, colorectal, pancreatic, and breast cancer. In particular, a 55% 1-year survival rate in
patients with NSCLC (17% in control arm) improved the Karnofsky score for quality of life,
and improved hematopoietic parameters (with results not dissimilar to those generated for
TLK199) have been demonstrated. Lymphocyte counts were elevated in the NOV-002—
treated animals, where the numbers of both CD25* and CD16*/CD56™ cells increased
approximately fourfold after long-term treatment (60 days) with the drug.

Concentrations of NOV-002 between 10-100 m M/ induce glutathionylation of proteins in
target cells. Although this concentration range may seem high, it is achievable in the plasma
and tissues of rodents and has no obvious toxicities in the animals. NOV-002 affects the
phosphorylation of both ERK and p38, two kinases with critical regulatory roles in
governing cell proliferation and apoptotic pathways. /n vitro data for NOV-002 seem to
mimic those where GSSG is used, emphasizing that this moiety is, indeed, the active
component of the drug. Once again, the similarity between NOV-002 and the data for
TLK199 seem to indicate the general importance of GSH and GST pathways in governing
proliferation in normal tissues and apoptosis in cancer cells.

NOV-002 has undergone significant clinical testing in Russia, and these trials are now being
repeated in the United States. Treatment was associated with increases in circulating
lymphocyte, monocyte, T-cell, and NK cell counts, and patient response rates were affected
through reduced morbidity and the capacity to tolerate longer periods of standard
chemotherapy. Quite independent of the clinical data, there are important implications for
mechanism of action for NOV-002 that stem from the possibility that GSSG can act as a
donor of glutathione (Fig. 5) in glutathionylation of receptive cysteine residues in target
proteins.
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Model scheme showing a means by which oxidative stress can be transmitted through a GST
“switch” connecting to kinase cascades influencing cell signaling. In the example shown,
TLK199 can cause a disassociation of the GST-INK complex, activating INK. PKC is an
example of a protein susceptible to glutathionylation.
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Structure of a peptidomimetic inhibitor of GST 5z, TLK199 (y-glutamyl-S-(benzyl)
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cysteinyl-R(-)phenyl glycine diethyl ester) and the de-esterified active inhibitor of GSTr,

TLK117.
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Structure of TLK286 and its activation by GST .
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St?ucture of an NO-releasing GST-activated pro-drug, C?-[2,4-dinitro-5-(A-methyl- \-4-
carboxyphenylamino)phenyl] 1- V, N-dimethylamino)diazen-1-ium-1,2-diolate; THF,
tetrahydrofuran (PABA/NO). Metabolism and release of nitric oxide are based on the
schema outlined elsewhere (Keefer, 2005).
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Fig. 5.
Possible mechanisms of ROS-induced protein glutathionylation. ROS may induce
glutathionylation of protein thiols by many different routes. Those highlighted here include
the direct oxidation of protein cysteines to generate reactive protein thiol intermediates such
as the reactive cysteinyl radical or sulfenic acid, which can further react with GSH to form a
mixed disulfide. Alternately, a mixed disulfide is formed through reaction with oxidized
forms of GSH (i.e., GS-OH or GS[O]SG).
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Structure of a platinum-stabilized coordination complex of oxidized glutathione, NOV-002.
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