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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a central enzyme in glycolysis that regulates
the Warburg effect in cancer cells. In addition to its role in metabolism, GAPDH is also implicated in
diverse cellular processes, including transcription and apoptosis. Dysregulated GAPDH activity is
associated with a variety of pathologies, and GAPDH inhibitors have demonstrated therapeutic potential
as anticancer and immunomodulatory agents. Given the critical role of GAPDH in pathophysiology, it is
important to have access to tools that enable rapid monitoring of GAPDH activity and inhibition within a
complex biological system. Here, we report an electrophilic peptide-based probe, SEC1, which
covalently modifies the active-site cysteine, C152, of GAPDH to directly report on GAPDH activity within
a proteome. We demonstrate the utility of SEC1 to assess changes in GAPDH activity in response to
oncogenic transformation, reactive oxygen species (ROS) and small-molecule GAPDH inhibitors,
including Koningic acid (KA). We then further evaluated KA, to determine the detailed mechanism of
inhibition. Our mechanistic studies confirm that KA is a highly effective irreversible inhibitor of GAPDH,
which acts through a NAD"-uncompetitive and G3P-competitive mechanism. Proteome-wide
evaluation of the cysteine targets of KA demonstrated high selectivity for the active-site cysteine of
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GAPDH over other reactive cysteines within the proteome. Lastly, the therapeutic potential of KA was
investigated in an autoimmune model, where treatment with KA resulted in decreased cytokine
production by Thl effector cells. Together, these studies describe methods to evaluate GAPDH activity
and inhibition within a proteome, and report on the high potency and selectivity of KA as an irreversible
inhibitor of GAPDH.
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shown to enhance anti-tumor effects and reduce growth of
breast cancer cells by inducing apoptosis.® Another hexokinase

Introduction

Dysregulation of glycolysis is a hallmark of cancer and other
diseases. In order to support the biosynthetic demands of
rapidly dividing cells, energy metabolism is reprogrammed to
increase glucose uptake and lactic-acid fermentation, indepen-
dent of oxygen supply. This metabolic reprogramming is
known as the Warburg effect."> Compared to normal cells,
cancer cells and activated immune cells are more dependent on
glycolysis than oxidative phosphorylation for ATP production.
As a result, glycolytic enzymes have emerged as promising
therapeutic targets for cancer and immunomodulation.
Recently, p-mannoheptulose, an inhibitor of hexokinase, was
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inhibitor, 2-deoxyglucose (2-DG), reduced joint inflammation
and immune-cell activation in an autoimmune model.* Ther-
apeutic strategies for targeting Warburg metabolism have
largely focused on targeting hexokinase and phosphofructoki-
nase, enzymes that traditionally regulate glycolytic flux.
However, flux control analysis identified glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a rate-limiting step
in Warburg metabolism.” Furthermore, overexpression of
GAPDH has been reported in a variety of cancers and is
associated with a poor survival rate.*” As a result, GAPDH
inhibition has been identified as a promising strategy for the
treatment of cancer and autoimmune diseases.®

GAPDH catalyzes the conversion of glyceraldehyde 3-
phosphate (G3P) to 1,3-bisphosphoglycerate (1,3 BPG) in the
presence of inorganic phosphate and nicotinamide adenine
dinucleotide (NAD"). The mechanism of the GAPDH-catalyzed
reaction involves nucleophilic attack of the active-site cysteine,
C152, on the aldehyde group of G3P, followed by subsequent
hydride transfer to NAD', resulting in the formation of a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEC1 is a phosphopeptide probe that covalently modifies GAPDH (A) Scheme for the GAPDH catalyzed conversion of glyceraldehyde 3-
phosphate (G3P) to 1,3 bisphosphoglycerate (1,3 BPG). (B) Structure of chloroacetamide-bearing peptide probes, SEC1 and NJP14. (C) In-gel
fluorescence of Hela lysates labeled with SEC1 (100 pM, 1 h) shows labeling of one major protein at ~37 kDa. (D) Protein targets of SEC1 identified
in Jurkat cells with a MW between 30 and 45 kDa (light:heavy log, R > 1). Unfiltered MS data is provided in Table S1 (ESIt). (E) HEK293T cells were
transiently transfected with a pcDNA3.1 plasmid encoding GAPDH to identify C152 as the site of modification. In-gel fluorescence (top panel) of mock
transfected, GAPDH WT, and GAPDH C152S mutant-expressing cells labeled with SEC1. Anti-myc (middle panel) and anti-GAPDH (bottom panel)
western blots to confirm overexpression. The lower band * represents endogenous protein and the upper band represents the overexpressed myc/His-
tagged GAPDH. Western blotting with an anti-myc antibody verified equal protein expression for mutant and WT proteins.

covalent enzyme-substrate complex. The thioester linkage in
this enzyme-substrate complex is then cleaved by inorganic
phosphate to generate the 1,3 BPG product (Fig. 1(A)). The
glycolytic functions of GAPDH rely on the homo-tetrameric
form of GAPDH that is localized in the cytosol. However,
distinct pools of GAPDH have also been observed in mem-
branes, mitochondria, and the nucleus.’ In these subcellular
compartments, GAPDH participates in a variety of cellular
functions, including ER to golgi vesicle transport, cell signal-
ing, extracellular vesicle biogenesis, DNA replication and
repair, and regulation of cell death pathways.'®™* This func-
tional diversity of GAPDH is mediated, in part, by post-
translational modifications and protein-protein interactions of
GAPDH."? For example, S-nitrosated GAPDH has been shown to
interact with the ubiquitin ligase Siah1, resulting in transloca-
tion to the nucleus and subsequent induction of apoptosis.**
Protein—-protein interactions of GAPDH can govern both phy-
siological and pathological processes. For example, in the case
of Alzheimer’s disease, GAPDH binds amyloid-} to form stable
neurotoxic aggregates.'>'®

Given the key role of GAPDH in a variety of pathophysiolo-
gical processes, it is important to have access to methods that
allow for rapid interrogation of GAPDH activity within a
complex proteome. Current methods for evaluating GAPDH
activity involve spectrophotometric assays that monitor NADH
levels.'”'® These assays are highly effective at quantitatively
assessing the activity of purified GAPDH in vitro, however, the
sensitivity and accuracy is reduced when applied within a
complex biological sample. As an alternative to traditional
activity assays, activity-based protein profiling (ABPP) is a

© 2022 The Author(s). Published by the Royal Society of Chemistry

technology that applies chemical probes to report on the
activity state of enzymes within a native and complex proteome.
The development of an activity-based probe (ABP) for a protein
of interest relies on the presence of a highly nucleophilic active-
site residue that can be targeted by a complementary electro-
phile on the ABP. Here, we report on a phospho-peptide ABP,
SEC1, which bears a chloroacetamide electrophile that
covalently modifies the active-site cysteine, C152, of GAPDH.
SEC1 has sufficient selectivity to enable visualization of GAPDH
labeling within a proteome using in-gel fluorescence analysis.
We demonstrate that SEC1 can report on relative GAPDH
activity levels across two biological systems, with increased
GAPDH activity observed upon oncogenic transformation of
the MCF10A cell line. Oxidation of C152, or inhibition of
GAPDH by covalent inhibitors, will result in diminished SEC1
labeling. Therefore, the extent of SEC1 labeling provides a
measure of the pool of GAPDH that is present in the reduced
and active form. Importantly, traditional abundance-based
methods that monitor GAPDH protein levels are unable to
inform on inhibition or oxidation of GAPDH. Upon screening
a panel of GAPDH inhibitors using SEC1, we identified Konin-
gic acid (KA) as highly potent and selective, and performed
detailed in vitro evaluation of the mechanism of inhibition by
this epoxide-containing natural product. The selectivity of KA
for C152 of GAPDH over other reactive cysteines in the pro-
teome was evaluated using isotopic tandem orthogonal
proteolysis-activity-based protein profiling (isoTOP-ABPP)."°
Lastly, we investigated the effects of KA in a cytokine produc-
tion assay, providing extensive evaluation of the mechanism,
selectivity, and cellular effects of KA. Together, these studies
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provide tools and insight into the activity, inhibition, and
therapeutic potential of GAPDH.

Results and discussion

SEC1 is a phospho-peptide probe that covalently modifies
GAPDH

We previously generated a library of peptide-based probes that
contained the following functionalities: (1) a variable peptide
region comprised of ~5 amino acids; (2) a cysteine-reactive
electrophile such as a chloroacetamide or acrylamide group;
and, (3) a propargyl glycine residue to provide an alkyne handle
for biorthogonal conjugation. Initial evaluation of the peptide
library identified NJP14 as a peptide probe that labeled a
unique subset of reactive cysteine residues in the human
proteome, determined to be zinc-chelating residues.>® Here,
we report on the proteome-wide reactivity of another member
of this peptide-based probe library, SEC1. SEC1 is a penta-
peptide with the sequence pSer-Pro-Pra-Phe-Phe (pSer: phos-
phoserine, Pra: propargylglycine), bearing an N-terminal chlor-
oacetamide moiety as the cysteine-targeting electrophile
(Fig. 1(B)). The Pra residue enables conjugation of a fluorescent
or biotin tag using copper-catalyzed azide-alkyne cycloaddition
(CuAAC) chemistry.

To evaluate the proteome-wide reactivity of SEC1, SEC1-
labeled proteins from cell lysates were conjugated to
rhodamine-azide (Rh-N;) and visualized by in-gel fluorescence.
The predominant labeling event was a protein at ~37 kDa
(Fig. 1(C)). To determine the identity of this 37 kDa band, cell
lysates were treated with SEC1 or DMSO, enriched on strepta-
vidin beads following conjugation of biotin azide using CuAAC
and subjected to on-bead trypsin digestion. The resulting
tryptic peptides were then isotopically labeled with light
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(SEC1) and heavy (DMSO) formaldehyde, combined, and ana-
lyzed by LC/LC-MS/MS. The relative abundance of each identi-
fied peptide in the SEC1 and DMSO-treated samples was
quantified to generate light: heavy ratios (R). Proteins with a
log, R > 1 were designated as putative SEC1 targets. Filtering
the resulting target proteins by molecular weight identified
GAPDH as the ~37 kDa predominant protein target of SEC1
(Fig. 1(D) and Table S1, ESIf).

To confirm covalent targeting of GAPDH by SEC1, and to
identify the cysteine residue on GAPDH that is modified by
SEC1, HEK293T cells were transiently transfected with C-
terminal myc/His-tagged wild-type (WT) and active-site cysteine
mutant (C152S) GAPDH. Anti-myc and anti-GAPDH blots were
used to confirm expression of the myc/His-tagged isoforms of
GAPDH. Upon treatment of these cell lysates with SEC1, label-
ing of bands corresponding to endogenous GAPDH (lower
band) and overexpressed GAPDH (upper band) were observed
for the WT (Fig. 1(E)). No labeling of the overexpressed GAPDH
was observed for the C152S mutant, confirming that SEC1
covalently modifies the active-site cysteine, C152, in GAPDH.

To further explore the features of SEC1 that were essential
for driving GAPDH reactivity, several structural analogs of
SEC1 were generated. These analogs included the non-
phosphorylated derivative of SEC1, NJP14, as well as analogs
where each amino acid (except Pra) was replaced with alanine
(Ala) (SEC2-5, Fig. 2(A)). The proteome-wide reactivity of these
analogs was determined by in-gel fluorescence (Fig. 2(B)).
GAPDH reactivity was completely diminished for NJP14 and
SEC5, confirming that the pSer is a critical recognition element
in driving GAPDH selectivity. Of the remaining amino acids,
replacement of either of the two Phe residues (SEC2 and SEC3)
resulted in an increase in GAPDH labeling, and replacement of
Pro (SEC4) did not appear to have any effect on GAPDH
labeling. Together, these studies indicate that there is
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Fig. 2 The phosphoserine of SEC1 is essential for GAPDH binding (A) Libl

G3P

rary of chloroacetamide bearing peptide probe analogs used to investigate

critical residues essential for GAPDH binding. (B) In-gel fluorescence of Hela lysates labeled with library members (100 pM, 1 h). The Coomassie-stained
gel confirms equal protein loading in all lanes. (C) Chemical structures of SEC1 and glyceraldehyde 3-phosphate (G3P), the substrate of GAPDH.
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significant flexibility to further modulate the structure of SEC1
to improve potency and selectivity for GAPDH. As expected, the
pSer residue was essential for GAPDH recognition, since the
phosphate moiety of pSer likely mimics the phosphate group of
the G3P substrate for GAPDH (Fig. 2(C)). With this knowledge
in hand, we generated an analog of SEC1 that was pre-
conjugated to rhodamine (Fig. Sla, ESI{), to circumvent the
need to perform CuAAC to conjugate a reporter tag. This
fluorescent version, SEC6, maintained GAPDH labeling
(Fig. S1b, ESIt), and therefore offers a more versatile analog
of the GAPDH activity based probe for users without expertise
in CuAAC.

GAPDH activity increases with oncogenic transformation

It is known that GAPDH expression is increased in human
cancers, and overexpression of GAPDH results in increased
cancer cell proliferation.>*" To highlight the ability of SEC1
to report on GAPDH activity in different cell lines, we utilized
the benign MCF10A epithelial cell line, and the malignant
counterpart, MCF10CAla, which overexpresses the HRAS
oncogene.>” Lysates from each cell line were labeled with
SEC1, and GAPDH labeling was visualized by in-gel fluores-
cence (Fig. 3(A)). Anti-GAPDH western blots were used to
demonstrate that GAPDH levels are significantly higher in
MCF10CAla cells relative to MCF10A cells. Similarly, SEC1
labeling reflected a ~7-fold increase in GAPDH activity in
MCF10CAla cells. These studies confirm that GAPDH levels
increase with oncogenic transformation. Additionally, we
demonstrate that SEC1 can assess the activity-state of GAPDH,
thereby complementing abundance-based western blot mea-
surements. Treatment of MCF10CAla cells with the GAPDH
inhibitor, KA, resulted in a loss in SEC1 labeling, confirming
that the highly intense protein band at ~37 kDa is
predominantly GAPDH.

GAPDH is susceptible to oxidation by reactive oxygen species

Reactive oxygen species (ROS) are highly reactive byproducts of
metabolism that can act in a signaling role to regulate cellular
pathways.>* Elevated levels of ROS can result in both reversible
and irreversible cysteine oxidation. GAPDH is a known target of
ROS, and oxidation of the active-site cysteine, C152, leads to
enzyme inactivation, and formation of GAPDH aggregates,
which are associated with cell death.>***> Oxidation of C152
would lead to a loss of covalent SEC1 labeling. To evaluate the
ability of SEC1 to report on the oxidation state of GAPDH, HeLa
cell lysates were treated with increasing concentrations of
hydrogen peroxide. Following 1 h of peroxide treatment, lysates
were labeled with SEC1 and GAPDH labeling was visualized by
in-gel fluorescence (Fig. 3(B)). A concentration-dependent
decrease in SEC1 labeling of GAPDH was observed in the
presence of peroxide. While a low concentration (10 pM) of
peroxide had little effect on SEC1 labeling, high concentrations
(10 mM) completely abolished GAPDH reactivity. These obser-
vations support the use of SEC1 as a chemical probe to provide
a rapid readout of the oxidation state of GAPDH upon exposure
of a proteome to diverse sources of ROS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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KA is a potent inhibitor of GAPDH

Due to the involvement of GAPDH in diverse pathologies, many
GAPDH inhibitors have been reported to date.>® We screened a
subset of these reported GAPDH inhibitors for potency and
selectivity of GAPDH inhibition, including 3-bromopyruvate (3-
BP), iodoacetate (IA), KA, and dimethyl fumarate (DMF). Cell
lysates were treated with two different concentrations of each
inhibitor (5 pM and 10 pM) and subsequently treated with SEC1
for in-gel fluorescence visualization (Fig. 3(C)). Inhibition of
GAPDH would result in a decrease in SEC1 labeling. At the
highest inhibitor concentration tested (10 puM), all of the
inhibitors displayed at least a partial decrease in SEC1 labeling,
however, 3-BP, IA and DMF showed complete loss of SEC1
labeling even at the lower concentration tested (5 pM). To
assess selectivity across the proteome, SEC1 was replaced with
a general cysteine-reactive iodoacetamide-alkyne probe (IA-
light), which covalently modifies a large subset of highly
reactive cysteine-containing proteins within a proteome
(Fig. 3(C)).*” This gel-based evaluation of global cysteine reac-
tivity demonstrated that 3-BP and DMF are broadly cysteine
reactive, resulting in diminished IA-light labeling across a wide
array of proteins. IA was less promiscuous, but loss in labeling
of proteins around 50 and 75 kDa was observed. In contrast, KA
appeared to be the most selective (albeit least potent) of the
panel of inhibitors tested, and was thereby selected for further
evaluation of potency and selectivity as described below.

KA (Fig. 3(D)) is a sesquiterpene natural product isolated
from the fungus Trichoderma koningi, and inhibits GAPDH
through covalent modification of the catalytic cysteine.”®*° To
further evaluate the potency of KA, a gel-based assessment of
GAPDH labeling by SEC1 was performed over a range of KA
concentrations (Fig. 3(E)). Jurkat cells were treated with increas-
ing concentrations of KA (0-10 uM) for one hour prior to cell
lysis. KA-treated cell lysates were labeled with SEC1, and
GAPDH activity was visualized by in-gel fluorescence. A clear
concentration-dependent loss in GAPDH activity was observed
with increasing KA treatment, with ~4 uM KA resulting in 50%
inhibition. The potency of KA for GAPDH was also evaluated in
HeLa cells (Fig. S2a, ESIf) and demonstrated a similar
concentration-dependent decrease in GAPDH activity with
increasing KA. Again, these studies serve to highlight the utility
of SEC1, which enables facile screening of different inhibitors
and concentrations for follow up biological investigations.

Mechanistic characterization of the GAPDH inhibitor KA

To further investigate the mechanism of GAPDH inhibition by
KA in the context of the above cellular results, several in vitro
studies were performed. First, a luminescent GAPDH activity
assay based on detection of the reaction product NADH was
developed. This assay was utilized to determine the mechanism
of inhibition of KA in the presence of the physiological sub-
strates of GAPDH (NAD" and G3P). Increasing NAD" concentra-
tions lead to the enhancement of GAPDH inhibition by KA
(Fig. 4(A)), whereas increasing G3P concentration resulted in a
decrease in KA potency (Fig. 4(B)). Fitting each data set to the

RSC Chem. Biol., 2022, 3,972-982 | 975
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Fig. 3 SEC1 reports on changes in GAPDH activity associated with oncogenic transformation, reactive oxygen species and covalent inhibitors.
(A) MCF10A and MCF10CA1la cells were treated with vehicle or KA (10 uM, 1 h) and cell lysates were labeled with SEC1 (100 pM, 1 h). Protein labeling was
evaluated by in-gel fluorescence following CUACC with Rh-N3, and protein loading was evaluated by Coomassie stain. Western blot analysis with an anti-
GAPDH antibody was used to evaluate GAPDH expression. Band intensities were analyzed and compared using Imaged software and GraphPad Prism version 9. All
values are means + S.E. (error bars) from three replicates (n = 3). *Significantly different p < 0.05, **p < 0.01, ***p < 0.001. ns., not significant. (B) Jurkat cell
lysates were treated with increasing concentrations of H,O, prior to labeling with SEC1, and protein labeling was visualized by in-gel fluorescence. Protein loading
was evaluated by Coomassie stain and western blot analysis with an anti-GAPDH antibody was used to evaluate GAPDH expression. (C) Jurkat cell lysates were
incubated with two different concentrations (5 and 10 pM) of GAPDH inhibitors: 3-bromopyruvate (3-BP), iodoacetate (IA), KA, and dimethyl fumarate (DMF).
Treated lysates were labeled with SEC1 (100 pM, 1 h) and IA-light (100 pM, 1 h) and labeled proteins were visualized by in-gel fluorescence. Band intensities were
analyzed and compared using ImageJ software and GraphPad Prism version 9 for 1A-light. (D) The chemical structure of KA, a previously reported GAPDH inhibitor.
(E) Jurkat cells were incubated with increasing concentrations of KA and lysates were labeled with SEC1 (100 pM, 1 h). Protein labeling was evaluated by in-gel
fluorescence and protein loading was evaluated by Coomassie stain. Band intensities were analyzed and compared using ImageJ software and GraphPad Prism
version 9. All values are means + S.E. (error bars) from two replicates (n = 2).

mixed model inhibition equation resulted in an alpha value
much greater than one for G3P (¢ ~ 280) and much less than
one for NAD' (¢ ~ 0.0003). KA is therefore an NAD'-
uncompetitive, G3P-competitive GAPDH inhibitor.

To evaluate the reversibility of the interaction between KA and
GAPDH, GAPDH activity was assessed after rapid dilution of the
enzyme-inhibitor complex. GAPDH activity was not recovered upon
dilution after KA treatment (Fig. 4(C)), confirming the irreversible
nature of the inhibition. The binding affinity of KA was also
evaluated by SPR (Fig. S3, ESIf), and confirmed that KA binds
irreversibly to WT GAPDH. In contrast, binding to the C152S active-
site mutant is rapid and reversible. Interestingly, KA potency almost

976 | RSC Chem. Biol., 2022, 3, 972-982

exclusively relies on its ability to inactivate the enzyme (kinace) as
opposed to its binding capacity (K;) as exhibited through biophysical
studies with the C152S mutant protein. This was confirmed bio-
chemically by measuring the rate of GAPDH inactivation (kps) as a
function of KA concentration (kipaee = 1.44 min™ ', K; = 6.3 uM;
Fig. S4, ESIY).

GAPDH activity following KA treatment was further evalu-
ated in a fractional activity assay to determine the efficiency of
inactivation that is better known as the partition ratio ().>° In
this assay, GAPDH activity was measured after excess enzyme
was incubated with increasing concentrations of KA prior to
dilution and measurement of activity. GAPDH activity was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(global) and K; = 0.08 + 0.02 uM (local). Each data point is an average of 3 replicates. (C) Recovery of GAPDH biochemical activity after rapid dilution of
the enzyme-inhibitor complex; (blue) DMSO and (red) KA. GAPDH and KA were pre-incubated for 30 minutes followed by dilution to a negligible
concentration of free compound. Enzymatic activity was quantified by generation of NADH in a bioluminescent readout. Error bars for each point
represent the standard deviation from two replicates. (D) KA is an extremely effective inactivator of GAPDH. An excess of enzyme was preincubated with
varying concentrations of KA, diluted 100x, and the remaining catalytic activity measured. The partition ratio was calculated to be approximately O
(—=0.27 £ 0.01) resulting in completely efficient inactivation of GAPDH (KA is sequestered by the enzyme upon each binding event forming the covalent

complex). Standard deviation was calculated based on two independent measurements of the partition ratio.

found to be significantly reduced even when the enzyme is in
excess, where a partition ratio was calculated to be ~—0.27
(Fig. 4(D)). The x-intercept ([KA]/[GAPDH]) approaches a value
of one indicating that 1 mol of KA is required to inactivate
1 mol of GAPDH. Therefore, KA is a highly efficient inhibitor
that generates an inactivated enzyme with each binding event.
Together, these data confirm that KA is a highly potent irrever-
sible inhibitor of GAPDH that is competitive with the G3P
substrate and relies on the ability to quickly and efficiently
inactivate the enzyme as its principal source of inhibition.

Proteome-wide selectivity of KA

Proteome-wide selectivity has been reported for only a few
GAPDH inhibitors.*"** Evaluation of 3-BP targets using a

© 2022 The Author(s). Published by the Royal Society of Chemistry

chemoproteomic method revealed 62 significant protein tar-
gets, including GAPDH.>" A similar proteome-wide reactivity
profile is not available for KA. Metabolomics data suggests that
KA selectively perturbs glycolytic metabolites, however a global
picture of the protein targets of KA has not been reported.’
Here, we focused on assessing the cellular cysteine targets of
KA. To achieve this, we performed an isoTOP-ABPP analysis,
which allows for monitoring changes in cysteine reactivity
between two proteomes.?” In this workflow, Jurkat cells were
treated with KA or DMSO for 1 h, and then the resulting cell
lysates were labeled with IA-light or IA-heavy, respectively
(Fig. 5(A)). A cleavable biotin tag was appended to probe-
labeled proteins using CuAAC, allowing for streptavidin
enrichment, on-bead trypsin digestion, and selective elution
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Fig. 5 KA is a highly selective GAPDH inhibitor. (A) isoTOP-ABPP workflow used to study KA-induced inhibition of GAPDH. The proteomes of vehicle and KA
treated (1, 5, 10 puM) cells were labeled with cysteine-reactive IA-light and IA-heavy probes, respectively, and compared to identify cellular cysteine targets of KA.
(B) Heavy:light log, R for all identified cysteines in vehicle (heavy) and 10 uM KA (light) treated Jurkat cells (n = 3, s.d. <25%). (C) Representative traces for the C152-
containing peptide and C247 containing peptide of GAPDH from the Jurkat reactivity data. (D) Crystal structure of GAPDH with NAD" bound (adapted from
PDB:4wnc). (E) Thermal shift assay data for WT GAPDH showing stabilization by the addition of its physiological substrate NAD*, and destabilization upon KA
binding. Protein stability in the presence of ligand was assessed using SYPRO Orange with increasing temperature (20 to 95 °C). (F) Thermal shift assay data for the
C152S mutant GAPDH showing no change in stability upon addition of NAD* and KA.

of probe-labeled peptides. The resulting isotopically tagged HeLa cells (Fig. S2b and Table S3, ESIf). Similar to Jurkat
peptides were analyzed by LC/LC-MS/MS, to identify and quan- cells, C152 of GAPDH displayed a significant decrease in
tify cysteine-labeled peptides from the DMSO and KA samples. cysteine reactivity in HeLa cells in the presence of 10 pM KA
This competitive isoTOP-ABPP strategy was used to evaluate (log,R of ~2). These data demonstrate the high selectivity of
three different KA concentrations (1 pM, 5 uM, and 10 uM). For KA for C152 of GAPDH over other highly reactive cellular
each identified peptide, a heavy:light isotopic ratio (R) was cysteine residues.

calculated, and provides a measure of the extent of probe Interestingly, we identified a second cysteine on GAPDH in
labeling in the KA versus DMSO-treated samples. A cysteine our isoTOP-ABPP analyses, C247, which is located distal to the
with log, R > 0 indicates a decrease in cysteine reactivity upon GAPDH active site (Fig. 5(D)). In contrast to C152, which
treatment with KA, whereas a log, R = 0, denotes no change in  displayed a decrease in cysteine reactivity, C247 showed an
cysteine reactivity upon treatment. Over 1000 cysteine sites increase in cysteine reactivity with a log,R value of ~—-2
were quantified from triplicate data for each condition (Fig. 5(B)). This increase in cysteine reactivity is dependent on
(Table S2, ESIt). At 10 uM KA treatment, the majority of KA concentration (Fig. 5(C)), and could be indicative of a
cysteines (98%) displayed log,R = 0, signifying negligible conformational change upon KA binding that makes C247
covalent modification of these cysteines by KA. In contrast, more accessible for IA-light labeling. To explore this hypoth-
C152 of GAPDH displayed a significant decrease in cysteine esis, a thermal shift assay was performed with Sypro Orange.
reactivity with a high log, R value of ~4, indicating that close to GAPDH was stabilized in a concentration dependent manner,
~100% of this cysteine is modified at 10 uM KA (Fig. 5(B)). As by its physiological substrate NAD" (Fig. 5(E) and Table S4,
expected, the log, R values for C152 display a clear dependence ESIT). In contrast, KA binding was shown to have a destabiliz-
on KA concentration (Fig. 5(C)). Additionally, this competitive ing effect on GAPDH (Fig. 5(E) and Table S4, ESIf). Upon
isoTOP-ABPP workflow was also used to evaluate KA targets in mutation of the active site cysteine to an alanine or serine,
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neither NAD" nor KA had an effect on protein thermal stability
(Fig. 5(F) and Table S4, ESIT). Interestingly, mutation of C152 to
either serine or alanine had minimal impact of NAD" binding
to GAPDH by SPR (data not shown). Considering KA is a weak
binder to GAPDH C152S, the thermal shift assay results are not
surprising. The thermal shift assay results reported herein
contradict a previous report in the literature, where KA was
shown to have a very minimal stabilizing effect on GAPDH,
however those studies were performed in the absence of NAD",
which likely impacted the extent of KA binding.>® Further
investigation using size exclusion chromatography suggests
that this destabilization is not a result of dissociation of the
biological tetramer (Table S5, ESIT). Nevertheless, the observed
thermal destabilization may explain localized structural
changes that result in the observed increase in C247 labeling.

Inhibition of GAPDH reduces cytokine production

Autoimmune and inflammatory diseases are caused by uncon-
trolled long-term activation of immune cells. Similar to cancer
cells, these activated immune cells undergo metabolic repro-
gramming to prioritize efficient and rapid biosynthesis over
energy production.®® GAPDH inhibition has emerged as a
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therapeutic strategy to modulate immunity. In fact, DMF has
been applied in the treatment of psoriasis and multiple
sclerosis.*® To investigate the clinical potential of KA, GAPDH
activity and inhibition were evaluated upon activation of Jurkat
cells. Jurkat cells were activated by stimulating the Raf-MEK-
MAPK pathway that promotes cell proliferation and cell survival
using phorbol 12-myristate 13-acetate (PMA) for 10 and
20 minutes prior to cell lysis. Jurkat activation was confirmed by
western blotting with an anti-pMAPK antibody, where increased
PMAPK was observed after 10 and 20 minutes of PMA treatment
(Fig. 6(A)). To evaluate changes in GAPDH activity upon Jurkat
activation, cell lysates were treated with SEC1 and GAPDH label-
ing was visualized by in-gel fluorescence. Changes in GAPDH
protein levels were simultaneously evaluated by western blot with
an anti-GAPDH antibody. A slight increase in SEC1-labeling of
GAPDH was observed in PMA-treated cells compared to the
control, with the highest labeling observed at the 20 minute time
point. Based on the anti-GAPDH western blot, no significant
change in protein levels was observed.

To determine the effects of GAPDH inhibition on immune-
cell activation, cytokine production was measured in KA
treated human Th1 effector cells following stimulation by
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Fig. 6 GAPDH activity and inhibition in activated immune cells. (A) Jurkat cells were activated with PMA (20 ng mL™Y for the listed time. In gel
fluorescence (top panel) evaluation of activated and un-activated Jurkat lysates labeled with SEC1 (100 uM, 1 h). Anti-pMAPK (middle panel) was used to
verify activation of Jurkat cells and anti-GAPDH was used to evaluate protein expression. Band intensities were analyzed and compared using ImageJ
software and GraphPad Prism version 9. All values are means + S.E. (error bars) from three replicates (n = 3) for fluorescence data and two replicates
(n = 2) for western blots. *Significantly different p < 0.05, **p < 0.01, ***p < 0.001. ns., not significant. (B) Percentage reduction in cytokine
production of Thl effector cells following addition of KA with no loss in cellular viability. Representative ICsq curves measuring cytokine reduction with
varying concentrations of KA following stimulation by CD3/CD28/CDz2 after 24 h. Mean ICsq values were calculated by a three-parameter fit constraining
the top to 100% inhibition; IFNYy (red) ICsg = 1.4 + 0.3 uM, TNFa (blue) ICsg = 2.1 + 0.4 uM, IL-2 (green) ICso = 3.7 £+ 0.7 uM. All values are means + S.E.
(error bars) from three replicates (n = 3).
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CD3/CD28/CD2. Cellular viability was maintained in activated
Th1 effector cells following KA treatment, however production
of IFNYy, TNFa, and IL-2 decreased with increasing concentra-
tions of KA (Fig. 6(B)). These data agree with previous studies,
which suggest that GAPDH inhibition can be used as a strategy
to modulate the immune response.’**> To determine if the
observed reduction in cytokine production was mediated spe-
cifically by changes in GAPDH, a GAPDH knockout cell line was
generated using CRISPR in human CD4+ T cells. Evaluation of
IFNy in the CRISPR knockout cells showed significant inhibi-
tion in cytokine production upon GAPDH knockout (Fig. S5,
ESIT). This inhibition in IFNy production was comparable to
the reduction observed following KA treatment in activated Th1
effector cells. A CRISPR knockout of the tyrosine kinase ZAP70
was also generated in CD4+ T cells. Given the importance of
ZAP70 activity in T-cell activation, knockout of this protein was
expected to modulate cytokine activity and thus be a positive
control for a reduction in IFNy production. The reduction in
IFNYy production observed in the ZAP70 knockout was compar-
able to that observed in the GAPDH knockout (Fig. S5, ESIT).
Together, these data suggest that KA-mediated inhibition of
GAPDH effectively modulates cytokine production in T cells.
Furthermore, these data highlight the clinical potential that KA
has in the treatment of autoimmune diseases.

Conclusion

In summary, we report SEC1, a peptide-based probe for rapid
assessment of GAPDH activity in proteomes using an in-gel
fluorescence readout. SEC1 can be used to rapidly assess
changes in GAPDH activity in response to oxidation by ROS
or inhibition by small-molecule GAPDH inhibitors. Informa-
tion regarding GAPDH oxidation or covalent inhibition cannot
be obtained with traditional western blotting with an anti-
GAPDH antibody. With rising interest in GAPDH inhibition as
a therapeutic strategy to modulate Warburg metabolism, SEC1
allows for facile identification and characterization of GAPDH
inhibitors in vitro. Our structure-activity relationship studies on
SEC1 indicate that the phosphate modification on serine is a
critical component for GAPDH binding, likely mimicking the
phosphate of the G3P substrate. Other components of SEC1
were less critical, and future studies will focus on further
optimizing this probe for increased potency and selectivity for
GAPDH. Additionally, a limitation of SEC1 is the inability to
apply this probe to label GAPDH directly in cells due to the poor
cell permeability of the peptide-like structure, and the rapid de-
phosphorylation of the phosphoserine. Future work will explore
the incorporation of peptidomimetic and phosphomimetic
groups to improve the cell permeability and stability, thereby
enabling direct monitoring of GAPDH in cells.

Of the previously reported GAPDH inhibitors that were
tested, KA displayed a promising combination of potency for
GAPDH with reduced cross-reactivity with other cysteine-
containing proteins within the proteome. Use of a competitive
isoTOP-ABPP proteomics study corroborated the observed

980 | RSC Chem. Biol.,, 2022, 3, 972-982

View Article Online

Paper

selectivity of this inhibitor and identified the GAPDH active-
site cysteine as the primary target of KA. Using purified GAPDH
and a variety of in vitro characterization tools, KA was shown to
be a highly potent, irreversible, and G3P-competitive inhibitor
for GAPDH. To demonstrate the therapeutic potential of
GAPDH inhibitors in T-cell activation, treatment of T-cells with
KA decreased cytokine production without compromising cel-
lular viability. Together, these studies provide tools and insight
into the activity and inhibition of GAPDH and the therapeutic
potential of KA as a potent and selective GAPDH inhibitor.

Cell lines

HeLa, HEK293T, Jurkat and MCF10a cells were purchased from
ATCC. Th1 cells were generated from peripheral blood mono-
nuclear cells (PBMCs) from a healthy adult donor. Informed
consent was obtained for any experimentation with human
subjects.
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