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Abstract: Endogenous substrates and physiclogical ligands of Glutathione s-transferases (GSTs) have
capabilities to reduce the enzyme reactions for xenobiotic substrates. In order to mvestigate the physiological
counterparts to plant GSTs, the inhibitory effect of pumpkin (Cucurbita maxima Duch.) seedling extract on 1-
chloro-2,4-dinitrobenzene (CDNB) conjugating activities of pumpkin GSTs was examined. Alcoholic extract of
pumpkin seedlings showed different degrees of inhibitory effect for the three GST species namely, CrmGSTUI,
CmGSTU2 and CmGSTU3. In the assay system, 50% miubition of CmGSTUL and CmGSTU3 activities were
achieved with the extracts from 178 and 96 mg fresh tissues, respectively. The activity of CmGSTU2 was
decreased marginally by the extract and did not reach 50% level. To separate mto constituents, the extract was
applied to Sep-pac Vac C18 column and eluted with different concentrations of methanol. Inhibitory potencies
of Methanol-Eluted Fractions (MEFs) against CmGSTU3 were estimated. Twenty, forty and sixty percent MEFs
exhibited higher inhibitions followed by 0% MEF. CmGSTU3 activity was decreased marginally by 100% MEF.
MEFs of pumpkin seedlings extract were successively analyzed by HPLC. The analyses indicated that MEFs
contain a number of inhibitors with different degrees of hydrophobicity, while 0% MEF also contains
hydrophilic intubitors. The above results suggest that pumpkin seedlings contamn various physiological

substrates or ligands for pumpkin GSTs.
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INTRODUCTION

Plants produce an amazing diversity of secondary
metabolites that have versatile physiological and
protective roles (Coleman ef al., 1997; Steyn et al., 2002)
most are phytotoxic even to the cell that produce them
until appropriate cellular localization is accomplished
(Marrs, 1996, Alfenito et «l, 1998). The ability to
sequestrate such harmful compounds is crucial for
survival of cells and plants. Storage of these toxic
compounds within central vacuole, a compartment with a
very low metabolic activity, is generally assumed to
protect plant cells against potentially toxic effect of these
substances (Klein ef al., 1996). In addition, a wide variety
of hormones like auxins and cytokining are produced in
plant bodies but maintaining their effective concentration
m the cell 18 prerequisite to run specific biological
processes smoothly. Hence, plants adapt various
mechanisms for proper management of endogenous
phytochemicals for their survival.

Plants enzymatically detoxify various exo-and
endogenous toxins using a three-phase detoxification
system (Neuefeind et al., 1997). Phase I (transformation):
mtroduction of functional groups onto substrates by
cytochrome P450. Phase IT (formation of conjugate):

conjugation of substrates with hydrophilic compounds
such as glutathione (GSH). Phase III (compartmentation):
transportation of conjugates into vacuole or apoplast by
ATP-dependent transporters (Coleman et al., 1997, Rea,
1999, Walczak and Dean, 2000, Dixon et al., 2002). With
regard to phase II, a mumber of G3Ts (GSTs, EC 2.1.5.18)
that use a wide variety of herbicides as substrates for
glutathione conjugation reaction have been reported in
plants (Trzyk and Fuerst, 1993; Lamoureux and Rusness,
1989; Timmermar, 1989, Dixonet al., 1998, Edwards et i,
2000).

In addition to detoxification of exogenous toxins,
plant  GSTs are involved in the metabolism of
endogenous substances like anthocyaning and some
phenylpropanocids, thereby reducing their toxicity
(Dean et al., 1995, Marrs et al., 1995; Alfenito et al., 1998,
Mueller et al., 2000). GSTs also play a role m the plant
protection system against oxidative damage (Gronwald
and Plaisance, 1998; Cummins ef al., 1997) and can
function as GSH peroxidases (Mannervik and Damelson,
1988; Bartling et al., 1993). On the whole, however, few
of plant GSTs have been
characterized and much remains to be done in that

endogenous substrates

domain.
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More recent hypotheses suggest that the main role
of plant GSTs is to act as binding proteins or ligandins
(Walbot et al., 2000). They are involved in intracellular
transport of hydrophobic and amphipathic molecules
in¢cluding plant hormone like auxin (Bilang et al., 1993;
Zettl et al., 1994; Bilang and Sturm, 1995; Watahiki et al.,
1995), cytokinmn (Gomneau et af., 1998) and auxin-like
substances (Droog et al, 1995) and thus can modulate
effective hormone concentration m the cell. Some plant
(GSTs have high affinities for tetrapyrroles and porphyrin
metabolites (Lamoureux and Rusness, 1989; Dixon et al.,
199%). Bindings of GST with tetrapyrroles, porphyrins and
plant hormones, inhibit its own activity toward
xenobiotics like CDNB, but the inhibitory ligands do not
undergo comjugation with glutathione (Litwack et al.,
1971; Hayes and Pulford, 1995; I.ederer and Boger, 2003).

The endogenous substrates and ligands for GSTs
often can decrease GST activity towards xenobiotics. In
this way, the intlubition study of GSTs could be the
valuable tool for searching physiological substrates and
non-substrate ligands of the enzymes.

Plant GSTs are abundant both in quantity (up to 1%
of total soluble protein) and in diversity (42 distinct GSTs
have been found m com) (McGonigle et al, 2000).
Pumpkin plant contains high levels of glutathione
(Nakagawa et al., 1986) and the young seedlings as well
as the culture cells induced from fiuit expresses high
GST activity particularly under stressful conditions
(Fujita et al., 1994, 1995, Fuyjita and Hossain, 2003a).
Therefore, we used pumpkin seedlings in our inhibition
studies. Previously, four cDNA genes of pumpkin GSTs,
CmGSTUI, CmGSTU2, CmGSTU3 and CmGSTF ] have
been cloned from ¢DNA libraries of pumpkm callus and
flowers and their expressions in E. coli were established
(Fujita and Hossain, 2003b; Hossain and Fujita, 2002). In
order to identify intubitors of pumplkin GSTs, a small
progress has been achieved in the past (Fujita and
Hossain, 2003a) but at present no research findings
published yet regarding the physiological inhibitors of the
enzyme. However, studies on endogenous GST inhibitors
better
physiclogical roles and possible interactions with GSTs.

are important for understanding  of their
Hence, we made an attempt to search endogenous
substances 1 pumpkin seedlings which mlubit the
activity of ndividual pumpkin GSTs towards CDNB. This
study will not give only the way of searching the intrinsic
substrates or physiological ligands of pumplkin GSTs but
will also provide a basis for understanding the

physiological role of the compounds in plant cells.
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MATERIALS AND METHODS

Plant material: Mature pumpkin seeds were sown in

vermiculite saturated with deionized water and incubated
in the dark at 25°C. Six to seven-day old seedlings were
used for extraction.
Extraction and fractionation: After removal of
cotyledons, 25 g fresh Pumpkin Seedlings (PS3) were
submerged twice in each 100 mL of methanol : chloroform
s water (12:5:3, v/v/v) and once 1 the same volume of 70%
ethanol at -20°C as described by Lancaster and Shaw
(1989). The first two extractants were combined and then
separated mnto two phases with the addition of 90 mL
chloroform and 110 mL water. After removal of chloroform
(lower) phase, the third one (100 ml. extractant of 70%
ethanol) was added to the methanol-water (upper) phase
and thereafter evaporated under 40°C. Dried substances
were then dissolved m 10 mL distilled water, stored at
-8°C until use as alcoholic extract of PS.

The alcoholic extract of 7.8 ml. was putinto a
solid phase extraction kit (Sep-Pak Vac 12mL, C18 column,
Waters, Ireland) and eluted with 20 mL of distilled
water (0% methanol) followed by the same volume of 20,
40, 60 and 100% methanol in stages. The collected liquids
were evaporated to dryness, dissolved in 0.8 mL of
distilled water and used as Methanol Eluted Fractions
(MEFs) of PS.

Preparation of enzyme: E. coli cells, contaming
CmGSTUI, CmGSTU2 and CmGSTU3 cDNAs
pBluescripts [SK(-)] were cultivated separately for
around 16 h at 37°C in Luria-Bertani liquid media with
ampicillin (50 pL mL™") and 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG). For expression of
CmGSTU3, IPTG was not included in the medium. After
incubation, the cells were centrifuged at 2400xg for

n

10min. The cells” pellete was homogemzed 1n 25 mM
Tris-HCl bufter (pH 8.0) contaimung 1 mM EDTA, 1% (w/v)
ascorbate and 10%(v/v) glycerol with a mortar and pestle.
A small amount of sea sand was added to make grinding
easler. Cellular debris was precipitated by centrifugation
(10000x=g at 4°C for 10 min) and the supernatant was used
as enzyme solution.

Enzyme inhibition: GST activity was determined
spectrophotometrically by the method of Booth et al.
(1961) with some modifications. The reaction mixture
contained 100 mM potassium phosphate bufter (pH 6.5),
1.5 mM reduced glutathione, 1 mM CDNB, a fixed volume
of enzyme solution and various amount of alcoholic
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extract. The final volume of the reaction mixture was
maintained at 0.7 mL by adjusting volume of distilled
water. The enzyme reaction was imtiated by the addition
of CDNB and A,,, was monitored at 25°C for 1 min. The
effects of MEFs as well as HPLC eluates of PS extract
were measured only for CmGSTU3 using the same assay
conditton. Remaiming GST activity was expressed as
percentage of the activity of the system without inhibitor.

HPLC analysis: MEFs obtained from Sep-Pak Vac C18
column were analyzed on a LC-6AD Liqud
Chromatograph (Shimadzu, Tapan) fitted with UV-VIS
detector (SPD-6AV) and C-R6A Chromatopac. Separation
was performed on to a Shim Pack CLC-ODS column
(4.6 mm 1.d.x250 mm, Shimadzu, Japan). The flow rate was
0.6 mL min' and detection was carried out at 220 nm. For
0%MEF, the column was eluted with water (0% methanol)
and for 20, 40 and 60% MEFs, with linear gradients of
10-30, 30-80 and 50-80% methanol, respectively.

Activity profiling: Fifty micro liters of each MEF of PS
extract (corresponding to extract from 1.22 g fresh tissues)
was injected on to the column. The effluent from the
column was fractionated according to each major or some
adjacent minor peaks or after some intervals (when no
peak appeared). The solvent was removed by evaporation
and the dried substances were redissolved m 250 pL
distilled water. Intubition of CmGSTU3 (CDNB) activity
was assayed for individual fractions.

All studies were conducted at the laboratory of plant
stress faculty of Agriculture, Kagawa
University, Japan during January to November, 2005.

TesporIses,

RESULTS

Inhibition of pumpkin GSTs by alcoholic extract of PS:
The inhibitory effect of alcoholic extract of PS on three
pumpkin GSTs, namely CmGSTUl, CmGSTU2 and
CmGSTU3 (Fujita ef al., 1994, 1998) was assayed towards
CDNB and presented in Fig. 1. PS extract showed the
highest inhibitory effect on CamGSTU3 closely followed
by CmGSTUL. In the assay system, 50% inhibition of
CmGSTUL and CmGSTU3 was achieved with the extracts
from 178 and 96 mg of fresh PS tissues, respectively. The
extract showed only a weak inhibitory effect on CmGSTUI2
and the intensity of inhibition never reached 50% level in
this experiment. In the case of CmGSTU2, the assay
system always contamed high concentration of protein
since the prepared solution of CmGSTUZ was low in
specific activity (352 nmol min™ mg™ protein) as
compared with CmGSTUL and CmGSTU3 (3, 708 and 3,
501 mmol min~' mg~" protein, respectively). Previously,
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Fig.1: Inhibition of pumpkin GSTs activities towards
CDNB by Pumpkin Seedling (PS) extract. Results
were obtained from two mdependent experiments
and bars indicate standard error. Each ul. extract
corresponds to the amount of the substances
present 1 2.5 mg of fresh PS tissues
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Fig. 2: Inhibition of CmGSTU3 activity towards CDNB by
Methanol Eluted Fractions (MEFs) of PS extract.
Results were obtamned from two ndependent
experiments and bars indicate standard error. Each
ML extract comresponds to the amount of the
substances present 1 24.4 mg of fresh tissue

Fujita and Hossain (2003b) also reported lower specific
activity of CmGSTU2 than CmGSTULl and CmGSTU3
purified from Z. colli cells. To check whether the variation
in mhibition among GST species 1s caused by different
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Fig. 3: HPLC-based activity profiling with different MEFs of PS extract for CamGSTU3 activity towards CDNB. The HPLC
chromatograms show the absorbance of compounds detected at 220 nm and bar graphs above each
chromatogram show the inhibitory effect of comresponding HPLC-fractions. Fifty micro liters of extract
(corresponding to extract from 1.22 g fresh PS tissues) was mjected on to HPLC column. Chromatographic
conditions are described in “materials and methods” section. The solvent of each collected fractions was
removed by evaporation and the dried substances were redissolved in 250 pl, distilled water. Inhibitory potency
was checked for each 50 and 100 puL. Each experiment was repeated two times and bars indicate standard error.
Each HPLC-chromatogram shows the typical result obtamed from one experiment
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amount of various proteins in reaction mixture or by
different affinities between inlubitors and GST species, we
carried out an inhibition study adding Bovine Serum
Albumin (BSA) as an extra protein. The addition of BSA
to the assay systems of CmGSTUIL, CmGSTU3 did not
show any significant vanation in inlibition caused by PS
extract (data not shown), suggesting that the differences
of inhibition among different GSTs are the specific
characteristics for the respective species.

Inhibition of CnGSTU3 by MEFs of PS extract: We
separated the alcoholic extract of PS into five fractions
through Sep-Pak Vac Cl8 column chromatography with
various concentrations of methanol (as stated 1n
“materials and methods™). To assay the inhibitory effects
of MEFs obtamed, we selected CmGSTU3 since it
exhibited the highest activity among the three GST
enzyme solutions. Twenty, forty and sixty percent MEFs
showed similar high inhibitions followed by 0% MEF,
while 100% MEF inhibited margmally (Fig. 2). These
results suggest that PS contains hydrophobic as well as
hydrophilic ntubitors.

HPLC analysis: In order to obtain further mformation
about inhibitory properties of constituents in PS extract,
we also carmied out HPL.C analyses of each MEF except for
100% MEF as it exhibited small inhibitory effect. Fifty
micro liters of each sample were loaded on to a Shim Pack
CLC-ODS column. To get good separations, the column
was eluted with proper gradients of methanol as described
in “materials and methods”. HPLC elution profiles of
different MEFs and the mhibitory effects of obtained
fractions are shown in Fig. 3.

Figure 3 indicates that 0% MEF of PS extract contains
some potent inhibitors in HPL.C-fraction number-IT (f-T).
Probably, a number of hydrophilic substances are eluted
in the fraction as it contains the effluents of peak-1
mcluding some adjacent mmor peaks. In case of 20%
MEF, f-VT (peak-4) showed high degree of inhibitory
potency. By NMR and Mass Spectrophotometries, the
chemical structure of the major compound in f-VI was
identified as tryptophan but authentic tryptophan was
found to be a wealk inhibitor and its degree of inhibition
was very low as compared with that of f-VI (data not
shown), suggesting that the fraction might contain some
other inhubitory compounds along with tryptophan, which
have no absorption at 220 nm. Some constituents
corresponding to peak-1, 2 and 3 for 40% MEF and most
of the moderate peaks detected at 220 nm for 60% MEF
also showed small inlibitory effects. This experiment
strongly suggests that HPLC-fractions with high
mhibitory potencies for a particular MEF contamn some
potent inhibitors towards CmGSTU3.
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DISCUSSION

The GST inhibitors can be grouped into three classes
based on binding site on GST protein and mechamsm of
inhibition (L.yon et al. 2003). The first is the analogues of
electrophilic substrates, which bind in the hydrophobic
region of the active site (H-site) and competitively inhibit
binding of hydrophobic electroplules. The second is the
glutathione conjugates, which occupy both the
glutathione binding site (G-site) and a part of the H-site
and are typically competitive with respect to both
glutathione and hydrophobic substrates. Third, a
collection of compounds referred to as non-substrate
ligands which bind at a different site (L-site) for the
purpose of intracellular transportation are noncompetitive
inhibitors of GSTs that act as ligandins.

Tt has been well documented that substrates of GSTs
(fall under the first class inlubitors) are typically
hydrophobic (Koehler et al., 1997) while non-substrate
ligands (fall under the third class mhibitors) are either
hydrophobic or amphipathic substances (Ketley et al.,
1975; Reinemer et al., 1991; Bilang et al., 1993; Lyon and
Atkins, 2002). In regard to the second class inhibitors,
considerable research reports indicated that GSH-
congugates are potential inhibitors of animal and plant
GSTs (Lucenta et al., 1998). Reportedly, glutamyl-COOH
group of GSH-conjugate is very hydrophilic and is
responsible for binding to G-site (Burg ef al., 2002). It 1s
also reported that longer S-alkyl chain or larger aromatic
groups of GSH-comjugates show relatively higher
hydrophobicity as well as higher inhibitory potencies as
compared to shorter or smaller ones (Koehler et al., 1997,
Ortiz-Salmeron et a., 2001).

The endogenous substances in pumpkin seedling
that inhibit CDNB conjugating activity of CmGSTU3
might be physiological substrates or non-substrate
ligands for the enzyme. The potential substances present
1 20, 40 and 60% MEFs, seem to be amphipathic and/or
hydrophobic inhibitors. Most of the research reports
addressed some secondary sulphur compounds like
glutathione derivatives and its structurally related
substances as amphlipathic inhibitors (Neuefemnd et af.,
1997; Lucenta et al., 1998) that are common in most of the
plant cells, particularly abundant in Alliwm  spp.
(Lancaster and Shaw, 1989, Jones et al, 2004). A
considerable number of research findings mdicated that
plant natural products with different degrees of
hydrophobicity exhibit sigmficant interaction with GSTs.
These include phytoalexin medicarpin (i ef al., 1997),
anthocyamn, cyamdin-3-glucoside (Marrs ef al., 1995;
Mueller et al., 2000), cinnamic acid, coumaric acid and
some of their derivatives (Dean ef af., 1995), many other
flavonoids, phenol and «, P-unsaturated carbonyl
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compounds (Gronwald and Plaisance, 1998, Yu and
Abo-Elghar, 2000), phorphyring and tetrapyrrole
metabolites (Lederer and Boger, 2003) and a wide
variety of plant hormones and related substances
(Watahiki et al, 1993). Tt is possible that pumpkin
seedlings contain some of these phytochemicals which
showed inhibitory effects on pumpkin GSTs either by
formation of conjugate with glutathione or by acting as
inhibitory ligands.

The potential substances in 0% MEF are might be
some water soluble organic acids and/or acidic
carbohydrates. Another possibility 1s that pumpkin
seedlings contain glutathione conjugates that formed
previously m cowrse of normal cellular detoxification.
These conjugates are very hydrophilic and are capable of
decrease GST activity by reducing the formation of further
glutathione conjugates (Rea et al., 1998). However, to the
best of our knowledge no hydrophilic compounds are
detected as inhibitors of GSTs in the past. Interestingly,
our results indicated a number of hydrophilic compounds
in 0% MEF of PS extract where at least one might be a
potent inlibitor.

Finally, we conclude that tissues of pumpkin seedling
contain a number of mlbitors, most of which might
represent physiological substrates or non-substrate
ligands of pumpkin GSTs. Some of the mhibitors are water
soluble and the others are different in hydrophobicity.
Present research however, will provide a basis for better
understanding the physiological role of endogenous
compounds of plant tissue and their possible mteractions
with GSTs. In addition, a new idea about hydrophilic
mntibitors of GSTs will also be established. However, we
are now trying to develop an appropriate method to
separate and identify the structures of individual
compounds of pumpkin seedling extract that will lead to
establishment of the inhubition mechamsm of the

compounds.
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