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Abstract

Glutathione STransferase Pi (GSTP1) mediates cellular defense against reactive electrophiles.
Here, we report LAS17, a dichlorotriazine-containing compound that irreversibly inhibits GSTP1
and is selective for GSTP1 within cellular proteomes. Mass spectrometry and mutational studies
identified Y108 as the site of modification, providing a unique mode of GSTP1 inhibition.

Glutathione S-transferase Pi (GSTP1) is the most ubiquitous member of the soluble GST
protein superfamily and is primarily responsible for catalyzing the conjugation of
glutathione (GSH) to exogenous and endogenous electrophiles as a mechanism of cellular
detoxification.! In addition to its catalytic function, GSTP1 has also been demonstrated to
regulate the Jun A-terminal kinase (JNK)/mitogen-activated protein kinases (MAPK)
signaling pathway through protein-protein interaction with JNK.2 Tyrosine phosphorylation
of GSTP1 by the epidermal growth factor receptor (EGFR) kinase promotes formation of the
GSTP1-JNK complex, which suppresses downstream JNK signaling.2 A variety of human
cancers, including breast, colon and ovarian cancers, express high levels of GSTP1 relative
to healthy tissue.? Furthermore, human tumor cell lines that exhibit resistance to
chemotherapeutic agents have elevated GSTP1 levels.® Resistance is attributed to GSTP1-
catalyzed inactivation of chemotherapeutic alkylating agents through conjugation of GSH.

Due to the confirmed roles of GSTP1 in promoting tumorigenesis and drug resistance,
GSTP1 has emerged as a promising cancer therapeutic target. Many GSH analogs, small-
molecules and natural products have been generated as GSTP1 inhibitors.2 Reversible
GSTP1 inhibitors include 8-methoxypsoralen, piperlongumine, aloe emodin, and benstatin
A2 6.7 a5 well as Telintra (Ezatiostat), which is currently in clinical trials for the treatment
of myelodysplastic syndrome.8: @ GSTP1 contains four cysteine residues, two of which (C47
and C101) have been shown to be highly reactive and targeted by irreversible GSTP1
inhibitors.10 These cysteine-targeted covalent modifiers of GSTP1 include quercetin,!! and
S-(A-benzylthio-carbamoyl) glutathione (BITC-SG).12 Quercetin targets C47, whereas
BITC-SG covalently modifies C47 and C101 viaan S-thiocarbamoylation reaction.11: 12
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In addition to the two characterized reactive cysteines, GSTP1 has also been shown to
contain reactive tyrosine residues that are susceptible to modification by sulfonyl-fluoride
electrophiles. These sulfonyl fluorides have been shown to target the equivalent of Y8 and
Y108 in mouse and rat GSTP1.13-15 Mutation of the equivalent of Y108 to phenylalanine in
the Schistosoma japonicum GST resulted in loss of GSTP1 activity,14 indicating the
functional importance of this tyrosine residue. Previous sulfonyl-fluoride probes used for
tyrosine labeling are not selective for GSTP1, and covalently modify various other proteins
within the proteome.14: 16 Here, we report the development of a selective, irreversible
GSTP1 inhibitor, LAS17, which covalently modifies the functional tyrosine, Y108, in
human GSTP1. LAS17 was discovered through screening a library of dichlorotriazine-
containing compounds and shown to selectively modify GSTP1 within human cancer-cell
proteomes. In addition to the dichlorotriazine electrophile for covalent modification, LAS17
contains a terminal alkyne functionality that allows for evaluating target occupancy and
promiscuity of LAS17 in cellular and /n7 vivo systems, using established copper (I)-catalyzed
azide-alkyne cycloaddition (CUAAC) methods.17- 18

Aryl-halides, such as p-chloronitrobenzenes, have been shown to covalently modify proteins
at cysteine residues through a nucleophilic aromatic substitution (SyAr) mechanism.19: 20
Evaluation of a panel of aryl halides for protein reactivity and site of modification revealed
that dichlorotriazines predominately targeted lysine residues within a proteome, in contrast
to p-chloronitrobenzenes that are highly cysteine selective.29 To further explore the unique
reactivity of the dichlorotriazine electrophile and develop selective covalent modifiers to
target reactive amino acids other than cysteine, we sought to synthesize a library of probes
with the following functionalities: (1) a dichlorotriazine electrophile for covalent
modification of the protein target; (2) a bio-orthogonal alkyne handle for CUAAC-mediated
target identification; and (3) a diversity element to direct the probes toward diverse subsets
of the proteome (Figure S1A).

A library of 20 compounds (LAS1-20, Figure S1B) was synthesized viaa 3-step synthetic
scheme (Scheme S1). Briefly, 4-pent-yn-ol (1) was tosylated to generate a common
intermediate (2), which was then diversified by coupling to the primary amine of 20
directing groups (3). The resulting secondary amines were then coupled to cyanuric chloride
to afford the final library of 20 dichlorotriazine probes (4) (LAS1-20). LAS1-20 were
evaluated for covalent protein labeling in HeLa cell lysates. Lysates were treated with 1 uM
of each compound for 1 hour, subjected to CUAAC with rhodamine-azide, followed by SDS-
PAGE and fluorescence visualization. These in-gel fluorescence screening studies
demonstrated that several library members intensely labeled a low molecular weight protein
band (~25 kD) (Figure S2). Of the 20 compounds, LAS17 (Figure 1A), containing an L-
leucine methyl-ester directing group, was chosen for subsequent study due to the high
intensity of labeling for the 25 kD protein and minimal labeling of other proteins within the
cell lysates (Figure 1B). Furthermore, treatment of live HeLa cells with 1 uM of LAS17
demonstrated the potency and selectivity of this compound for covalent modification of the
~25 kD protein within a cellular context (Figure 1C). To identify the ~25 kD protein, HelLa
cell lysates treated with either DMSO or 1 uM LAS17 were subjected to CUAAC with
biotin-azide. Biotinylated proteins were enriched on streptavidin-agarose beads and
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subjected to LC/LC-MS/MS analysis. Spectral counts for proteins identified in three DMSO-
treated samples were compared to LAS17-treated samples to identify proteins specifically
labeled by LAS17 (Table S1). These data identified GSTP1 as the ~25 kD protein target of
LAS17 (Figure 1D).

To confirm the LC/LC-MS/MS findings, human GSTP1 with an A-terminal hexahistidine
tag was recombinantly expressed in £. coli and purified to homogeneity (Figure S3). The
purified protein was treated with 1 uM LAS17 and analyzed by in-gel fluorescence.
Significant protein labeling of purified GSTP1 was observed (Figure 2A), confirming that
LAS17 covalently modifies GSTP1. To determine if LAS17 inhibits GSTP1 activity, an /in
vitro activity assay was performed that spectrophotometrically monitored the transfer of
glutathione (GSH) to 1-bromo-2,4-dinitrobenzene (BDNB).21 LAS17 inhibited GSTP1
activity /n vitroin a concentration-dependent manner (Figure 2B). Given the covalent mode
of action for LAS17, time-dependent inhibition of GSTP1 was monitored, affording a
second-order rate constant of inactivation (inact/K;) of 31,200 M~1s71 (Figure S4). To
determine if the presence of other proteins affects the inhibitory activity of LAS17,
inhibition studies were performed within a complex background of HeLa cell lysates,
demonstrating that the presence of other cellular proteins does not affect the inhibitory
function of LAS17 (Figure S5). The visualization of protein labeling after denaturing SDS-
PAGE, and the time-dependent inhibition observed for LAS17, confirm that this compound
functions by covalently modifying GSTP1. However, given the high reactivity observed for
the dichlorotriazine electrophile,2? we sought to determine if LAS17 was covalently
modifying a single amino acid or multiple sites within GSTP1. To determine the
stoichiometry of modification, intact-protein mass spectrometry of purified GSTP1 was
performed in the presence of 3 equivalents of LAS17. Mass-spectrometry analysis identified
a single modified species corresponding to modification of GSTP1 with LAS17 at a single
site (Figure 2C and D and Figure S6).

To identify the site of GSTP1 labeling by LAS17, purified wild-type GSTP1 was incubated
with LAS17 and subjected to denaturation, reduction, cysteine alkylation, and trypsin
digestion. The resulting tryptic-peptide mixtures were analyzed by LC-MS/MS. The
generated fragmentation spectra were searched for a differential modification mass of
+322.12 on all potentially nucleophilic amino acids. These analyses identified Y108 as the
site of modification by LAS17 on GSTP1 (Figure 3A and Figure S7). To confirm Y108 as
the site of modification, a Y108F mutant was generated, which was overexpressed and
purified in tandem with wild-type (WT) GSTP1. Both the WT and the Y108F-mutant
GSTP1 were treated with LAS17 and analyzed by in-gel fluorescence. The results show that
replacing the nucleophilic tyrosine residue with a phenylalanine eliminated the ability of
LAS17 to covalently modify GSTP1 (Figure 3B), thereby confirming that modification was
selectively occurring at this residue.

Since the dichlorotriazine electrophile was previously shown to covalently modify lysine
residues in proteomes 20, we sought to confirm that LAS17 was not modifying a lysine
residue on GSTP1. This was achieved by generating lysine to alanine mutants at each of the
12 lysine residues on GSTP1. Mutation of these lysine residues did not result in a decrease
in LAS17 labeling (Figure S8), further confirming that covalent modification was occurring
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at Y108. Lastly, activity assays with the Y108F mutant showed that LAS17 had negligible
effect on the activity of the mutant protein in comparison to wild-type GSTP1 (Figure 3C).
These assay data thereby confirm that the inhibitory activity of LAS17 is solely due to
covalent modification of Y108. Y108 is located in the hydrophobic co-substrate site (H-site)
of GSTP1 (Figure 3D), proximal to the GSH binding site, and is conserved among the pi,
mu, and theta GST classes in humans.22 Crystallographic studies show the aromatic ring of
Y108 is positioned in a hydrophobic pocket, and mutagenesis of Y108 to phenylalanine
shows no significant side chain or backbone structural changes relative to the WT GSTP1.23
Lastly, Y108 is conserved in GSTP1 homologs in higher-order eukaryotes.

Conclusions

In summary, we report the discovery and characterization of LAS17, a potent and selective
tyrosine-directed irreversible inhibitor for GSTP1. Given the well-characterized role of
GSTP1 in cancer pathogenesis and chemotherapeutic resistance, LAS17 provides a unique
mode of irreversible GSTP1 inhibition, targeting a functional tyrosine residue (Y108), in
contrast to previously reported cysteine-targeted compounds. Despite the high reactivity of
the dichlorotriazine electrophile of LAS17, high selectivity is observed for GSTP1 within a
complex proteome. The structural basis for this selectivity is currently unknown and is the
subject of future structure-activity relationship studies on LAS17. Lastly, the presence of the
terminal alkyne functionality for CUAAC provides the ability to determine target
engagement and off-targets in cell-based and /n vivo systems using CUAAC-mediated
conjugation of reporter tags for visualization and enrichment of LAS17-bound proteins.
LAS17 is a valuable addition to the currently available collection of reversible and
irreversible GSTP1 inhibitors and can be utilized as an activity-based probe to interrogate
GSTP1 activity in cancer, and as a pharmacological modulator of GSTP1 to further
interrogate the therapeutic potential of this enzyme. Ongoing studies are focused on in vivo
applications of LAS17 in mouse xenograft studies to further investigate the therapeutic
potential of GSTP1 in a variety of cancer sub-types.
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Refer to Web version on PubMed Central for supplementary material.
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Protein Mol Weight (Da) DMSO LAS17
GSTP1 Glutathione S-transferase P 23342 0 24
HSP90AB1 Heat shock protein HSP 90-beta 83264 4 24
TKT Transketolase 67878 3 23
TUBA4A Tubulin alpha-4A chain 49924 4 22
PKM Pyruvate kinase isozymes M1/M2 57937 6 22
EEF1A1 Elongation factor 1-alpha 1 50141 5 20
FLNA Filamin-A 280737 6 20
TUBB Tubulin beta chain 49671 6 19
PGK1 Phosphoglycerate kinase 1 44615 1 14
HSP90AA1 Heat shock protein HSP 90-alpha 84660 O 12

Figurel.
(A) Structure of LAS17 (B) HelLa lysates (50 pL, 2 mg/mL) were treated with LAS17 (1

uM) at RT for 1 hr. Lysates were subjected to CUAAC with rhodamine-azide, separated by
SDS-PAGE and analyzed by in-gel fluorescence. LAS17 labeled a ~25 kD protein with high
intensity. Coomassie Blue-stained gel is shown in Figure S2B. (C) Live HeLa cells were
treated with LAS17 (1 uM), lysed and subjected to CUAAC and in-gel fluorescence as
described above to demonstrate the cell permeability and selectivity of LAS17. (D) HeLa
lysates treated with LAS17 (1 pM) or DMSO were subjected to CUAAC with biotin-azide,
enrichment on streptavidin-agarose, and LC/LC-MS/MS analysis. The top 10 proteins with
the greatest difference in average spectral counts among three trials for DMSO and LAS17
treated samples are listed. The complete dataset is displayed in Table S1.
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Figure2.
(A) Recombinant, purified GSTP1 was treated with LAS17 and subjected to CUAAC, SDS-

PAGE and in-gel fluorescence and Coomassie Blue staining. (B) /n vitro GSTP1 activity
data monitored in the presence of increasing concentrations of LAS17 (30 min pre-
incubation) demonstrated a concentration-dependent decrease in GSTP1 activity.(C) Intact-
protein mass spectrum of purified, recombinant GSTP1. (D) Intact-protein mass spectrum of
purified, recombinant GSTP1 treated with LAS17 (3 equivalents). The mass difference
between untreated and LAS17-treated GSTP1 corresponds to covalent modification of
GSTP1 at a single site by LAS17.
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Figure 3.

(A) Fragmentation (MS/MS) spectra of the YVSLIY*NYEAGKDDY VK peptide of GSTP1
confirming that the LAS17 modification (+322.12 Da) is present on Y108, which is
indicated with *. (B) In-gel fluorescence analysis of purified Y108F mutant compared to
wild-type GSTP1, confirms Y108 as the site of labeling. (C) The Y108F mutant is resistant
to LAS17-mediated inhibition compared to the wild-type GSTP1. (D) Proximity of Y108 to
the GSH binding site of GSTP1 (PBD: 6GSS).
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