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ABSTRACT: Glutathione S-transferases (GSTs) comprise a
diverse family of phase II drug metabolizing enzymes whose
shared function is the conjugation of reduced glutathione (GSH)
to endo- and xenobiotics. Although the conglomerate activity of
these enzymes can be measured, the individual contribution from
specific isoforms and their contribution to the metabolism of xe-
nobiotics in complex biological samples has not been possible.
We have developed two activity-based probes (ABPs) that charac-
terize active GSTs in mammalian tissues. The GST active site is
comprised of a GSH binding “G site” and a substrate binding “H
site”. Therefore, we developed (1) a GSH-based photoaffinity
probe (GSTABP-G) to target the “G site”, and (2) an ABP de-
signed to mimic a substrate molecule and have “H site” activity
(GSTABP-H). The GSTABP-G features a photoreactive moiety
for UV-induced covalent binding to GSTs and GSH-binding en-
zymes. The GSTABP-H is a derivative of a known mechanism-
based GST inhibitor that binds within the active site and inhibits
GST activity. Validation of probe targets and “G” and “H” site
specificity was carried out using a series of competition experi-
ments in the liver. Herein, we present robust tools for the charac-
terization of enzyme- and active site-specific GST activity in
mammalian model systems.

Glutathione S-transferases (GSTs) are a diverse group of
phase II drug metabolizing enzymes whose shared function is the
conjugation of glutathione (GSH) to various electrophilic endo-
and xenobiotics." GSTs have been implicated in the conjugation
of endogenously produced oxidized metabolites including
propenal, 4-hydroxynonenals, organic hydroperoxides, phospho-
lipids, and fatty acid peroxides.”” Reactive species generated by
P450 monoxygenation of exogenous polyaromatic hydrocarbons
(PAHs) are also conjugated to GSH, highlighting the importance
of GSTs in the protection of macromolecules such as DNA or
proteins from modification by P450-activated PAH metabolites.*®
Additionally, many chemotherapeutic drugs, such as 1,3-bis-(2-
chloroethyl)-1-nitrosourea and chlorambucil, function as alkylat-
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Figure 1. Activity- and affinity-based probes designed to target active
GSTs. (A) Function of active GSTs; the conjugation of reduced glutathi-
one (GSH) to xenobiotic (X) stabilized by “G” and “H” site binding by
each substrate, respectively. (B) Structure of affinity-based GSTABP-G
designed to target GST “G” sites (C) Structure of activity-based
GSTABP-H designed to target GST “H” sites. GSTABP-G and
GSTABP-H probe dependent labeling of 1 pM recombinant human
GSTM1 (D) and mouse liver cytosol (E). BP — benzophenone.

ing agents and are inactivated via GSH conjugation.”'? Due to
their function in the detoxification of endogenous and exogenous
electrophiles, an exploration of enzyme-specific response to per-
turbation is critical for understanding mammalian metabolism of
xeno- and endobiotics.
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Figure 2. LC-MS/MS chemoproteomics results of probe enriched and probe competed mouse liver cytosol (n=3). All samples were incubated with 10 uM
probe or an equal concentration of vehicle control. Enrichment was calculated as AMT tag abundances from probe-enriched samples divided by a no UV
(for GSTABP-G) or DMSO only (for GSTABP-H) control. Significance was determined using a paired t-test with a two-tailed distribution. (A) Volcano
plot of GSTABP-G enrichment. In black: all GSTs that did not demonstrate competitive inhibition of probe labeling. In green: GSTs whose probe labeling
was competitively inhibited by 2.5x excess 2,3-dichloro-1,4-napthoquinone (Dichlon) over probe. In blue: GSTs whose probe labeling was competitively
inhibited by 2.5x excess Dichlon and 2.5x excess S-hexylglutathione. (B) Volcano plot of GSTABP-H enrichment. In black: all GSTs whose probe labeling
was not competitively inhibited. In blue: GSTs whose probe labeling was competitively inhibited by 20x S-hexylglutathione. In red: GSTs whose probe

labeling was competitively inhibited by 10x N-ethylmaleimide.

GSTs are categorized by their subcellular location into cyto-
solic, mitochondrial, and microsomal superfamilies and are fur-
ther divided into classes based on sequence homology. GSTs
contain a GSH binding “G” site and a substrate-binding “H” site.
While the G site is highly conserved, the H site is variable be-
tween classes, contributing to inter-class diversity in substrate
specificity.! Expression of GSTs is often non-indicative of the
propensity of these enzymes for their detoxifying GSH transferase
activity. This discrepancy between expression and activity can be
attributed to known post-translational modifications, alternative
enzyme-specific non-transferase activities, and activity altering
protein-protein interactions.*'® Measurement of GST activity
using commercial activity assays provides information regarding
the total GSH conjugating ability of a system, but fail to reveal
enzyme-specific activity. Due to incongruence of GST expression
and activity, in combination with a limited toolkit for studying
GST activity, robust tools to measure enzyme-specific GST ac-
tivity are needed.
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Figure 3. Competitive inhibition of GSTABP-G and GSTABP-H label-
ing of mouse liver cytosol to delineate G and H site binding (n=3). 10
pM probe was used in all samples. Increasing concentrations of S-
hexylglutathione (GS-hexyl) or ethacrynic acid (EA) was incubated with
mouse liver cytosol for 30 min before probe labeling for 30 min. After-
wards, thodamine was attached to the probe-protein complexes via click
chemistry. Proteins were resolved via SDS-PAGE followed by fluores-
cence gel imaging and quantification (arbitrary units) of probe labeled
GST bands. All replicates were normalized to a % labeled protein value
(probed samples with no inhibitor = 100%). Normalized values were
plotted and ECs, values were determined with a best fit curve.

We developed two probes to enable activity-based protein
profiling of GSTs at the GSH-binding G site and the substrate
binding H site (Figure 1A), and validated their ability to target
and measure the activity of GSTs in mammalian model systems.
The first probe (GSTABP-G) was designed to target the GSH-
binding G site of GSTs by mimicking GSH (Figure 1B). A photo-
reactive benzophenone and a terminal alkyne were appended to
the thiol of GSH. This allows for irreversible binding of the probe
to GST targets when UV irradiated, and the subsequent enrich-
ment of targeted proteins following click chemistry. GST en-
zymes recognize and bind the peptidic structure of GSH, whereas
the GSH thiol functions as a nucleophile for GST-mediated at-
tachment to xenobiotics. Thereby, to target the G site we modified
the thiol with the alkyne and benzophenone containing linker. To
complement the G site targeting photoaffinity probe, we devel-
oped a mechanism-based probe designed to characterize H site
activity (Figure 1C). The second probe (GSTABP-H) is derived
from Dichlon (2,3-dichloro-1,4-naphthoquinone), a broad spec-
trum irreversible inhibitor of human and rodent GST
isoenzymes'”'®. We hypothesized that GSTABP-H would bind H
sites due to Dichlon’s hydrophobicity and electrophilicity, which
are properties of H site binding molecules. In addition, evidence
suggests the Dichlon moiety may also have capacity to bind con-
served catalytic tyrosines within GST H sites. For example, a
GST mu isoenzyme has previously been found to be irreversibly
bound by 2-(S-glutathionyl)-3,5,6-trichloro-1,4-benzoquinone.
The proposed binding mechanism involves an interaction between
the catalytic tyrosines and the chlorinated quinone moiety shared
by 2-(S-glutathionyl)-3,5,6-trichloro-1,4-benzoquinone and Di-
chlon.” Thus, we posited an alkyne-appended Dichlon derivative
would make an effective H site targeting activity based probe.

To validate irreversible labeling of active GSTs by the ABPs,
we first evaluated concentration dependent labeling of a recombi-
nant GST (Figure 1D). GSTABP-G and GSTABP-H were ap-
plied with increasing concentrations to the recombinant human
GSTM1, a GST isoenzyme that is highly expressed in mammalian
liver. After 30 min of incubation, a fluorescent rhodamine reporter
was added by click chemistry, and SDS-PAGE revealed both
probes exhibit concentration-dependent GSTM1 (Figure 1D).
Both probes were then applied with increasing concentrations to
the cytosolic fraction of mouse liver lysate to further test probe
targeting (Figure 1E). Both probes strongly label two distinct
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bands at 24 kDa. The lower band is likely GSTPI1, a 23.6 kDa
protein highly abundant in the liver. The upper band shows prob-
able GST targets from the mu and alpha classes, the molecular
weights of which are ~26 kDa. In addition to these proteins, the
GSTABP-H shows concentration-dependent labeling of various
higher molecular weight proteins. While the GSTABP-G demon-
strates high selectivity, the GSTABP-H seems more susceptible
to off-target labeling, likely due to its strong electrophilic nature
(Figure 1E). To determine the specific GST isoforms targeted by
each probe, we performed LC-MS based proteomics analyses of
mouse liver labeling, and labeling in the presence of specific in-
hibitors (Figure 2). Proteomics revealed that the GSTABP-G
shows high specificity for GSTs (Figure 2A). 27 probe-targeted
proteins were determined to be statistically significant targets of
GSTABP-G at a fold-change of 3 over no UV exposure controls.
Of these 27 proteins, eight are GSTs and include members of mu,
alpha, pi, theta, kappa, and zeta classes. The remaining proteins
include five proteins with known GSH binding, one with known
antioxidant and drug binding activity, and five proteins highly
abundant in liver with no known GSH binding activity (SI Table
S1). The GSTABP-H also facilitated the enrichment of 12 mem-
bers of the GST mu, alpha, pi, theta, omega, kappa, and zeta clas-
ses (Figure 2B; SI Table S2). However, as with the gel studies,
proteomics results for GSTABP-H indicate considerably more off
target labeling than GSTABP-G. An evaluation of the off-targets
reveals that many of these proteins have known reactive thiols,
akin to the GSTs. Within GSTs, GSTABP-G shows selectivity
for GSTM2, M1, A3, P1, M4, T1, K1, MAAI (Z) and GSTABP-
H for GSTT2, T1, and Z isoenzymes. These results validate the
effectiveness of both probes for isoenzyme-specific targeting of
many members of cytosolic GST classes. To demonstrate the
selectivity of the probes, and the value of an ABP approach over
global abundance profiling, we compared ABP labeling results to
global proteomics analysis of liver lysate. Only six GSTs were
identified by global analysis, but ABP-labeling resulted in the
detection of 12 GSTs, including all of the GSTs detected in unen-
riched lysate (SI Table S3). The ABPs enable characterization of
active and low abundance GSTs.

To distinguish between activity-specific binding and general
reactivity of the probes, and to characterize their selectivity for G
or H site specificity, we competed GSTABP-H and GSTABP-G
labeling of mouse liver lysate against relevant inhibitors. To
evaluate G site labeling by GSTABP-G, GSH was added in ex-
cess. Gel and LC-MS analysis showed no significant inhibition
(data not shown). We hypothesize that this lack of inhibition is
attributable to the formation of glutathione disulfides (GS-SG) in
our in vitro proteome sample. To circumvent the requisite addi-
tion of potentially activity-modifying reducing agents to prevent
GS-SG formation, we competed probe labeling with S-
hexylglutathione, a GSH conjugate incapable of forming disulfide
bonds. S-hexylglutathione inhibits GSTABP-G labeling of GSTs
in a concentration dependent manner, with an effective concentra-
tion of 1.77 uM (to 10 uM probe), suggestive of the GSTABP-G
specificity for the G site (Figure 3).

To investigate GSTABP-H targeting of GST H sites, we
compared competition of GSTABP-H inhibition by the G site
inhibitor S-hexylglutathione to competition by ethacrynic acid, a
known H site inhibitor.”** S-hexylglutathione shows significant
inhibition of GSTABP-H labeling with an ECs, of 41.5 uM (Fig-
ure 3). It is plausible this competition is due to a known interac-
tion between S-hexylglutathione’s conjugated hexyl moiety and
the GST H site?* Although our G site inhibitor decreases
GSTABP-H binding, we expected the H site inhibitor, ethacrynic
acid, to be much more effective. We found ethacrynic acid to be
nearly 12x more potent in inhibiting GSTABP-H enzyme label-
ing compared to S-hexylglutathione, indicating that the
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Figure 4. (A) Liver and lung GSTABP-G and GSTABP-H targets (from
probe enrichment and LCMS-MS analysis) depicted as a Venn diagram.
(B) Relative abundances of GSTABP-G and GSTABP-H GST targets in
hepatic cytosol from untreated versus corn oil treated mice. Proteins with
* denotes significant alteration in protein abundance from SD to HFD

GSTABP-H selectively targets GST H sites (Figure 3). We also
competed GSTABP-G labeling with ethacrynic acid and found it
to inhibit GSTABP-G labeling at 0.44 uM (to 10 uM probe).
Thus, ethacrynic acid may block both GSTABP-G and
GSTABP-H access to the G site (Figure 3). It is also possible that
the presence of ethacrynic acid in the H site interferes with the
alkyne and benzophenone moieties of GSTABP-G that likely
reside in the H site.

To determine specific labeling of GSTs and GSH-binding pro-
teins, we performed proteomic analysis of S-hexylglutathione
competition in liver cytosol. GSTABP-H and GSTABP-G label-
ing of GSTA3, M1, and P1 was significantly inhibited by S-
hexylglutathione (fold change>3.0, p<0.05), and were the top
three of all inhibited targets when sorted by fold-change repres-
sion, indicating that both probes are labeling the active site of
GSTs (Figure 2; SI Table S4; SI Table S5).

The subsite complementarity of the probes provide a unique
approach to examine each probe’s enzyme specificity. We postu-
lated Dichlon could effectively inhibit GSTABP-G labeling by
physically competing the alkyne and benzophenone moieties that
likely extend into the H site, as with S-hexylglutathione. Competi-
tion with Dichlon selectively inhibits labeling of a 24 kDa protein,
the approximate weight of several GSTs (Figure S1). We propose
this inhibition is likely due to competition between Dichlon and
the thiol-appended alkyne/benzophenone moiety for H site occu-
pancy. Therefore, not only do these results suggest that the
GSTABP-G is binding within the GST active site, they also pro-
vide further evidence that Dichlon, the GSTABP-H parent mole-
cule, binds within the GST active site. LC-MS was performed on
Dichlon (25 uM) competed GSTABP-G labeled mouse liver
cytosol (Figure 2A). GSTABP-G labeling of GSTP1, M4, A3,
M1, K1, and M2 was significantly inhibited when competed with
Dichlon (FC>2, p<0.05) (Figure 2A). This indicates that the
GSTABP-H parent molecule selectively inhibits a variety of GST
classes near the same binding region as the GSTABP-G, further
confirming that the GSTABP-H is binding to the active site of
GSTs. To investigate the impact of the alkyne on the reactivity of
the GSTABP-H’s Dichlon moiety, we competed GSTABP-H
labeling of liver cytosol with Dichlon (Figure S1). Inhibition re-
sulted in decreases in all measurable fluorescent bands, indicating
that the alkyne does not significantly affect reactivity.
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Finally, to differentiate between the general reactivity of the
GSTABP-H versus its activity-specific labeling, we performed
competitive probe labeling using N-ethylmaleimide (NEM), a
cysteine alkylating agent. Proteomic analysis of 100 uM NEM
competed GSTABP-H labeling failed to compete for binding of
most GST isoenzymes, indicating cysteine binding may not be the
primary amino acid targeted by GSTABP-H (Figure 2B; SI Table
S5). In combination with previous studies suggesting tyrosine
binding by chlorinated quinones'®, these results are suggestive
that tyrosine is the primary residue irreversibly bound by
GSTABP-H.

Following our investigation into the labeling mechanisms of
the ABPs, we evaluated changes in site-specific GST activity of
organs relevant to xenobiotic metabolism including liver, lung,
kidney, intestine, spleen, and heart lysates‘25 We compared GST
activity determined via probe labeling and fluorescence gel imag-
ing with a colorimetric GST activity assay that measures the total
conglomerate of GST activity. Fluorescence intensity of ABP
labeling was determined by quantification of the fluorescence
signal. As anticipated, liver GST activity was highest by ABP
labeling, followed by lung and kidney. These measurements
closely correspond with total GST activity determined by the
assay (Figure S2). We then conducted proteomics studies on lung
lysate. 11 GST isoenzymes were enriched by GSTABP-H, and 3
GST enzymes were enriched by GSTABP-G (Figure 4A; SI Ta-
ble S6). Both probes showed high enrichment of lung GSTA4, a
protein not significantly enriched by either probe in liver lysate, as
anticipated from prior studies”. While GSTABP-H and
GSTABP-G show enrichment of GSTM4 in the liver, no activity
was detected in lung lysate. GSTABP-H also enriches GSTM6 in
liver lysate, but not lung; in agreement with mRNA expression
analyses™. This data demonstrates the effectiveness of these com-
plementary probes to examine the tissue-specific contribution of
GSTs in xenobiotic metabolism.

Finally, to validate that the probes detect physiologically rele-
vant alterations to GST activity, we compared ABP-determined
GST activity in intestines of mice fed standard (10% fat) or high
fat, obesogenic, chow (60% fat) over a 20 week period. Statisti-
cally significant alterations in several GST isoenzymes were seen
in response to diet induced obesity, including members of mu and
pi GST classes (Figure 4B; Table S7). The activity increases in
intestinal GSTs in obese mice is likely a response to oxidative
stress resulting from obesity.?

We anticipate that successful targeting of GSTs in mammalian
model systems by ABPs will enable a much improved understand-
ing of the role of GSTs in human drug metabolism and xenobiotic
exposure. The GSH-conjugating activity of GSTs is affected by
various factors, including PTMs, making transcriptomics and
global proteomics poor indicators of activity. The ability to ana-
lyze the enzyme-specific activity of GSTs is required to advance
investigations into the pathways involved in GSH conjugation. Of
the 19 cytosolic mammalian GSTs encoded in the genome, the
probes successfully label 13; demonstrating that the ABPs can
broadly profile individual GST activities. The ABPs also facilitate
enrichment of members of all GST classes. Probe labeling and
MS analysis of other tissues in which the remaining GSTs show
higher activity may reveal comprehensive cytosolic GST target-
ing. We assert that this chemoproteomics approach, using these
complementary activity- and affinity-based probes, provides a
required advance for understanding of human drug metabolism
and response to exposure.
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Figure 1. Activity- and affinity-based probes designed to target active GSTs. (A) Function of active GSTs; the
conjugation of reduced glutathione (GSH) to xenobiotic (X) stabilized by “"G"” and “H” site binding by each
substrate, respectively. (B) Structure of affinity-based GSTABP-G designed to target GST “G” sites (C)
Structure of activity-based GSTABP-H designed to target GST “H"” sites. GSTABP-G and GSTABP-H probe
dependent labeling of 1 yM recombinant human GSTM1 (D) and mouse liver cytosol (E). BP -
benzophenone.
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Figure 2. LC-MS/MS chemoproteomics results of probe enriched and probe competed mouse liver cytosol
(n=3). All samples were incubated with 10 yM probe or an equal concentration of vehicle control.
Enrichment was calculated as AMT tag abundances from probe-enriched samples divided by a no UV (for
GSTABP-G) or DMSO only (for GSTABP-H) control. Significance was determined using a paired t-test with a
two-tailed distribution. (A) Volcano plot of GSTABP-G enrichment. In black: all GSTs that did not
demonstrate competitive inhibition of probe labeling. In green: GSTs whose probe labeling was
competitively inhibited by 2.5x excess 2,3-dichloro-1,4-napthoquinone (Dichlon) over probe. In blue: GSTs
whose probe labeling was competitively inhibited by 2.5x excess Dichlon and 2.5x excess S-
hexylglutathione. (B) Volcano plot of GSTABP-H enrichment. In black: all GSTs whose probe labeling was not
competitively inhibited. In blue: GSTs whose probe labeling was competitively inhibited by 20x S-
hexylglutathione. In red: GSTs whose probe labeling was competitively inhibited by 10x N-ethylmaleimide.
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Figure 3. Competitive inhibition of GSTABP-G and GSTABP-H labeling of mouse liver cytosol to delineate G
and H site binding (n=3). 10 uM probe was used in all samples. Increasing concentrations of S-
hexylglutathione (GS-hexyl) or ethacrynic acid (EA) was incubated with mouse liver cytosol for 30 min
before probe labeling for 30 min. Afterwards, rhodamine was attached to the probe-protein complexes via
click chemistry. Proteins were resolved via SDS-PAGE followed by fluorescence gel imaging and
quantification (arbitrary units) of probe labeled GST bands. All replicates were normalized to a % labeled
protein value (probed samples with no inhibitor = 100%). Normalized values were plotted and EC50 values
were determined with a best fit curve.
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Figure 4. (A) Liver and lung GSTABP-G and GSTABP-H targets (from probe enrichment and LCMS-MS
analysis) depicted as a Venn diagram. (B) Relative abundances of GSTABP-G and GSTABP-H GST targets in
hepatic cytosol from untreated versus corn oil treated mice. Proteins with * denotes significant alteration in

protein abundance from SD to HFD mice.

88x72mm (300 x 300 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society

E

TOC Graphic

62x49mm (300 x 300 DPI)

ACS Paragon Plus Environment

OH
O

O o HN_O

[ HNJK/S\INH

w, O
(i 0
HN

NH,

l oH

GSTABP-G
0

Cl

X

H O

GSTABP-H

Page 10 of 10



