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G lutathione S-transferases (GSTs)
are a family of phase II detoxifica-
tion enzymes that conjugate re-

duced glutathione (GSH) to various electro-
philic compounds. GSTs are abundant in
cells (making up to 10% of cytosolic pro-
tein) and consist of at least seven subfami-
lies such as alpha, kappa, mu, pi, theta,
zeta, and omega, and each subclass has
several isoforms, respectively (1). The diver-
sity of GSTs might explain their various bio-
logical roles in detoxification, inflamma-
tion, proliferation, apoptosis, etc (1). In
addition to the physiological functions,
GSTs are suspected to be involved in di-
verse pathological conditions. Many can-
cers show abnormal profiles of GST iso-
forms as compared to the ones seen in
normal tissues, and the diverse polymor-
phisms in GSTs are linked to the susceptibil-
ity of certain cancers or drug resistances
(2−4). The omega GSTs (GSTO1 and GSTO2)
are a newly identified subfamily harboring
a cysteine residue in their active site,
whereas the other subfamilies have a serine
or tyrosine residue (5). GSTOs are involved
in the detoxification of inorganic arsenical
compounds, and mutations or polymor-
phisms deteriorating their activity are be-
lieved to induce arsenicism (6). Polymor-
phisms of GSTOs found in various
neoplasms are a potential risk factor, and
the overexpression is implicated in the resis-
tance to anticancer therapies (3, 4). In addi-

tion, certain polymorphisms in GSTO1 ap-
pear to be responsible for the susceptibility
to or the age at onset of Alzheimer’s disease
and Parkinson’s disease (6). However, their
pathological roles are still controversial
since the functional study of each isoform
is limited because of the diversity, complex-
ity, and functional similarity of GSTs (1).
Thus, isoform-specific modulators or report-
ers are truly required (7).

In previous studies we have employed
the technique of proteome profiling using
chemically reactive fluorescent compounds
as a tool for functional genomics (8). Gener-
ally, chemically reactive fluorescent dyes
have been used for in vitro labeling of spe-
cific functional groups (amine and thiol) in
proteins, and this reaction renders the dyes
to be nonreactive toward other proteins.
However, we observed that diverse deriva-
tives of fluorescent compounds themselves
recognize different macromolecules due to
subtle alterations in the structure. In order to
correlate the proteome staining profiles
with the structural differences, we screened
reactive fluorescent dyes together with their
various derivatives by SDS�PAGE.

Forty-three commercial compounds were
applied to the live NIH/3T3 cells, and the la-
beling profile was analyzed in gel (Supple-
mentary Figure S1). While most probes
showed a similar profile within the same
fluorescent scaffold, six fluorescein deriva-
tives exhibited considerably different pat-
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ABSTRACT Recently, the glutathione
S-transferase omega 1 (GSTO1) is suspected to
be involved in certain cancers and neurodegen-
erative diseases. However, profound investiga-
tion on the pathological roles of GSTO1 has been
hampered by the lack of specific methods to de-
termine or modulate its activity in biological sys-
tems containing other isoforms with similar cata-
lytic function. Here, we report a fluorescent
compound that is able to inhibit and monitor
the activity of GSTO1. We screened 43 fluores-
cent chemicals and found a compound (6) that
binds specifically to the active site of GSTO1. We
observed that compound 6 inhibits GSTO1 by
covalent modification but spares other isoforms
in HEK293 cells and demonstrated that com-
pound 6 could report the activity of GSTO1 in
NIH/3T3 or HEK293 cells by measuring the fluo-
rescence intensity of the labeled amount of
GSTO1 in SDS�PAGE. Compound 6 is a useful
tool to study GSTO1, applicable as a specific in-
hibitor and an activity reporter.
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terns. Two of them have amine-reactive
groups (isothiocyanate 1 and succinimide
4), and the other four have thiol-reactive
groups (benzyl halides 2 and 6, maleimide
3, and iodoacetyl 5) (Figure 1, panel a). Each
probe labeled proteins of different size with
different efficiency (Figure 1, panel b), af-
fected by the chemical reactivity, proximity
to reactive residues, affinity to targets, etc.
For compounds 2 and 6, cell permeability
would be another critical factor affecting
their labeling efficiency. While compound 6
may pass more freely through cell mem-
branes, compound 2 may be less
membrane-permeable (9). Furthermore,
compound 6 might be transformed into the
chlorobenzyl analogue of compound 2 by in-
tracellular esterase (9). To address how cell
permeability affects the labeling profile, we
treated those six fluorescein derivatives to
cell lysates instead of live cells (Figure 1,
panel c). Indeed, compound 2 showed bet-
ter labeling efficiency without the mem-
brane barrier, and the labeling pattern of
compound 3 was quite different from the
staining under live cell conditions. Among
the six probes, compounds 2 and 6 labeled
a single band (Figure 1), and further analy-
sis by 2D-PAGE also revealed a single
stained spot (Supplementary Figure S2).

In order to develop a specific probe for
a single protein, we identified the labeled
protein and modification site by 2D-HPLC

combined with mass spectrometry (MS)
(Supplementary Figure S3). The sole fluores-
cent peak was purified from compound
6-treated NIH/3T3 lysate by size exclusion
chromatography (SEC) (Supplementary Fig-
ure S4, panels a and b) and was digested
and analyzed through reverse-phase (RP)-
HPLC-MALDI TOFMS with MASCOT proteome
database search (http://www.matrixscience.
com) (10).

The MS/MS analysis identified the single
fluorescent peak from the RP-peptide separa-
tion as mouse GSTO1, and the binding site
was Cys32 of the peptide 31-FCPFAQR-
37 (Figure 2, panels a and b). The y and b
ion fragments of Cys32 bound to com-
pound 6 were detected in a MS/MS ion
search (Figure 2, panel b), and a strong im-
monium ion (m/z 345) was detected in
MS/MS spectra of compound 2-tagged pep-
tide (Figure 2, panel a), a bromobenzyl ana-
logue of compound 6 (Figure 2, panel b).

Then, we assessed the specificity of com-
pound 6 by EGFP fusion proteins of the re-
spective GST isoforms. We generated EGFP
fusion constructs of seven human GSTs (al-
pha1, kappa1, mu1, pi1, theta1, zeta1, and
omega1) (Supplementary Table S2). Those
recombinant GSTs were expressed in
HEK293 cells individually, and cells were in-
cubated with 500 nM of compound 6 for
1 h. Among the recombinant GSTs, only ex-
ogenous GSTO1 exhibited a fluorescent

band that was confirmed as the recombi-
nant protein (GSTO1-EGFP) by Western blot-
ting (Figure 2, panel c).

Recently, the commercial fluorescent
probe HaloTag diAcFAM Ligand (Promega)
was reported to show a similar proteome
staining profile (11). The authors pointed
out the structural similarity between the
HaloTag diAcFAM Ligand and compound 6
(personal communication). Therefore, we
suspected that GSTO1 could be an endog-
enous target of this compound and ob-
served that HaloTag diAcFAM Ligand in-
deed stained the exogenous GSTO1
(Supplementary Figure S5, panels a and b).
Although both compounds bind to a com-
mon protein, the diAcFAM Ligand was less
efficient in staining GSTO1 than compound
6; 0.2 �M compound 6 produced a compa-
rable fluorescent intensity as acquired by
10 �M HaloTag diAcFAM Ligand (Supple-
mentary Figure S5, panel c).

Compound 6 has the potential to serve
as a catalytic inhibitor since it binds to the
active site covalently. To address whether
compound 6 inhibits only GSTO1 and not
other isoforms, we measured the enzyme
activity of individual GST isoforms after treat-
ment with compound 6 in live cells. After
transfecting the plasmids encoding EGFP-
fusion protein of the GST kappa1, pi1, or
omega1, we incubated the HEK 293 cells
with compound 6 for 1 h. Then, the exog-

Figure 1. Proteome staining profiles of fluorescent compounds. a) Structure of six fluorescein derivatives among 43 fluorescent compounds
screened. Protein labeling by six fluorescein derivatives analyzed by SDS�PAGE with staining under live conditions (NIH/3T3 cells) (b) or when
treated to total lysates of NIH/3T3 (c). Fluorescent gel image was taken from the FITC channel (Ex 488 and Em 520 nm) and the coomassie staining
of the respective gel is shown.
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enous GSTs were purified by immunoprecip-
itation from total lysate using an EGFP anti-
body and subjected to an enzyme assay.
The inhibition was specific to GSTO1 in a
concentration-dependent manner with a
half-maximal inhibitory concentration (IC50)

of 51 nM (Figure 3, panels a and b). The in-
hibition was irreversible and lasted up to
180 min after treatment of compound 6 in
EGFP-GSTO1 transfected HEK293 cells
(Figure 3, panel c).

The intrinsic fluorescence of compound
6 inspired us to develop it as a fluorescent
probe to detect functionally active GSTO1.
We treated Ebselen to live NIH/3T3 or
HEK293 cells and then stained the cells
with compound 6. Eb-
selen is a GST inhibitor af-
fecting the active cys-
teine residue (12). A
gradual reduction in the
fluorescence intensity for
GSTO1 was observed in
the presence of Ebselen
in both cell lines in a
concentration-dependent
manner (Figure 3,
panel d). We could moni-
tor the residual activity of
GSTO1 with compound 6
by measuring the fluores-
cence intensity of the cor-
responding band on gel
and calculated the IC50 of
Ebselen in NIH/3T3 (IC50

� 13 �M) and HEK293
cells (IC50 � 12 �M).
These results suggest
that compound 6 is suit-
able for the activity moni-
toring of GSTO1.

To elucidate a poten-
tial mode of interaction
between compound 6
and GSTO1, we docked
the hydrolyzed species of
compound 6 (equivalent
to the chlorobenzyl ana-
logue of compound 2)
into the crystal structure
of human GSTO1 (Protein
Data Bank code: 1eem)
(13). Redocking experi-
ments with glutathione

were performed with GOLD version 4.1 (The
Cambridge Crystallographic Data Centre)
(14) to verify the suitability of the target for
docking. The crystal structure pose of GSH in
the G-site subpocket was well reproduced
with an average rmsd of 0.54 � 0.06 Å for
non-hydrogen atom coordinates and a fa-
vorable GoldScore of 67.70 � 0.68 (mean
value � SD of 10 repetitions). Covalent
docking of the chlorobenzyl analogue of

Figure 2. Identification of target protein and
binding sites. a) MS/MS spectrum of com-
pound 2 to detect a specific immonium ion,
m/z 345, after cleavage of bromine by laser-
induced decomposition. b) MS/MS ion search
of the fractionated peptide fluorescent peak.
* The series of y and b ions including com-
pound 6-tagged Cys detected. ** The specific
immonium ion (m/z 345) was observed. c)
Fluorescence scanning of the SDS�PAGE and
Western blotting of EGFP to confirm the ex-
pression of EGFP-GSTs in HEK293 cells. “NS”
represents nonspecific band recognized by an
�-GFP antibody and is shown as the quanti-
fication control. *** The EGFP expressed from
pEGFP-N1 without fusion of GST; endoGS-
TO1 is the endogenous GSTO1 stained by
compound 6.

Figure 3. Compound 6 is a GSTO1-specific inhibitor and fluores-
cent reporter. Exogenously expressed fusion proteins were immu-
noprecipitated, and the activity of respective isoform was mea-
sured. a) Activity of GSTs after treatment with compound 6 at a
concentration of 500 nM for 1 h. IC50 of compound 6 on GSTO1
was calculated as 51.2 nM. c) A time-course study showing per-
sistence of GSTO1 inhibition by compound 6. GSTO1-EGFP was
transfected into HEK293 cells, and compound 6 was treated. After
1 h of incubation with compound 6, cells were washed, and a
group of cells were harvested (T0). Other groups of cells were in-
cubated in fresh medium and harvested at 30, 60, or 180 min
after washing. Enzyme activity of the immunoprecipitated GSTs is
shown as the relative % activity comparing to the activity from
the DMSO-treated sample. d) Visualization of the active GSTO1 in
gel using compound 6 after pretreatment of Ebselen in NIH/3T3
and HEK293 cells.
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compound 2 into the binding site of GSTO1
in contrast suggested binding to the H-site
subpocket of the GST binding site (Figure 4).
The average GoldScore of 31.40 � 0.06 in-
dicated favorable binding with a moderate
binding affinity. The docking algorithm con-
verged well on a single cluster of binding
poses with an average pairwise rmsd of
0.19 � 0.08 Å. The H-site of hGSTO1 forms
a wide and deep, largely hydrophobic
pocket adjacent to the glutathione binding
site (G-site) (13). Besides the covalent bond,
the predicted binding mode was domi-
nated by hydrophobic interactions with
GST.

In summary, we report a new GSTO1-
specific inhibitor. Compound 6 inhibits
specifically GSTO1 while sparing other iso-
forms in live cells. Considering the diverse
biological functions of GSTs, a specific in-
hibitor blocking a single isoform would have
a versatile usage in biological study. With-

out a specific inhibitor, the functional study
of a gene should depend on laborious meth-
ods such as a systematic gene knockout or
RNAi. Therefore, a small molecule-based in-
hibitor would be a convenient and cost-
effective way to study an enzyme. More-
over, compound 6 is fluorescent by itself. It
allows visualization of the active GSTO1 in
the total proteome, especially when the ac-
tive site of the target enzyme is intact. We
prepared several serial deletion constructs
of GSTO1 as EGFP fusion proteins. When
compound 6 was applied to the cells ex-
pressing those deletion mutants, com-
pound 6-stained band was not observed
from any of the mutants, although the cata-
lytic Cys32 was preserved in them (data not
shown). Thus, not only the active site but
also the structural intactness is crucial for
binding of compound 6. Hence, the func-
tional status of GSTO1 in live cells can be
read out by compound 6. Previously, chemi-
cal probes to monitor the activity of certain
enzymes, such as the ABPP (activity-based
protein profiling) probes, have been devel-
oped. ABPP monitors catalytically active en-
zymes rather than their total amounts and
indeed provides a better understanding for
the functional status of the enzymes in the
given biological system (15). For example,
Cravatt’s group developed the ABPP probes
for metabolic enzymes including GSTO1.
Sulfonate ester ABPP probe enabled profil-
ing of the functional status of GSTO1 in the
proteomes of cancer samples (16). Mostly,
the ABPP probes require profound rational
designs to introduce the bulky reporters (flu-
orophore, biotin, or both), which limit the
high-throughput development and the in
vivo applicability (15). Screening chemically
reactive fluorescence libraries can be an al-
ternative to the challenging rational design,
as was demonstrated here by the identifica-
tion of compound 6, an activity reporter of
GSTO1. Additionally, we suggest a careful
choice of the fluorophores in biological ap-
plications. Fluorescein derivatives are widely
used for protein labeling linked to antibod-

ies, nucleotides, or ligands to trace the la-
beled proteins. However, unintended tag-
ging by reactive fluorophores might occur.
The HaloTag diAcFAM Ligand would be an
example of unintended labeling of a nontar-
geted cellular protein, the GSTO1 (Supple-
mentary Figure S5).

METHODS
Cell Culture. Mouse fibroblast (NIH/3T3) and hu-

man embryonic kidney cells (HEK293) were grown
in Dulbecco’s Modified Eagle Medium (DMEM,
GIBCO) supplemented with 10% (v/v) fetal bovine
serum and penicillin/streptomycin (100 �g mL�1)
in a humidified atmosphere at 37 °C with 5% (v/v)
CO2.

Screening. The fluorescein derivatives, pur-
chased from Invitrogen (Supplementary Table S1)
were treated to live cells at 500 nM in normal me-
dium. After 1 h of incubation at 37 °C, cells were
washed with PBS and lysed in CellLytic M buffer
(Sigma). Total protein extracts were boiled with
Laemmli sample buffer (Bio-Rad) including 5%
(v/v) 2-mercaptoethanol (Bio-Rad) and analyzed
in the 10.4�14% (w/v) polyacrylamide gel con-
taining 0.1% (w/v) SDS (Bio-Rad) at a constant
voltage 120 V. Gels were immediately scanned on
a Typhoon9400 scanner (Amersham Bioscience).

2D-HPLC. Cell lysate was separated by
fluorescence-based 2D-HPLC combined with SEC
and RPC. SEC was performed by Phenomenex Bio-
Sep S2000 column (300 mm � 7.8 mm i.d.) with
a mobile phase of 100 mM sodium phosphate (pH
7.0) with an isocratic flow rate of 1 mL min�1 on
Shimadzu ultra fast liquid chromatography (UFLC).
The fluorescent peak (Ex 488 and Em 520 nm) in
SEC was reconstituted in 6 M urea (1% v/v acetic
acid) after complete evaporation of the mobile
phase by a refrigerated CentriVap concentrator
(LABCONCO). C18 reversed phase chromatogra-
phy was performed by an Agilent mRP column (50
mm � 4.6 mm, ID) with a mobile phase: (A) 0.1%
(v/v) trifluoroacetic acid (TFA) and (B) acetonitrile
with 0.1% (v/v) TFA with nine-steps programmed
gradient (Supplementary Table S3).

HPLC-MALDI-ToF MS/MS Analysis. The fluores-
cent fraction of the C18 RPC for peptide separa-
tion, performed by a Phenomenex Luna C18 (150
mm � 4.6 mm i.d., 5 �m) column with mobile
phase: (A) 0.1% (v/v) TFA and (B) acetonitrile with
0.1% (v/v) TFA with six-steps programmed gradi-
ent (Supplementary Table S4), was evaporated
and reconstituted in 0.1% (v/v) TFA solution, and
0.5 �L of the sample was applied onto a 600 �m
AnchorChip (Bruker Daltonics). When the droplet
size reached the size of the Anchor, 2 �L of ma-
trix solution (0.3 g L�1 of �-cyano-4-hydroxy cin-
namic acid in ethanol/acetone 2:1) was applied
onto the droplet. We used a 2,5-dihydroxybenzoic
acid (DHB) matrix to mix equal volumes of sample
and matrix (5 g L�1 DHB, 0.1% v/v TFA in water
containing 30% v/v acetonitrile) and applied 1 �L
onto a 600 �m AnchorChip to archive a crystal rim
preparation. Bruker Daltonics Ultraflex III with

Figure 4. Molecular docking of the intracellu-
lar transform of compound 6 to GSTO1 (PDB
code: 1eem) by GOLD v4.1. The compound co-
valently bound to the thiol sulfur of the ac-
tive site Cys32. Docking predicted binding to
the H-site (light blue) with largely hydropho-
bic interactions (GoldScore: 31.40 � 0.06). A
weak hydrogen bond to Arg132 seems pos-
sible (dashed line). Green, G-site subpocket;
cyan, carbon atom; red, oxygen atom; dark
blue, nitrogen atom; yellow, sulfur atom; and
white, hydrogen atom. Figure generated with
PyMOL v1.1r1 (DeLano Scientific).
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SmartBeam and MASCOT search engine were
used for peptide mass fingerprinting and MS/MS
ion search of the digested fluorescent peak to de-
termine the molecular target and binding site
(Figure 2, panels a and b).

Fusion Protein and Western Blotting. Total RNA
prepared from human normal dermal fibroblasts
was used for cDNA synthesis, and ORF of seven
isoforms of GST (alpha1(GSTA1), kappa1(GSTK1),
mu1(GSTM1), pi1(GSTP1), theta1(GSTT1),
omega1(GSTO1), and zeta1(GSTZ1)) were PCR-
amplified (Supplementary Table S2) and inserted
into the EcoR1/BamH1 sites of the pEGFP-N1
(Clontech). Identity of the acquired clones was
confirmed by nucleotide sequencing. Approxi-
mately 5 � 105 cells well�1 of HEK293 were
seeded into a 6-well plate and 1 �g of DNA was
transfected by using Lipofectamine 2000 (Invitro-
gen). Total protein extract from the transfected
cells was subjected to Western blotting. Antibod-
ies used are mouse monoclonal anti-GFP antibody
(Santa Cruz, sc-9996) and goat antimouse IgG
(H�L)-Cy5 (Zymed, 81-6516).

Immunoprecipitation and GST Assay. HEK293
cells were transfected with plasmids encoding
EGFP-GSTs, and the pEGFP-N1 was transfected as
a negative control encoding only EGFP. Transfected
cells were incubated at the indicated concentra-
tions of compound 6 for 1 h, and total protein was
extracted. Two micrograms of EGFP antibody were
added to 500 �g of lysate and incubated by slow
agitation at 4 °C. On the following day, 50 �L of
Protein-G agarose (Roche) was mixed with the pro-
tein extract and incubated by slow agitation at
4 °C for 6 h. Agarose beads were precipitated by
centrifugation, resuspended in 50 �L of PBS, and
subjected to an enzyme assay or Western blotting.
GST activity was determined by a GST assay kit
(Sigma). This assay measures the increase in ab-
sorbance at 340 nm due to the conjugation of GSH
to 1-chloro-2,4-dinitrobenzene (CDNB) (17).

Molecular Docking. The structure of hGSTO1 in
complex with GSH was downloaded from the Pro-
tein Data Bank (code: 1eem) and processed with
the Molecular Operating System (MOE) version
2008.1001 (Chemical Computing Group) as fol-
lows: (i) water molecules and sulfate ions were re-
moved; (ii) hydrogens were added,and their posi-
tions were optimized with Protonate 3D at pH 7;
(iii) the complex was energy minimized (force field
AMBER99 with Generalized Born solvation model
(18), final gradient 0.05 kcal mol�1 Å�1, heavy at-
oms tethered) and (iv) saved for docking after re-
moval of glutathione. Molecular docking was per-
formed with GOLD version 4.1 (The Cambridge
Crystallographic Data Centre) as follows: (i) bind-
ing site definition: solvent accessible atoms in a
15-Å radius sphere centered on carbon CD of
Pro33; (ii) scoring function: GoldScore with auto-
matic settings, 200% search efficiency, no early
termination; (iii) covalent docking: enabled, li-
gands attached to the thiol sulfur of Cys32. Dock-
ing simulations were repeated 10 times each with
10 initializations of the docking algorithm.
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