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Natural product 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose
is a reversible inhibitor of glyceraldehyde 3-phosphate
dehydrogenase
Wen Li1, Li-ping Liao2,3, Ning Song3,4, Yan-jun Liu2,5, Yi-luan Ding6, Yuan-yuan Zhang2, Xiao-ru Zhou2,3,7, Zhong-ya Sun2,8,
Sen-hao Xiao2,3,7, Hong-bo Wang1, Jing Lu1, Nai-xia Zhang6, Hua-liang Jiang2,7, Kai-xian Chen2,7, Chuan-peng Liu8, Jie Zheng4,
Ke-hao Zhao1 and Cheng Luo2,3,7,8,9

Aerobic glycolysis, also known as the Warburg effect, is a hallmark of cancer cell glucose metabolism and plays a crucial role in the
activation of various types of immune cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) catalyzes the conversion of
D-glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate in the 6th critical step in glycolysis. GAPDH exerts metabolic flux
control during aerobic glycolysis and therefore is an attractive therapeutic target for cancer and autoimmune diseases. Recently,
GAPDH inhibitors were reported to function through common suicide inactivation by covalent binding to the cysteine catalytic
residue of GAPDH. Herein, by developing a high-throughput enzymatic screening assay, we discovered that the natural product
1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (PGG) is an inhibitor of GAPDH with Ki= 0.5 μM. PGG blocks GAPDH activity by a
reversible and NAD+ and Pi competitive mechanism, suggesting that it represents a novel class of GAPDH inhibitors. In-depth
hydrogen deuterium exchange mass spectrometry (HDX-MS) analysis revealed that PGG binds to a region that disrupts NAD+ and
inorganic phosphate binding, resulting in a distal conformational change at the GAPDH tetramer interface. In addition, structural
modeling analysis indicated that PGG probably reversibly binds to the center pocket of GAPDH. Moreover, PGG inhibits LPS-
stimulated macrophage activation by specific downregulation of GAPDH-dependent glucose consumption and lactate production.
In summary, PGG represents a novel class of GAPDH inhibitors that probably reversibly binds to the center pocket of GAPDH. Our
study sheds new light on factors for designing a more potent and specific inhibitor of GAPDH for future therapeutic applications.
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INTRODUCTION
Glycolysis is a central glucose metabolism mechanism with
metabolic pathways in the cytosol of all cells that generates the
energy molecule ATP (adenosine triphosphate) and other inter-
mediates. This multiple chemical reaction process can occur under
anaerobic or aerobic conditions. Aerobic glycolysis was first
described by Otto Warburg in early 1924 based on his research
on cancer cell metabolism, which was accompanied by increased
utilization of glucose without increasing oxygen consumption, even
in a normoxic atmosphere [1, 2]. This phenomenon is not exclusive
to cancer cells; many other normal cell types, for example,
proliferating and quiescent fibroblasts and various immune cells
(lymphocytes, natural killer cells, neutrophils, and macrophages),
also exhibit a high aerobic glycolytic rate. Currently, considerable

evidence has shown that both myeloid and lymphoid cells undergo
a metabolic switch to aerobic glycolysis for supporting their
functions [3, 4]. The glycolytic metabolic requirements of cancer
cells and immune effect cells are different from those of normal cells
and regulatory immune cells. Therefore, modulation of the aerobic
glycolysis pathway may represent a potential therapeutic opportu-
nity that may lead to the specific killing of tumor cells and
suppression of excessively activated immune cells in cancer and
autoimmune disease, respectively [5–7].
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (EC

1.2.1.12) is an NAD+-dependent oxidoreductase that converts
glyceraldehyde 3-phosphate (GAP) to 1,3-bisphosphoglycerate
(1,3-BPG) in the sixth step of glycolysis with an inorganic
phosphate as a cofactor. Early studies defined GAPDH as a
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housekeeping gene due to its ubiquitous expression and
abundance in various species [8–10]. Later, GAPDH was character-
ized as a moonlighting protein involved in a variety of cellular
processes, including autophagy [11], apoptosis [12], cytoskeletal
dynamics [13], DNA repair [14], tRNA transportation, and mRNA
translation [15]. In addition, the overexpression and increased
nuclear translocation of GAPDH in neurons are related to neuron
death, which can be prevented by antisense knockdown of
GAPDH [16]. GAPDH interacts with amyloid precursor protein and
forms neurotoxic aggregates in the brains of patients with
Alzheimer’s disease (AD) [17, 18], suggesting that GAPDH is
associated with AD pathogenesis.
However, how GAPDH balances its versatile functions remains

largely unclear. Considering metabolic control analysis (MCA)
results, Liberti et al. [19] recently characterized GAPDH as a
metabolic flux control enzyme under the Warburg effect and
found that the partial inhibition of GAPDH by koningic acid (KA)
was well tolerated and selective for highly glycolytic tumors. In
addition, Chang et al. [20] demonstrated that GAPDH switches its
glycolytic enzyme to IFNγ mRNA-binding protein during T cell
activation, in which GAPDH was dissociated from the AU-rich
element within the 3ʹ UTR of IFNγ to promote IFNγ secretion.
Similarly, when macrophage activation is stimulated by LPS,
cellular GAPDH is malonylated in the presence of malonyl-CoA
and then dissociates from TNF mRNA to engage in glycolysis [21].
Furthermore, recent data suggest that dimethyl fumarate directly
inactivates GAPDH, revealing a novel effective mechanism of the
drug for use in multiple sclerosis treatment [22]. Thus, GAPDH has
become a potential therapeutic target for heavily glycolytic
tumors and autoimmune and neurological diseases [6, 23–25].
A few GAPDH inhibitors have been recently reported. These

inhibitors are well-known molecules widely used in the clinic for
Parkinson’s disease and autoimmune diseases (Fig. 1a). Selegiline,
applied to treat movement disorders in Parkinson’s disease, was
reported to block the S-nitrosylation of GAPDH, preventing its
binding to Siah and thereby preventing cell death caused upon
GAPDH-Siah complex nuclear translocation [16, 26]. However,
selegiline is classified as a potent and irreversible inhibitor of
monoamine oxidase A and B, which are critical for the degradation
of dopamine, a central neurotransmitter in PD progression [27].
With respect to GAPDH, CGP 3466 (or TCH346) has a similar
mechanism of action as selegiline, which disrupts the GAPDH-Siah
interaction. This compound does not inhibit monoamine oxidase
but offers more neuroprotection than selegiline. Its clinical
development has been terminated due to lack of efficacy in PD
and amyotrophic lateral sclerosis (ALS) patients [28]. KA, a fungal-
derived natural product, acts as an irreversible inhibitor of GAPDH
and selectively kills highly glycolytic cancer cells [19]. Dimethyl
fumarate (DMF), a medication approved by the FDA for multiple
sclerosis treatment, was discovered to be covalently linked to the
catalytic cysteine residue of GAPDH to inactivate GAPDH
enzymatic activity, leading to the downregulation of aerobic
glycolysis in activated immune cells [22]. Notably, DMF also
covalently modifies various other proteins, including Kelch-like
ECH-associated protein 1 (KEAP1) [29] and gasdermin D (GSDMD)
[30]. In general, although GAPDH has emerged as a potentially
important therapeutic target, progress in developing potent and
selective inhibitors is at an early stage. Therefore, we sought to
discover novel GAPDH inhibitors as valuable chemical tools for
probing GAPDH functions and disease-associated biology.
Herein, we developed a robust, sensitive, and cost-effective

in vitro high-throughput enzymatic assay for screening GAPDH
inhibitors. In addition, several molecules that show inhibitory
activities against GAPDH were successfully identified. Among
these inhibitors, the most promising is a natural product named
1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (PGG) [31, 32]. Kinetic
analysis demonstrated that PGG is a reversible competitive
inhibitor of GAPDH. HDX-MS revealed that PGG binds to two

critical fragments and significantly enhances the deuterium
uptake rate at the tetramer interface of GAPDH. Structural
modeling analysis suggested that PGG probably binds to the
center pocket of GAPDH. Furthermore, we demonstrated that PGG
can target cellular GAPDH to suppress the glycolysis pathway and
inhibit LPS-stimulated macrophage activation, suggesting that
PGG can modulate GAPDH target-specific cellular functions. In
summary, we discovered that the natural product PGG is a novel
inhibitor of GAPDH and elucidated its potential GAPDH inhibition
mechanism. The unique mechanism of action of PGG, which
involves binding to the center pocket of GAPDH overlapping with
NAD+ and Pi sites, sheds light on designing and optimizing more-
potent and specific inhibitors of GAPDH for probing its functions
and using it in therapeutic applications in the future.

MATERIALS AND METHODS
Protein expression and purification
The DNA fragment encoding the full-length human GAPDH gene
was amplified from the complementary DNA library of 293 T cells
and subcloned into a pET-28a vector incorporating an N-terminal
TEV (tobacco etch virus)-cleavable His6 tag. The expression
plasmid was verified by Sanger sequencing. The corresponding
plasmid was transformed into BL21 (DE3) PlysS Escherichia coli
cells (TransGen Biotech), cultured in 1 L of Luria-Bertani (LB)
medium at 37 °C until the absorbance at OD600 was 0.4–0.6, and
then, the cells were induced with 0.4 mM isopropyl 1-thio-β-D-
galactopyranoside (IPTG) and cultured overnight at 16 °C. The cells
were harvested by centrifugation and stored at −80 °C until
further use. To purify human GAPDH proteins, the pellets were
resuspended and lysed in lysis buffer (20 mM HEPES, pH 7.4;
200mM NaCl; 4 mM β-mercaptoethanol; and 20mM imidazole)
and centrifuged at 16,000 × g for 1 h at 4 °C. The supernatant was
loaded into a nickel affinity column (GE Healthcare) with a
peristaltic pump. Proteins were eluted with gradient imidazole
and assessed by SDS-PAGE electrophoresis. Fractions containing
GAPDH and with a purity greater than 90% were collected and
digested with TEV protease for 16 h at 4 °C and then passed over a
nickel affinity column (GE Healthcare) to remove cleavage tags.
The remaining fraction was further purified via size-exclusion
chromatography by a Superdex 200 gel filtration column (GE
Healthcare) equilibrated in gel filtration buffer (20 mM HEPES, pH
7.4; 200mM NaCl; and 1mM dithiothreitol). Fractions containing
GAPDH were concentrated to 10mg/mL, aliquoted and stored at
−80 °C in storage buffer (20 mM HEPES, pH 7.4; 200 mM NaCl; and
1mM DTT) with liquid nitrogen until further use.

Assay development and optimization
All kinetic assays were performed in assay buffer (100mM HEPES,
pH 7.4; 100mM NaCl; 2 mM MgCl2; 0.1mM DTT; 0.5mM EDTA; and
1mg/mL BSA) and monitored by spectrometry in kinetics mode. A
96-well format assay with a total volume of 200 µL was used to
determine cell lysate GAPDH activity not coupled to water-soluble
tetrazolium-8 (WST-8)/ 1-methoxy-5-methylphenazium methyl sul-
fate (1-mPMS) reagent, and a Z’ factor of a 384-well format assay
with 40 µL total volume was performed in the absence or absence
of WST/1-mPMS reagent. The 384-well format assay coupled with
WST/1-mPMS was applied to high-throughput screening and
evaluation of compound potency.
The Michaelis constant (Km) value was assayed in a buffer at

final volume of 40 µL (100mM HEPES, pH 7.4;100 mM NaCl; 2 mM
MgCl2; 0.1 mM DTT; 0.5 mM EDTA; and 1mg/mL BSA) in a 384-well
format. A series of different substrate concentrations (NAD+ from
0mM to 5mM, D-GAP from 0mM to 2.5 mM, Na2AsO4 from 0mM
to 60mM, Na2HPO4 from 0mM to 25mM) was prepared, and the
enzyme reaction was initialized by adding GAPDH protein (final
concentration of 10 nM). The final concentration of WST-8 was
1 mM, and that of 1-mPMS was 0.04 mM. All kinetic assays were
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performed in the same assay buffer with consensus concentra-
tions of enzyme and detection reagent at initial velocity. The initial
velocity was measured when <10% of products had formed. The
same series of substrate concentrations without any enzyme were
also measured as a control, and the buffer without protein or
substrates was measured to serve as the background control.
Absorbance intensity (the WST/1-mPMS reagent group at 450 nm,
and the NADH without the WST/1-mPMS reagent group at 340
nm) was monitored continuously for 15 min with a microplate
reader (Thermo Fisher) at 37 °C. The Michaelis constant (Km) and
maximum activity (Vmax) were calculated by fitting the data to a
Michaelis-Menten equation (Km): [33]

V0 ¼ Vmax½S�
Km þ ½S�

The Km for GAP was determined using a concentration range of
0–2.5 mM at a fixed NAD+ concentration of 1 mM and fixed
Na2AsO4 concentration of 20 mM. The Km for NAD+ was measured
using a concentration range of 0–5mM at a fixed GAP
concentration of 2 mM and fixed Na2AsO4 concentration of
20mM. The Km for Na2AsO4 was measured using a concentration
range of 0–60mM at a fixed GAP concentration of 2 mM and fixed
NAD+ concentration of 1 mM. The Km for Na2HPO4 was measured
using a concentration range of 0–25mM at a fixed GAP
concentration of 2 mM and fixed NAD+ concentration of 1 mM.
GraphPad Prism 6.0 software was used to calculate the values of
Km by fitting the data to the Michaelis-Menten equation. The data
can be found in Supplementary Fig. S1.
To further validate this assay, 50 mM solution of the positive

compound named Heptelidic acid (also Koningic acid) (EFEBIO)
was prepared in 100% DMSO as stock solution, diluted to various
concentrations with assay buffer and incubated with 10 nM
GAPDH protein for 15 min. The reaction was initiated by adding
substrate buffer (1 mM NAD+, 2 mM D-GAP, and 5mM Na2AsO4).
The absorbance intensity was then measured by the same method
as used to measure the Km.

Primary high-throughput screening
Substrate concentrations are vital for enzyme high-throughput
assays for the discovery of different mechanisms of action
inhibitors. Considering the Km of each substrate, initial velocity
conditions, and the robustness of the high-throughput assay, we
used 2mM D-GAP (Km= 149.0 ± 42.7 μM), 1 mM NAD+ (Km= 148
± 17.8 μM), 5 mM Na2AsO4 (Km= 15.2 ± 1.7 mM), and 10 nM
GAPDH for the high-throughput screening assay. The same
conditions were also used to calculate the IC50 of the hit
compounds. We used an in-house natural product library for
HTS. The in-house natural product collection included 2000
compounds. All compounds were stored as 10mM stock solutions
dissolved in 100% DMSO under drying conditions at −20 °C. All
assays were performed in 384-well plates (Corning) at room
temperature. The GAPDH protein enzyme (10 nM final concentra-
tion) was prepared in assay buffer. Twenty-two microliters of
enzyme buffer was dispensed into wells, and 200 nL of 10 mM
compound (50 µM final concentration of each) was added and
shaken evenly with a vibrator at 800 × g. After incubating for
15min, enzyme reactions were initiated by adding 18 µL of the
substrate solution (1 mM NAD+, 2 mM D-GAP, 5 mM Na2AsO4,
1 mM WST-8, and 0.04mM 1-mPMS as the final concentration).
Steady-state reactions were recorded on a microplate reader at
450 nm for 15 min, with readings taken every 30 s.

Hit confirmation and IC50 determination
All hit compounds from the HTS were selected and reanalyzed by
manual continuous kinetic analysis for confirmation. Compounds
with increased signal in the absence of GAPDH, indicating false
positive hits, were excluded. For compound that inhibition of

>40% in the confirmation assay, IC50 values were measured in
triplicate using the same assay conditions as the initial screening.
In 384-well plates, 12 µL of enzyme solution was distributed into
wells, and 10 µL of different concentrations of compounds were
added and then incubated for 15 min. The enzyme reaction was
initiated by adding 10 µL of the substrate buffer and 8 µL of WST/
1-mPMS reagent buffer. The IC50 values were obtained by fitting
data to a four-parameter dose-response curve in GraphPad Prism
6 software.

One-dimensional NMR spectroscopy
Ligand-observed CPMG and saturation transfer difference (STD)
NMR experiments were performed to investigate ligand-protein
interactions. All NMR spectra were acquired at 25 °C on a Bruker
Avance III 600 MHz NMR spectrometer equipped with a cryoprobe
(Bruker Bio-Spin, Germany). Samples containing 200 μM PGG and
200 μM PGG in the presence of 10 μM GAPDH were dissolved in
phosphate buffer (20 mM NaH2PO4, 20 mM Na2HPO4, 100 mM
NaCl, 95% D2O, and 5% DMSO-d6, pH 7.4).

Microscale thermophoresis
Recombinant GAPDH was labeled with Monolith protein labeling
kit RED-NHS 2nd Generation (Cat# MO-L011) according to the
labeling protocol provided by the manufacturer. Labeled proteins
were used at a concentration of 10 nM. Samples were diluted in
20mM HEPES (pH 8.0) and 0.05 (v/v) Tween-80. We used 500 µM
PGG as the highest concentration for the serial dilution. After
10min of incubation at 4 °C and centrifugation at 12,000 × g, the
samples were loaded into Monolith standard-treated capillaries,
and then, thermophoresis was measured on a Monolith NT
automated (MA-052) instrument (NanoTemper). Laser power was
set to 20% using a Xs on time. The LED power was set to auto. The
dissociation constant (Kd) values were fitted by using NTAnalysis
software (NanoTemper Technologies, München, Germany).

Recovery of enzyme activity after dilution
PGG (IC50 of GAPDH= 7 µM) and KA (IC50 of GAPDH= 40 nM) at
concentrations equal to 10 × IC50 (60 µM) for the inhibition of
GAPDH were preincubated with recombinant human GAPDH
(200 nM) for 30 min at room temperature in enzyme assay buffer
(100mM HEPES (pH 7.4), 100mM NaCl, 2 mM MgCl2, 1 mM DTT,
0.5 mM EDTA, and 1mg/mL BSA). A control incubation was
performed in the absence of PGG, and DMSO (0.5%) was added as
a cosolvent to all preincubated compounds and the control. The
reactions were diluted 20-fold with enzyme assay buffer to obtain
a final inhibitor concentration equal to 0.5 × IC50, and the final
concentration of GAPDH was still 10 nM. The diluted 0.5 × IC50
PGG (3 µM), KA (20 nM), and GAPDH protein was then incubated
at room temperature for another 20 min, substrate buffer and
WST/1-mPMS reagent buffer were added, and finally, the
absorbance at 450 nm was measured at 25 °C for 15 min.

Hydrogen-deuterium exchange (HDX)
Hydrogen-deuterium exchange (HDX) mass spectrometry (MS) for
peptide identification. Peptides were identified using tandem MS
(MS/MS) with a Fusion Orbitrap mass spectrometer (Thermo
Fisher). Product ion spectra were acquired in data-dependent
mode with the top eight most abundant ions selected for the
product ion analysis per scan event. The MS/MS data files
were entered into Proteome Discoverer 2.4 (Thermo Fisher) for
high-confidence peptide identification.

HDX-MS analysis
Five microliters of GAPDH (50mM HEPES, pH 7.4; 150mM NaCl; 5%
glycerol; 5mM MgCl2; and 2mM DTT) was incubated with and
without the compound at a 1:20 molar ratio (protein:ligand) for 0.5 h
before the HDX reacted at 4 °C. Four microliters of protein/protein
complex with ligand/peptide was diluted into 16 µL of D2O in
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exchange buffer (50mM HEPES, pH 7.4; 50mM NaCl; and 2mM DTT)
and incubated for various HDX time points (e.g., 0, 10, 60, 300, and
900 s) at 4 °C and quenched by mixing with 20 µL of ice-cold 3M
guanidine hydrochloride and 1% trifluoroacetic acid. Each quenched
sample was immediately injected into the LEAP Pal 3.0 HDX
platform. Upon injection, samples were passed through an
immobilized pepsin column (2mm× 2 cm) at 120 µL/min, and the
digested peptides were captured on a C18 PepMap300 trap column
(Thermo Fisher) and desalted. Peptides were separated with a
2.1mm× 5 cm C18 separating column (1.9 μm Hypersil Gold,
Thermo Fisher) with a linear gradient of 4–40% CH3CN and 0.3%
formic acid over 6min. Sample handling, protein digestion, and
peptide separation were conducted at 4 °C. Mass spectrometric data
were acquired using a Fusion Orbitrap mass spectrometer (Thermo
Fisher) with a measured resolving power of 65,000 at m/z 400. HDX
analyses were performed in triplicate for each preparation of a single
protein-ligand complex. The intensity weighted mean m/z centroid
value of each peptide envelope was calculated and subsequently
converted into a percentage of deuterium incorporation. Statistical
significance for the differential HDX data is determined by an
unpaired t test for each time point, a procedure that is integrated
into the HDX Workbench software [34]. Corrections for back
exchange were made on the basis of an estimated 70% deuterium
recovery and accounting for the known 80% deuterium content of
the deuterium exchange buffer.

Data rendering
The HDX data from all overlapping peptides were consolidated to
individual amino acid values using a residue averaging approach.
Briefly, for each residue, the deuterium incorporation values and
peptide lengths from all overlapping peptides were assembled. A
weighting function was applied in which shorter peptides were
weighted more heavily and longer peptides were weighted less
heavily. Each of the weighted deuterium incorporation values
were then averaged to produce a single value for each amino acid.
The initial two residues of each peptide, as well as proline
residues, were omitted from the calculations.

Structural modeling
The docking pose of PGG in GAPDH was generated by using
Schrödinger software. Ligand preparation was used to generate
different conformations of PGG. E. coli-activated GAPDH (PDB ID:
1DC4) and Bacillus stearothermophilus GAPDH (PDB ID: 1NQO)
bound to both GAP and NAD+. Human GAPDH with NAD+

binding (PDB ID: 1U8F) was used to generate the docking grid file
by Receptor Grid generation with default parameters. Glide was
used for ligand docking. Vacuum electrostatic views of GAPDH
and modeled PGG were generated by PyMOL.

Cell culture and reagents
RAW264.7 and HCT116 cells were purchased from ATCC (American
Type Culture Collection). The cells were cultured in DMEM
supplemented with 10% FBS (fetal bovine serum) and 1% PS
(penicillin/streptomycin) at 37 °C in a 5% CO2 atmosphere. Anti-
GAPDH antibody (CST, cat #5174 s), anti-HSP90 (CST, cat #4877 T),
anti-iNOS (Abcam, ab178945), anti-cleaved-IL-1β (Asp117) (CST,
cat#63124) were used in this study. GAPDH small interfering RNA

was synthesized by Gene Pharm (GM). LPS (E. coli, 055:B5, Sigma)
and D-GalN (Sigma) were purchased from Sigma, and they were
dissolved in PBS for use. WST-8 and 1-mPMS were purchased from
GLPBio. Glucose and lactate analyzer kits were purchased from
NICHIWA Trading Co., Ltd.

Dynamic light scattering assay
GAPDH (5 μM) was incubated with 100 μM PGG or 0.2% DMSO for
5 min and centrifuged at 13,000 rpm for 15 min at 4 °C. The
supernatants were subjected to DynaPro Plate Reader (WYATT).
Each point has five replications.

Small interfering RNA transfection assay
RAW264.7 cells (500,000) were plated in 12-well culture plates to
allow cell attachment overnight, and then, Lipofectamine
RNAiMax was used for transfection. A total of 80 pmol control
siRNA and three GAPDH siRNAs were transfected into each well
according to the manufacturer’s recommended procedure. The
cells were harvested at 48 h after transfection for Western blot and
RT-qPCR analyses.

Quantitative RT-PCR experiment
Cells were treated as indicated and then harvested for RT-qPCR
analysis. A FastPure Cell/Tissue Total RNA isolation kit (Vazyme
Biotech, RC101) was used to extract total RNA from the cells, and
this RNA was reverse transcribed into cDNA using a HiScript Q RT
SuperMix kit (Vazyme Biotech, R122-01). ChamQ SYBR qPCR
master mix (Vazyme Biotech, Q331-02) was used for qRT-PCR
analysis with a Quant Studio 6 Flex real-time PCR system (Applied
Biosystems). All experiments were performed according to the
manufacturer’s instructions (Vazyme Biotech). All primers were
listed in Table 1.

Glucose and lactate level determination
RAW264.7 cells (1.5 × 106) were plated into each well of a 6-well
plate in basic DMEM containing 25mM glucose, 2 mM glutamine,
and 10% dialyzed FBS (Gibco) (cultured media). The cells were
allowed to attach overnight. After pretreatment with the indicated
concentrations of compounds in fresh culture medium for 2 h,
1 μg/mL LPS was added to stimulate the cells for another 10 h. The
supernatant medium was collected for glucose and lactate
measurements. The remaining glucose in the cell culture medium
was measured by the hexokinase/glucose-6 phosphate dehydro-
genase method. The lactate concentration in the cell culture
medium was measured by the lactate dehydrogenase method. All
samples were prepared with commercial assay kits and analyzed
in an automatic analyzer (HiTACHI 7020).

Animals and treatment
Six- to eight-week-old male C57BL/6 J mice were purchased from
SIMM Animal Center (Shanghai, China) and maintained under
standard laboratory conditions. All animal experiments were
approved by the Institute Animal Care and Use Committee at
the Shanghai Institute of Materia Medica. Thirty mice weighing
21–23 g were randomly divided into three groups (n= 10): normal
group, model group, and treatment group. Normal group and
model group mice were pre-orally administered vehicle (1%

Table 1. Primers used in the RT-qPCR studies.

Genes (mouse) Primer-Forward (5ʹ-3ʹ) Primer-Reverse (5ʹ-3ʹ)

IL-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

iNOS GGTGAAGGGACTGAGCTGTT ACGTTCTCCGTTCTCTTGCAG

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
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DMSO in PBS), and the treated group mice were pre-orally
administered 60mg/kg PGG. Two hours later, the normal group
mice were intraperitoneally injected with PBS, the model group
mice were intraperitoneally injected with LPS (2 mg/kg) and D-
GalN (250 mg/kg), and the treatment group mice were intraper-
itoneally injected with 2 mg/kg LPS and 250 mg/kg GalN. The
survival rate was recorded every 2 h for 24 h.

Quantification and statistical analysis
All numerical results are expressed as the mean ± SEM represent-
ing three independent experiments or three parallel experiments.

All analyses were performed with GraphPad Prism 6.0 software.
Two-tailed unpaired Student’s t test was used to analyze
differences between the two groups. The significance level was
set at *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001.

RESULTS
Screening and identification of PGG as an inhibitor of GAPDH
GAPDH catalyzes glyceraldehyde-3-phosphate (GAP) to 1,3-bipho-
sphoglycerate (1,3-BPG) with the concomitant reduction of NAD+

to NADH. The free-energy change of the GAPDH catalytic reaction

Fig. 1 High-throughput screening assay design and identification of PGG as an inhibitor of GAPDH. a Reported inhibitors of GAPDH.
b Principles of the high-throughput screening assay. Na2AsO4 was introduced to replace PGK1 and eliminate the production inhibition of
GAPDH and reduce the false positive hit rate. WST/1-mPMS was introduced to improve assay sensitivity. c Parameters for evaluating the quality
of our designed high-throughput screening assay. Groups with or without GAPDH as positive or negative controls were assessed to determine
the assay parameters. The Z’ factor, signal-to-noise ratio (S/N), and signal-to-background were calculated by the method described in Reference
[37]. d The workflow of the compound library screening. e Chemical structure of PGG, and the IC50 for GAPDH= 6.7 ± 0.98 μM.
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is unfavorable, but cells overcome this by the rapid removal of 1,3-
BPG in a favorable subsequent step catalyzed by phosphoglyce-
rate kinase (PGK). Therefore, the conventional method for the
detection of GAPDH enzymatic activity is usually coupled with
phosphoglycerate kinase. This assay system is not ideal for high-
throughput screening due to difficulties in dissecting PGK
interference from true GAPDH inhibition. To overcome this
disadvantage, we designed a new high-throughput GAPDH
enzymatic assay. First, we substituted arsenate for inorganic
phosphate to eliminate production inhibition of GAPDH. In the
presence of arsenate, GAPDH converts glyceraldehyde-3-
phosphate to 1-arseno-3-phosphoglycerate, which is unstable
and is rapidly hydrolyzed to 3-phosphoglycerate (3-PG) and
hydrogen arsenate [35], thus allowing for a favorable equilibrium
for GAPDH rate activity in the forward direction (Fig. 1b). This
reaction continues without intervention by phosphoglycerate
kinase and therefore can reduce the false positive hit rate. Second,
WST-8 was introduced to the assay system to improve assay
sensitivity, and importantly, its product can serve as a reaction
detection molecule. Tetrazolium salts can be converted to water-
soluble formazan in the presence of NADH. WST-8 together with
the electron mediator 1-mPMS, commercially known as CCK-8, is a
reagent that has been widely used in the measurement of cellular
NAD(P)H metabolite concentration as an indicator of cell viability
[36]. WST-8 is reduced by NADH to form a strong orange formazan
product that shows maximal absorption at 450 nm. In the
presence of WST-8/1-mPMS, NADH generated by GAPDH is
consumed in real time to convert WST-8 to WST-8 formazan.
The absorbance of formazan is proportional to the GAPDH-
produced NADH concentration and therefore can be used to
monitor GAPDH activities by spectrophotometry in a rapid,
accurate, and cost-effective fashion. Finally, we scaled the assay
system into a 384-well plate format that requires less GAP reagent
for improved automation efficiency.
The sensitivity and limitation of the detection were determined

by the standard curve of NADH in the presence of WST/1-mPMS.
The determination of all substrate concentrations depended on
the Km of each substrate, and the initial velocity was measured as
less than or equal to 10% of the product formed. Details of this
assay can be found in “Materials and methods” section. The high-
throughput screening assay showed good quality with a Z’-factor
of 0.71 [37] (Fig. 1c). To further assess the reliability and robustness
of the assay, we measured the inhibitory activity of KA on GAPDH.
We found that KA had an IC50 of 39 nM in our assay, which is
consistent with the reported results (Supplementary Fig. S2).
Overall, we developed and optimized a new GAPDH high-
throughput assay for compound screening.
Natural products and their derivatives are important sources of

effective drug candidates. Indeed, many natural products have
been approved for treating diseases, including cancer, auto-
immune, and infectious diseases [38]. We have gained experience
in identifying natural product-based drug candidates for a
considerable number of targets [39–42]. Hence, we applied this
new high-throughput assay to screen an in-house focused natural
product library containing 2000 compounds to discover novel
GAPDH inhibitors. The workflow for finding hits is shown in
Fig. 1d. Briefly, an enzyme solution was preincubated with
compounds for 10 min, and a substrate solution (including
NAD+, GAP, and WST-8/1-mPMS) was then added and mixed to
initiate the reaction. The absorbance at 450 nm was monitored in
continuous kinetic mode for 15 min. All compounds were tested at
a single dose of 50 μM in the primary screening. Compounds with
inhibition activity greater than 50% compared to the DMSO
control were selected for a second screening. The selected hit
compounds were rescreened in three doses in triple replicates.
Compounds that had intrinsic absorbance at 450 nm or showed
no concentration response were eliminated. The IC50 values of the
remaining compounds were determined in a dose-dependent

manner to rank their relative GAPDH inhibition activities. Among
these candidates, 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose
(PGG) was identified as the most potent compound, with an IC50
of 6.7 ± 0.98 μM (Fig. 1e). PGG is a galloyl-beta-D-glucose
compound with five galloyl groups; therefore, we tested whether
gallic acids have inhibitory activity against GAPDH. However, gallic
acids showed no inhibitory activity against GAPDH at 200 μM
(data not shown). PGG is a tannin family compound and is highly
enriched in several natural plants, especially traditional herbals.
Studies have shown that PGG has multiple activities, including
antimicrobial, anti-inflammatory, anticarcinogenic, antidiabetic,
antitumor, and antioxidant activities; [43–45] therefore, PGG
inhibition of GAPDH activity is viewed favorably.

PGG is a reversible and competitive inhibitor of GAPDH
To rule out the possibility of nonspecific binding of PGG to
GAPDH, ligand-based nuclear magnetic resonance (NMR) spectro-
scopy methods were applied to validate the PGG-GAPDH
interaction. Carr-Purcell-Meiboom-Gill (CPMG) together with
saturation transferred difference (STD) clearly revealed specific
binding of PGG to GAPDH (Supplementary Fig. S3a and S3b). A
microscale thermophoresis (MST) assay was then used to
determine the binding affinity of PGG for GAPDH, and the results
showed a Kd of ~14.5 μM (Fig. 2a). Our data confirmed that PGG
specifically binds GAPDH.
Next, we aimed to understand the enzymatic mechanism of

PGG inhibition of GAPDH. First, steady-state enzyme kinetics
analysis unambiguously revealed that PGG is a reversible inhibitor
of GAPDH (Fig. 2b). The inhibitor KA exhibited a shifted linear
curve between Vmax and the enzyme concentration with a similar
catalytic slope to that of inhibitor-free GAPDH. In contrast, GAPDH
inhibition by PGG showed a linear but reduced catalytic slope
(Fig. 2b). The results clearly indicate that KA is an irreversible
inhibitor of GAPDH, as its inhibition led to the similar increased
initial velocity as that of the free GAPDH. In contrast to KA, a
kinetic analysis unambiguously revealed that PGG is a reversible
inhibitor of GAPDH since it showed a reduced initial velocity, a
phenomenon typical of dissociation between the enzyme and
inhibitor complex during the reaction. The reversible inhibition
property of PGG was also revealed by the recovery of enzyme
activity after dilution of the enzyme-inhibitor mixture, as the
enzymatic activity of GAPDH was recovered when the GAPDH-PGG
complex concentration was diluted from 10 × IC50 to 0.5 × IC50. In
contrast, after similar treatment of GAPDH with KA, the GAPDH
enzymatic activity was not recovered (Supplementary Fig. S3c and
S3d).
We then conducted classical steady-state experiments to further

understand the binding mode and potency of PGG as an inhibitor
of GAPDH. Under fixed and saturated concentrations of NAD+ and
Na2AsO4, the Km of the substrate GAP did not change, while the
Vmax of GAP decreased with increased PGG, suggesting that PGG
does not compete with GAP (Fig. 2c). However, under fixed and
saturated concentrations of GAP and Na2AsO4, the Vmax of NAD

+

showed no obvious change, while the Km of NAD+ increased with
increasing concentrations of PGG, suggesting that PGG competes
with NAD+ (Fig. 2d). Inorganic phosphate (Pi) is also a cofactor
important for GAPDH catalysis; thus, we evaluated the kinetic
parameters of Pi and arsenate under fixed and saturated
concentrations of GAP and NAD+. The Vmax of Pi and arsenate
showed no obvious change, while the Km of Pi and arsenate
increased with increasing concentrations of PGG, suggesting that
PGG competes with Pi (Fig. 2e) or arsenate (Fig. 2f). All kinetic
parameters are listed in a table of Fig. 2. The non-competitive
inhibition nature of PGG with respect to GAP demonstrates that
GAP is not involved in nor affects PGG binding. The competitive
mode of PGG with respect to NAD+ and Pi indicates that PGG
prefers to bind to free enzymes over the Michaelis complexes
formed by NAD+-GAPDH, Pi-GAPDH or Pi-GAPDH-NAD+, with a
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high potency of Ki= 0.48 ± 0.01 μM. Taken together, PGG is a
reversible and NAD+ and Pi competitive inhibitor of GAPDH.

PGG binds to the center pocket of GAPDH, as revealed by HDX-MS
analysis and structural modeling
Since PGG competes with NAD+, we speculated that PGG
probably occupies the NAD+ pocket. However, neither structure
of PGG is similar to NAD+, nor is the cavity of NAD+ pocket large
enough to accommodate PGG binding. The cavity of NAD+ is an
extended conformational groove site, while the shape of PGG is a
stereoscopic conformation that is clearly incompatible to accom-
modate the NAD+ pocket. Thus, we hypothesized that PGG may
bind to different sites and allosterically prevent NAD+ from
binding to GAPDH.
We attempted to resolve the crystal structure of GAPDH in

complex with PGG, but unfortunately, we could not obtain useful
crystals with good diffraction. We then turned to conformational
dynamics studies by hydrogen deuterium exchange mass spectro-
metry (HDX-MS), a well-established technology that has been
widely applied to study protein structures, dynamics, folding, and

interactions [46, 47]. The different deuterium uptake rates of
GAPDH upon PGG binding (Supplementary Fig. S4a and S4b)
revealed the specific regions that interact with PGG as well as
conformational changes induced by PGG binding. Four regions
showed significantly different deuterium incorporation in PGG-
treated GAPDH compared to control GAPDH. Interestingly, region
I, covering residues 96–102, showed an average 15% decrease in
deuterium uptake, and region II, covering residues 206–218,
showed an approximate 10% decrease in deuterium uptake
(Fig. 3a). Regions III (residues 176–204) and IV (residues 278–286)
exhibited an approximate 10% increase in deuterium uptake upon
GAPDH binding to PGG (Fig. 3b). The HDX-MS results suggest that
these regions probably serve as important elements in PGG
binding.
To understand the potential molecular mechanism of PGG

inhibition, these amino acid regions were then mapped onto the
crystal structure of GAPDH (PDB ID: 1U8F) (Fig. 3c) of the modeled
substrate GAP and cofactor NAD+. Since the HDX-MS assay was
performed in the basal state of human GAPDH, NAD+ was
modeled in the basal state of the human GAPDH structure (PDB

Fig. 2 PGG is a reversible and competitive inhibitor of GAPDH with a potency of Ki= 0.48 μM. a The binding affinity of PGG for GAPDH as
determined by microscale thermophoresis (MST) assay. The data represent three independent experiments, and the error bars show the SEM.
b V0-Enzyme plot with fixed doses of inhibitors (KA= 0.5 μM and PGG= 100 μM) showed that PGG is a reversible inhibitor. The data were
generated in triplicate, and the error bars represent the standard error of the mean (SEM). c–f Steady-state enzyme kinetic assay shows kinetic
parameters with various concentrations of PGG with respect to GAP (c), NAD+ (d), Pi (e), and Na2AsO4 (f). All steady-state assays were
performed with a 10 nM enzyme concentration. The Km for GAP was determined using a concentration range of 0–4mM at a fixed NAD+

concentration of 1mM and fixed Na2AsO4 concentration of 20mM with the indicated concentration of PGG. The data were fitted by GraphPad
Prism software in noncompetitive mode. The Km for NAD+ was measured using a concentration range of 0–4mM at a fixed GAP concentration
of 2 mM and fixed Na2AsO4 concentration of 20mM with the indicated concentration of PGG. The data were fitted by GraphPad Prism
software in competitive mode. The Km for Na2HPO4 was measured using a concentration range of 0–20mM at a fixed GAP concentration of
2mM and fixed NAD+ concentration of 1mM with the indicated concentration of PGG. The data were fitted by GraphPad Prism software in
competitive mode. The Km for Na2AsO4 was measured using a concentration range of 0–40mM at a fixed GAP concentration of 2 mM and
fixed NAD+ concentration of 1mM with the indicated concentration of PGG. The data were fitted by GraphPad Prism software in competitive
mode. The data represent three parallel experiments, and the error bars represent the SEM.
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ID: 1U8F), and GAP was modeled in the basal state of Bacillus
stearothermophilus GAPDH (PDB ID: 1NQO). Region I is located at
the N-terminal domain of GAPDH, region II is in the C-terminal
domain of GAPDH, and both regions III and IV are located at the
tetramerization interface of GAPDH (Fig. 3c, left magnified). Then,
using structural modeling, we tried to locate the potential site that
accommodates PGG binding. Intriguingly, the mapped structure
indicates a large pocket consisting of region I, region II, and region
III possibly suitable for PGG binding. This pocket is composed of
the inorganic phosphate site, C3-phosphate (C3P) group of the
GAP binding site (Ps site), and nicotinamide moiety of NAD+.
We termed this pocket the center pocket because it crosses the
N-terminal domain and the C-terminal domain. Specifically, five
amino acids in region I are among the residues critical for
interaction with the cofactor NAD+ (Fig. 4a, right magnified).
Glu97 and Gly100 form water-mediated interactions with nicoti-
namide sugars. Ser98 forms water-mediated polar interactions
with pyrophosphate, and Thr99 and Phe102 form nonpolar
interactions with adenine. The decrease in deuterium uptake in
region I may be attributed to the displacement of NAD+ by PGG
binding to GAPDH. In addition, residues Thr211 and Gly212
residing in region II coordinate with the catalytic center residue
S151 to form the hydrophilic pocket (Pi site or new Pi site) for
inorganic Pi or the C3P of flopped GAP [48–50] (Fig. 4a, left
magnified). Moreover, the strand-loop-helix covering residues

210–215 of region II undergoes conformational changes to form a
more compact catalytic center [48, 49]. The decrease in the
deuterium exchange rate in region II might be attributed to the
displacement of inorganic phosphate (Pi) by PGG when interact-
ing with GAPDH. The key residues interacting with NAD+ or Pi are
protected from HDX upon PGG binding, strongly indicating a
more stable interaction is formed between PGG and these regions,
which is consistent with the competitive modality of PGG with
respect to NAD+ and Pi in the kinetic assay.
Even though Ps is a part of the center pocket and PGG likely

occupies the site, the critical amino acids (Thr182 and Arg234) of
the Ps site did not show a decrease in deuterium uptake,
indicating the possibility that PGG does not occupy the Ps site. We
then performed in silico docking of PGG to this site and found that
PGG fits very well within it, with a docking score ranging from
−9.65 to −10.94 of top 10 ranking. The docking pose (Fig. 4a,
middle) harboring the interactions formed between PGG to region
I and II also vacated the Ps site, yielding a docking score of −9.86,
ranking 5th. Accordingly, this GAPDH pocket is positively charged
at pH 7.4, which effectively attracts the negatively charged PGG
(Supplementary Fig. S5a).
Interestingly, both regions III and IV are located at the

tetramerization interface of GAPDH (Fig. 4b, middle), especially
region III, which has a conserved S-shaped loop (S loop; residues
180–206) that forms the tetrameric core. The increased

Fig. 3 HDX-MS revealed the binding region and conformation change area of GAPDH upon PGG binding. a The deuterium uptake plot for
region I and region II are shown. Deuterium uptake plot of the peptide VVESTGVF (AA 96–103, +1 charge state) (region I) and
QNIIPASTGAAKAVG (AA 205–219, +2 charge state) (region II) in GAPDH in the presence and absence of PGG are shown. The data are plotted
as percent deuterium uptake versus time on a logarithmic scale. Red and blue plots represent the GAPDH and the PGG bound state,
respectively. b The deuterium uptake plot for region III and region IV are shown. Deuterium uptake plot of the peptide
TTVHAITATQKTVDGPSGKL (AA 177–196 +4) (region III) and HQVVSSDF (AA 280–287 +2) (region IV) for GAPDH in the presence and absence
of PGG are shown. The data were plotted as percent deuterium uptake versus time on a logarithmic scale. Red and blue plots represent the
GAPDH and the PGG bound state, respectively. c Differential HDX consolidation view (related to Supplementary Fig. S3A and S3B) was
mapped to + the GAPDH crystal structure (PDB ID: 1U8F). The GAPDH monomer is shown on the right, the enlarged view was also modeled
with GAP and NAD+, NAD+ was modeled by 1U8F, the modeled GAP was based on the PDB ID: 1NQO of Bacillus stearothermophilus GAPDH.
HDX Workbench colors each peptide according to the smooth color gradient HDX perturbation key (D%), as shown in each figure. Differences
in %D between −5% and 5% are considered non-significant and are colored gray according to the HDX perturbation key shown below. In
addition to the −5% to 5% test, unpaired t tests were calculated to determine significant differences (P < 0.05) between samples at each time
point. A negative value represents decreased deuterium incorporation or stabilization, while a positive value represents increased deuterium
incorporation or destabilization in the corresponding region of the receptor when a binding event takes place. Peptides exhibiting statistically
insignificant or undetectable changes are colored gray. The blank region represents undetected peptide for the corresponding experiment.
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deuterium incorporation of regions III and IV suggest enhanced
flexibility of this region upon PGG binding. Since these regions
are vital for GAPDH tetramer formation, it is possible that the
enhanced flexibility of these regions upon PGG binding reduces
the stability of the intact tetramer. Dynamic light scattering did
not indicate significant depolymerization effects on the GAPDH
tetramer (Supplementary Fig. S5b), suggesting that PGG may
affect the local conformation, not disrupt the tetramer. Notably,
regions III and IV are distant from the potential binding sites,
e.g., regions I, II, and III, and the dynamic nature of the GAPDH
tetramer enables its recognition with PGG and permits PGG-
dependent allosteric regulation at distal regions. Region III
covers many amino acids that not only interact with intramo-
lecular NAD+ but also contact intersubunit NAD+ (Fig. 4b, right
magnified). Region IV has no direct contact with NAD+ or GAP,
but the flank helix interacts with the other two subunits (Fig. 4b,
left magnified). Hence, PGG binding may directly regulate the
interface region of GAPDH.
We thus speculated that PGG binds to region I and region II of

GAPDH and possibly exerts its inhibitory effect by the following
main mechanisms. PGG competes with NAD+ through a partially
occupied NAD+ pocket and may form interactions with residues
interacting with NAD+, such as Glu97 Ser98, Thr99, Gly100, and
Phe102. In parallel, PGG may enable GADPH to adopt a loosened
tetramer conformation due to enhanced flexibility at the interface.
Hence, the impaired stability of the GAPDH tetramer may lead to
partial inhibition of key downstream signals. In summary, the
unique HDX-MS results combined with structure modeling data
suggest that PGG may bind to the center pocket partially
overlapping with NAD+ and Pi. Furthermore, PGG can affect not

only NAD+ binding but also the stability of the GAPDH tetramer,
suggesting that PGG has a previously unreported mechanism of
action in GAPDH inhibition. Our results shed light on designing
potential inhibitors occupying the pocket composed of region I,
region II, and region III.

PGG directly engages in GAPDH cellular functions
To determine whether PGG engages in a cellular context, we
evaluated PGG GAPDH inhibition activities in HCT116 cancer cells
and RAW264.7 immune cells. Lysates of HCT116 and RAW264.7
cells were precipitated with saturated (NH4)2SO4 to remove
endogenous NADH or NADPH, and the precipitate was resus-
pended in enzyme assay buffer to determine the IC50. PGG
showed an IC50 of 8.4 ± 0.13 μM (Fig. 5a) in HCT116 cells and an
IC50 of 16.8 ± 0.57 μM (Supplementary Fig. S6a) in RAW264.7 cells,
indicating that PGG can indeed target cellular GAPDH. Next, to
confirm that PGG potentiated the inhibition of GAPDH specific,
small interfering RNA oligos were transfected into HCT116 cells to
knockdown endogenous GAPDH. Western blot analysis with anti-
GAPDH showed efficient knockdown of GAPDH (Supplementary
Fig. S6b) in the HCT116 cells, which were called siHCT116 cells.
SiHCT116 cells and siNC control HCT116 cells were also treated
with PGG and then subjected to evaluation of cell lysate enzyme
activity. As shown in Fig. 5b, the efficient knockdown of GAPDH in
siHCT116 cells resulted in only 50% GAPDH activity in the control
cells, implying intrinsic high enzymatic activity of GAPDH. PGG
inhibited 80% of the GAPDH activity in siNC control cells and 20%
of the GAPDH activity in knockdown cells at a concentration of
200 μM. Collectively, these data suggested that PGG is a cell-active
inhibitor of GAPDH.

Fig. 4 HDX-MS in combination with structural modeling revealed the possible binding pocket and regulation mechanism upon PGG
binding to GAPDH. a The GAPDH monomer was modeled with PGG to show two binding regions as revealed by HDX. The two regions are
enlarged, and the critical amino acids are shown as sticks. b View of the tetramer interface regions encoded with HDX color. Regions III and IV
show enhanced deuterium uptake upon binding to PGG, and key amino acids are shown as sticks.
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PGG inhibits macrophage activation and improves the survival
rate of LPS-treated mice
Mechanistically, molecules that inhibit GAPDH also result in the
downregulation of the cell glycolysis pathway, leading to decreased
glucose consumption and lactate production. We examined
the remaining glucose concentration and the lactate content in
the supernatant medium of LPS-treated RAW264.7 cells in the
presence or absence of the indicated concentration of PGG. Both
glucose consumption and lactate production were significantly
decreased in the 25 μM PGG-treated group compared to the DMSO-
treated group (Fig. 5c, d). Studies have reported that macrophages
challenged by endotoxin, i.e., lipopolysaccharide, shifts its metabolic
state rapidly to glycolysis, and a sharp increase in the rate of
glycolysis is necessary for macrophage activation [4, 51]. Therefore,
we explored whether PGG can inhibit macrophage activation. The
proinflammatory cytokines interleukin (IL)-1β and inducible nitric
oxide synthase (iNOS) are almost always increased in classically
activated macrophages (M1), which are usually considered signatures
of M1 macrophages. In LPS-challenged RAW264.7 macrophages, PGG
significantly decreased the mature form and transcription of IL-1β
(Fig. 6a, c). Accordingly, the synthesis (Fig. 6b) and transcription
(Fig. 6d) of iNOS were inhibited by PGG at 25 μM. Our data supported
the idea that PGG can inhibit GAPDH and downregulate glycolysis to
repress the activation of LPS-activated macrophages.

Given the capacity of PGG to restrain macrophage activation
and reduce the release of a series of proinflammatory cytokines
(TNFα and IL-6) (Fig. 6e, f), we further investigated the anti-
inflammatory effect of PGG in an LPS-/GalN-induced acute liver
injury mouse model. We assessed whether PGG can improve the
mouse survival rate of lipopolysaccharide (LPS)/D-galactosamine
(GalN)-challenged mice over 24 h. As expected, the survival rate of
the 60 mg/kg PGG treatment group (Fig. 6g) was improved
significantly compared to that of the vehicle group. These data
suggested that PGG inhibition of GAPDH can alleviate proin-
flammatory immune cell activation.

DISCUSSION
Aerobic glycolysis, also known as the Warburg effect, is a hallmark
of cancer cell glucose metabolism and plays a crucial role in the
activation of various types of immune cells. Small molecules that
inhibit the glycolytic pathway have been widely studied and
advanced into clinical applications. Most notably, 2-deoxy-2-
[fluorine-18] fluoro-D-glucose (18F-FDG), an analog of glucose,
has been a valuable tool for cancer diagnosis, staging, restaging,
and predicting therapy outcomes [52, 53]. Many efforts have been
invested in the development of drugs targeting the rate-limiting
enzymes (hexokinase, phosphofructokinase, and pyruvate kinase)

Fig. 5 Cellular engagement of PGG and downregulation of the glycolysis pathway. a PGG inhibitory activity of cellular GAPDH was
determined in HCT116 cell lysate. The experiment was repeated three times, and error bars represent the SEM. b Relative GAPDH activity was
determined in GAPDH-knockdown HCT116 cell lysate and siNC control-expressing HCT116 cell lysate. Each point represents three replicates,
and the error bars represent the SEM. c Glucose consumption and (d) lactate production in RAW264.7 cells treated with or without PGG for
12 h. Basic DMEM containing 25mM glucose, 2 mM glutamine, and 10% dialyzed fetal bovine serum (FBS) was used to culture RAW264.7
cells for this assay. The data represent three parallel experiments, and the error bars represent the standard error of the mean (SEM). *P < 0.05,
**P < 0.01, ****P < 0.0001. Each group was compared by Student’s t test.
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of glycolysis. However, development of most of these enzymes
have stagnated in clinical trials [23]. Accumulating evidence
indicated that GAPDH plays a pivotal role in cancer cell
proliferation and invasion and excessive immune cell activation
[3, 5, 6, 23, 24, 51]. Furthermore, recent data suggest that dimethyl
fumarate can directly inactivate GAPDH, revealing a new effective
mechanism of this drug in multiple sclerosis treatment [22] and
indicating that molecules targeting GAPDH have therapeutic
potential. Thus, highly potent modulators selective for GAPDH
may be powerful tools for GAPDH physiological and pathological
function exploration. Here, we designed and developed an easy-
to-handle and cost-effective high-throughput format assay for
GAPDH inhibitor discovery. The assay is sufficiently robust for
automatic or manual screening of diverse chemical libraries and
can be adopted by other laboratories to screen their unique
compound libraries. Through our assay, we discovered that the
natural product PGG is a potent, reversible, and competitive
inhibitor of GAPDH with Ki= 0.5 μM. We demonstrated that PGG
can inhibit GAPDH enzymatic activity in vitro and in vivo;
furthermore, PGG also downregulated the GAPDH-dependent
glycolysis pathway in LPS-stimulated macrophages.

Molecules such as selegiline, KA, and DMF, have greatly promoted
the advancement of the exploration of GAPDH therapeutic potential.
These inhibitors function through common suicide inactivation by
covalently binding to the catalytic cysteine residue of GAPDH. The
kinetic assay indicated that PGG is a reversible inhibitor of GAPDH,
indicating that PGG has a different mechanism of action than
irreversible inhibitors. The steady-state kinetic assay demonstrated
that PGG is competitive with NAD+ and inorganic phosphate. In-
depth HDX-MS in a combination of in silico molecular docking
revealed that PGG probably fits in the center pocket that is composed
of the inorganic phosphate site, C3-phosphate (C3P) group of the
GAP binding site (Ps site), and nicotinamide moiety of NAD+. In
addition, PGG was the first molecule to bind to this pocket without
covalently modifying the catalytic cysteine, indicating that molecules
without a covalent moiety that can efficiently occupy this pocket can
inhibit GAPDH activity. Notably, PGG does not fully occupy the center
pocket, most likely because PGG overlaps the site of the nicotinamide
moiety and inorganic phosphate. Overall, the unique binding site of
PGG indicates that the center pocket is a new and easy-to-target
pocket for which more potential and highly selective irreversible or
reversible inhibitors of GAPDH can be designed.

Fig. 6 PGG inhibits LPS-stimulated macrophage activation and improves the survival rate of (LPS)/D-galactosamine (GalN)-challenged
mice after 24 h. a, b RAW264.7 cells were pretreated with the indicated concentration of PGG for 2 h and then stimulated with 1 μg/mL LPS for
4 h. The cells were collected for detecting the mature forms of IL-1β and iNOS n by Western blotting. c, d RAW264.7 cells were treated the same
as in (a and b). The cells were harvested for IL-1β mRNA and iNOS mRNA level evaluation by RT-qPCR. The data represent three parallel
experiments, and the error bars represent the SEM. e RAW264.7 cells were pretreated with the indicated concentration of PGG for 2 h and then
stimulated with 1 μg/mL LPS for 4 h. The cell supernatant was collected for TNFα secretion content determination by an ELISA kit, each data
point represents a duplicate assay, and the mean ± SEM is shown. f RAW264.7 cells were treated the same as in (e). The cells were harvested for
IL-6 mRNA evaluation by RT-qPCR. The data represent three parallel experiments, and the error bars represented the SEM. *P < 0.05, ***P < 0.001,
****P < 0.0001. Each group was compared by Student’s t test. g The survival rate of (LPS)/D-galactosamine (GalN)-challenged mice over with 60
mg/kg of PGG or vehicle control for 24 h. Each group included 10 mice. Student’s t test was used to compare the PGG treated groups to the
vehicle-treated group, with the mice in all groups challenged by LPS, *P < 0.05.
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PGG has five galloyl groups and seems to be a pan-assay
interference compound. However, a series of experiments vali-
dated PGG as a true inhibitor of GAPDH. First, one-dimensional
NMR spectroscopy and microscale thermophoresis analysis verified
that PGG is not a nonspecific aggregate of GAPDH. Second, the
dynamic scatter light assay confirmed that PGG does not allow
GAPDH to aggregate. Third, kinetic assay data indicated that PGG
competes with NAD+ and Pi, suggesting that PGG did not coat
GAPDH that sequester substrates. Moreover, in the screening assay,
PGG showed no absorption at 450 nm without GAPDH. Finally, the
HDX-MS assay showed that PGG interacts with GAPDH in a specific
region, not solely in random areas.
PGG, a galloyl-beta-D-glucose compound having five galloyl

groups in the 1, 2, 3, 4, and 6 positions, is flexible in solution
challenged the GAPDH-PGG complex crystal structure packing. We
failed to obtain the GAPDH-PGG complex structure either as
cocrystals or by soaking. Nonetheless, the data presented by HDX-
MS can be used to map the critical amino acids involved in GAPDH
and PGG interactions. Furthermore, the HDX-MS data showed that
the tetramer interface of GAPDH has enhanced flexibility upon PGG
binding, which may impair the stability of the tetramer. The data
presented in this paper suggest that HDX-MS is an effective tool for
investigating the interactions of proteins with small molecules.
Moreover, HDX-MS can provide information about the dynamic
conformation change in the presence and absence of small
molecules, which is nearly impossible to discern with the static
crystal structure. Thus, HDX-MS is a powerful tool to study the
interaction of proteins and small molecules, particularly when the
molecules bind to proteins resulting in significant conformation
changes that cannot be sufficiently assessed by the crystal structure.
In summary, we developed a high-throughput assay to screen

novel GAPDH inhibitors. Through this method, we discovered that
the natural product PGG, which is enriched in many traditional
herbs, is a reversible inhibitor of GAPDH. PGG inhibits GAPDH
in vitro with high potency, Ki= 0.48 ± 0.01 μM. PGG reduced
glucose consumption and lactate production in LPS-stimulated
macrophages, decreased proinflammatory cytokine secretion, and
improved the survival rate of an LPS/GalN-induced mouse model.
In contrast to the well-known koningic acid and the approved
drugs selegiline and dimethyl fumarate, which covalently modify
catalytic cysteine 152 of GAPDH, PGG represents a new class of
GAPDH inhibitors. Classic steady-state assays indicated that PGG is
reversible and competes with the cofactor NAD+ and inorganic
phosphate. HDX-MS demonstrated that PGG binds to fragments
96–102 and 206–218 to disrupt NAD+ and inorganic phosphate
affinity for GAPDH, respectively. Importantly, two regions at the
tetramer interface showed enhanced flexibility upon PGG binding,
which may lead to an intact yet subtly conformationally altered
tetramer. Thus, the center pocket of GAPDH is a targetable site of
GAPDH. The unique mechanism of PGG action makes it as a great
initial compound for developing additional potent and reversible
GAPDH inhibitors.
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