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. through changes in metabolic status. PGK1 is a catalytic enzyme in the glycolytic pathway. Here, we
l?lllzzgil}:;;cerate Kinasel: set up a high-throughput screen platform to identify PGK1 inhibitors. DC-PGKI is an ATP-
Macrophages; ’ competitive inhibitor of PGK1 with an affinity of K4 = 99.08 nmol/L. DC-PGKI stabilizes PGK1
NRE2: in vitro and in vivo, and suppresses both glycolytic activity and the kinase function of PGK1. In addition,
Inflammation DC-PGKI unveils that PGK1 regulates production of IL-18 and IL-6 in LPS-stimulated macrophages.

Mechanistically, inhibition of PGK1 with DC-PGKI results in NRF2 (nuclear factor-erythroid factor 2-
related factor 2, NFE2L2) accumulation, then NRF2 translocates to the nucleus and binds to the prox-
imity region of /I-18 and [I-6 genes, and inhibits LPS-induced expression of these genes. DC-PGKI ame-
liorates colitis in the dextran sulfate sodium (DSS)-induced colitis mouse model. These data support
PGKI1 as a regulator of macrophages and suggest potential utility of PGK1 inhibitors in the treatment
of inflammatory bowel disease.
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1. Introduction

Glycolysis is the fundamental energy generation pathway, almost
conserved in all kinds of creatures. Aerobics glycolysis has been
known as one of the hallmarks of malignant tumors for a cen-
tury' . In addition, aerobic glycolysis also has crucial effects on
immune cell activation and function® ®. The versatile biological
roles of aerobic glycolysis are mainly dependent on its metabolic
enzymes. Those enzymes possess multiple functions that surpass
metabolic processes’ .

Phosphoglycerate kinasel (PGK1, EC 2.7.2.3) is the seventh
step catalytic enzyme, responding to the first ATP production in
the glycolytic pathway by converting 1,3-bisphosphoglycerate
(1,3-BPG) to 3-phosphoglycerate (3-PG). Loads of works have
been reported that overexpression or enhanced glycolytic activity
of PGK1 correlates with poor tumor prognosis and chemotherapy
resistance'”. For instance, PGK1 is upregulated in ovarian can-
cer'®"”, breast cancer'®, pancreatic cancer'”’, and colorectal
cancer”', and PGK1 was found to be assist cell resistance to 5-FU
in gastric cancer’>>. The regulation of PGKI1 is sophisticated. At
the transcription level, MYC and HIF1«a were well-known to in-
crease glycolytic enzymes in the context of highly aerobic
glycolysis through binding to the promoter region of PGK17*~%".
Contrast, PARRY constraint PGK1 expression'®. The function of
PGK1 is also regulated by various posttranslational modifications,
such as acetylation in K2207*%°, K323, and K388>' or phos-
phorylation in $203%, $256*, T243*, and Y324*°, O-glcnacy-
lation modification in T255, which enhance PGKI glycolytic
activity. Aside from its glycolytic activity, PGK1 attracts much
attention as a kinase. PGK1 phosphorylates PDHK1 to coordinate
cell energy production and maintain the cellular redox environ-
ment’, and phosphorylation of Beclinl by PGK1 initiates auto-
phagy in the context of nutrient restriction’’.

However, despite the role of PGK1 in tumor proliferation,
drugs or compounds designed to target PGK1 remain still few. The
reported drug terazosin, an «l-adrenergic receptor antagonist, is
approved to treat enlarged prostate. It activates PGK1 to produce
more ATP to activate HSP90, thus protecting organ damage from
multi-stress challenges’’. But what remains unclear is whether
Terazosin exhibit its organ protective effect on activating PGK1
in vivo. Another reported PGK1 inhibitor, CBR-470-1, uncovered
the interaction of glycolysis with the NRF2 pathway. CBR-470-1
exerted a cytoprotective effect by inhibiting PGK1 causing the
accumulation of upstream metabolites, and then covalently
modified KEAPI to activate NRF2**. Both these compounds
revealed the novel functions of PGK1 beyond the tumor, indi-
cating that the role of PGK1 is much complex. Hence, we aim to
find the novel chemical entities targeting PGK1 and use those
chemical probes to explore biological functions of PGK1.

Herein, we first set up a high-throughput screen platform
to identify PGK1 inhibitors. Next, with the combination studies
of enzymology and chemical optimization, we explored
the mechanism of action of the lead compound DC-PGKI (ethyl
6,7-dichloro-3-(4-((4-(piperazin-1-yl)phenyl)carbamoyl)

piperazin-1-yl) quinoxaline-2-carboxylate), which is an ATP-
competitive inhibitor of PGK1 with a high binding affinity
(Kg = 99.08 nmol/L). Additionally, DC-PGKI stabilizes PGK1
in vitro and in vivo, and suppresses both the glycolytic activity
and the kinase function of PGKI1. Furthermore, DC-PGKI un-
veils that PGK1 regulates production of IL-18 and IL-6 in LPS-
stimulated macrophages. Mechanistically, inhibition of PGKI
with DC-PGKI results in NRF2 accumulation, which trans-
locates to nucleus and binds to the proximity of //-/8 and I/-6
genes, thus hurdles /I-18 and II-6 transcription. More impor-
tantly, treatment with DC-PGKI attenuates the symptoms of
DSS-induce acute colitis mice.

2. Materials and methods

2.1.  Reagents

Antibodies to GAPDH (CAT#5174), pro-IL-18 (CAT#12242),
pSer30 Beclinl (CAT#54101), Beclinl (CAT#3495), IL-6
(CAT#12912), KEAP1 (CAT#8047), NRF2 (CAT#12721), (-
tubulin (CAT#2146) were from CST (Signaling Technology,
USA). Antibodies to PGKI1 (CAT#17811-1-AP), HMOX1
(CAT#10701-1-AP) were from Proteintech (USA). Antibody to
Actin were from Sangon Biotech (Shanghai, China). Mouse IL-16
and IL-6 ELISA kits were purchased from Dakewe Biotech Co.,
Ltd. Dextran sulfate sodium salt (CAT#MB5535) was obtained
from Meilunbio (Dalian, China). Dulbecco’s modified Eagle me-
dium were obtained from Shanghai BasalMedia Technologies Co.,
Ltd. (Shanghai, China). Fetal bovine serum (FBS) was obtained
from Gibco (Life Tech, Grand Island, NY, USA). Terazosin
(CAT#BD41900), dorsomorphin (CAT#BD237195), purvalanol A
(CAT#BD149563), MK-571 (CAT#BD244004) were purchased
from Bide Pharmatech Ltd. (Shanghai, China). DC-PGKI was
synthesized by ourselves. The purity of DC-PGKI was determined
by Waters UPLC H-Class with ACQUITY UPLC BEH C18
reversed-phase column (2.1 mm X 50 mm, 1.7 mm) and was
confirmed to be more than 95%.

2.2.  Cell lines

RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s
medium (10% fetal bovine serum, supplemented with 1%
penicillin-streptomycin). NCI-H460 and A549 cells were cultured
in RPMI 1640 medium. Cells were tested with the MycoBlue
Mycoplasma Detector month. Bone marrow-derived macrophages
(BMDMs) were derived from C57BL/6 mice as described previ-
ously®” and cultured in DMEM supplemented with 10% FBS and
M-CSF (20 ng/mL) for 7 days.

2.3.  Protein expression and purification
The DNA fragment of PGK1 was amplified from the laboratory-

constructed human cDNA library (TransFast Taqg DNA Poly-
merase, AP101-01) and subcloned into a linearized pET28a
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vector, which was transferred into DHSa competent cells.
Monoclonal colonies were picked for Sanger sequencing
(Biochemical Bioengineering, Ltd.) and plasmids were extracted
for protein expression and purification. The pET28a-PGK1 was
transformed into BL21 (DE3) PlysS competent cells (TransGen
Biotech), cultured in 1 L Luria—Bertani (LB) medium at 37 °C
until the absorbance at ODgyy was 0.4—0.6 and were induced
with 0.4 mmol/L isopropyl-p-thiogalactose (IPTG) for 3 h. Later,
the cells were collected by centrifugation at 4000 rpm for 15 min
and were stored at —80 °C. The pellets were resuspended and
lysed with cell lysates (20 mmol/L HEPES pH 7.4, 200 mmol/L
NaCl, 4 mmol/L gB-mercaptoethanol). The cell supernatant
flowed through an equilibrated nickel column at 0.8 mL/min (GE
Healthcare). Buffer A (20 mmol/L HEPES pH 7.4; 200 mmol/L
NaCl; 4 mmol/L -ME; 20 mmol/L imidazole) was used to
eliminate unspecific binding protein. Then PGK1 protein was
eluted with a gradient mix of buffer A with buffer B (20 mmol/L
HEPES pH 7.4; 200 mmol/L NaCl; 4 mmol/L ME; 1 mol/L
imidazole) in the AKTA system (GE Healthcare). The purified
protein was analyzed by SDS-PAGE electrophoresis to deter-
mine the protein size and purity. Protein fractions with greater
than 90% purity were passed by desalting columns (GE
Healthcare) under desalination buffer (20 mmol/L HEPES pH
7.4, 200 mmol/L. NaCl). For other assays, PGK1 was supple-
mented with 20% glycerol frozen for subsequent experiments.
For crystallization, His-PGK1 was cleaved by TEV at 4 °C
overnight. Further purified via nickel column and molecular gel
exclusion chromatography (Superdex 75 increase GE Health-
care) with buffer system (50 mmol/L Tris-HCl pH 7.4,
150 mmol/L NaCl), high concentration protein components were
collected for crystallization experiments, the remaining proteins
were packed with 20% glycerol nitrogen and flash frozen in the
—80 °C refrigerator.

2.4.  Steady-state kinetic assay

The catalytic activity of the PGK1 was determined using a PGK1
and GAPDH-coupled enzyme active system. The initiate velocity
(V) was defined as less than 10% ATP has been consumed in the
enzymatic reaction. Thus, we calculate the Vj, at the first 3 min of
reaction when the substrate concentration is not the limiting factor
of the reaction. All V,, was determined in the same manner. The
buffer system (100 mmol/L Tris-HCl, 150 mmol/L NaCl,
0.5 mmol/L EDTA, 2 mmol/L MgCl,, 1 mmol/L DTT, 1 mg/mL
BSA) was subject to all enzymatic assay system. To characterize
the enzymatic activity of our recombinant PGK1. We determined
the kinetic parameters through the steady-state kinetic assay. We
first determined the appropriate concentration of PGK1. Gradient
concentrations of PGK1 were added to the reaction
system (6 mmol/L 3-PG, 2.5 mmol/L. ATP, 250 umol/L. NADH,
0.1 pmol/L GAPDH) to initiate the reaction, then calculated the
Vo of each concentration of PGKI1, and plotted in Supporting
Information Fig. S1D. Thus, we decided to use 0.4 nmol/L of
PGKI1 and 0.1 umol/LL GAPDH as our assay enzymes’ fractions,
and all enzymatic assay was done in the same enzyme concen-
tration of PGK1 and GAPDH. The K, values of 3-PG were
determined with 3 mmol/L. ATP, 250 umol/L NADH, 3-PG con-
centrations ranging from 0 to 9 mmol/L. The K, values of ATP
were determined with 6 mmol/L 3-PG, 250 umol/LL. NADH, ATP
concentration ranging from 0 to 9 mmol/L. The data were globally

fitted in the Michaelis—Menten equation in the Graphpad Prism
7.0.

When it comes to determining the apparent V ., and K, in the
presence of gradient compound concentrations, the 3-PG range
from 0 to 4 mmol/L with the fixed 6 mmol/L of ATP and the same
enzymes fraction as above described. While the apparent K;,, of
ATP was determined under fixed 4 mmol/L 3-PG and ATP range
0—18 mmol/L. The data of 3-PG were globally fitted in the non-
competitive model, while the ATP data were globally fitted in the
competitive model by Graphpad Prism 7.0.

2.5. High-throughput screening

The total 100 pL high-throughput assay system contained three
fractions: 50 puL of 2 x substrate section (final concentration:
2 mmol/L of 1,3-BPG, 1.5 mmol/L of ATP, 200 pmol/L of
NADH), 49 pL 2 x the enzymes fraction (final concentration:
0.4 nmol/L PGK1 and 0.1 umol/L GAPDH), and 1 pL. compound
fraction (final concentration: 50 umol/L). All fraction was in the
assay buffering reagent (100 mmol/L Tris-HCl, 150 mmol/L
NaCl, 0.5 mmol/L EDTA, 2 mmol/L MgCl,, 1 mmol/L DTT,
1 mg/mL BSA), expect compounds were in the DMSO solution.
First, the enzyme fraction was incubated with the compound
fraction for 5 min, and then the substrate fraction was added to
initiate the reaction and mixed, and immediately monitor ODs34
nm in the spectrometer machine (ThermoFisher) for 15 min. The
initiate velocity (V) was defined as less than 10% ATP has been
consumed in the enzymatic reaction. Thus, we calculate the Vj, at
the first 3min of reaction when the substrate concentration is not
the limiting factor of the reaction. Z'-factor of the HTS deter-
mined by detecting many wells of positive compound signal
(100 pmol/L Terazosin) and the negative compound signal
(1% of DMSO), then the Z-factor is determined by Zhang’s
method™.

2.6.  ICsy determination of hit compound

99 uL 0.4 nmol/L PGK1 was added to a 96-well plate with 1 pL of
different concentrations of compounds added. At room tempera-
ture, the plate was incubated at 400 rpm for 10 min. 100 pL of the
reaction buffer (1.5 mmol/L. ATP, 2 mmol/L 3-PG, 200 umol/L
NADH, 0.1 pmol/L GAPDH) was distributed into wells. The
absorbance of OD34y nm was then measured at 37 °C, and the
reading interval was 15 s for 15 min using the kinetic mode of the
instrument. The inhibition rate was calculated as Eq. (1):

Compound inhibition rate (%) = (Initial velocity of DMSO—initial
velocity of the compound)/Initial velocity of DMSO x 100 (1)

2.7.  Protein thermal shift assay

Protein thermal shift assay was used to characterize whether small
molecules can affect protein thermal stability. The assay buffer
consists of 50 mmol/L. HEPES pH 7.4,150 mmol/L. NaCl and
1 mmol/L. DTT. The total volume is 20 pL, including 3 pmol/L
PGKI1 protein, 5 x SYPRO orange dye, 0.5 pL compound or
DMSO. QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems) instrument was subject to detect the signal, and data
were calculated with the built-in protein thermal shift software,
then were replot by Graphpad prism?7.0.
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2.8.  Cellular thermal shift assay

As for the fixed heating temperature group, RAW264.7 cells
(5 x 10’ cells) were seeded in 12-well plates, after overnight
adherent, corresponding concentrations of DC-PGKI compound
were added in culture medium and treated cells for 3 h. Cells were
collected and washed by PBS twice to remove the remaining
compound. Then cells were suspended with 220 pL. PBS con-
taining 1 X protease inhibitor. 60 pL cell suspension was treated
as the reference without heating. The remnant was heated in the
PCR instrument at 52 °C for 3 min, then frozen with liquid ni-
trogen and thawed in 25 °C water twice. Cell lysates were
centrifuged at 4 °C, 20,000xg for 20 min. Cell supernatant was
transferred into a new EP tube and added a corresponding volume
of 6 x SDS loading samples for Western blot. 1.5 x 10° cells were
plated in each 6 cm dish of three dishes after the overnight
adherent. The cells were treated with DMSO, 20 or 5 pmol/L
PGK1 for 3 h, respectively. Then the harvested cells of each group
were divided into eight tubes, respectively. Each tube of corre-
sponding treatment was subject to heat at eight different temper-
atures for 3 min in a Bio-Rad PCR machine and lysis, followed by
the process described above.

2.9.  Glucose and lactate level determination

RAW264.7 cells (1 x 10°) were seeded in 6-well plates overnight.
After washed three times with PBS, the cells were treated with
culture medium (10% dialyzed FBS (Gibco), 20 mmol/L glucose
solution (Aligent), and glucose-free DMEM medium) and the
corresponding concentrations of compounds for 10 h.
RAW264.7 cells were stimulated with 1 pg/mL LPS for 4 h. Cell
supernatant was harvested to determine the glucose content and
lactate content. Glucose was determined by hexose kinase and
glucose-6-phosphate dehydrogenase coupling assay. First, glucose
was phosphorylated by hexose kinase, after which glucose 6-
phosphate and NADP™ converted to gluconate-1,5-lactone-6-
phosphate and NADPH. The content of NADPH was determined
based on NADPH absorption at 340 nm. The glucose consumed
was calculated from the total glucose content minus the remaining
glucose content in the medium. Lactate was determined by the
lactate dehydrogenase method. In the presence of NAD™, lactate is
converted to lactate pyruvate by dehydrogenase while generating
NADH. Thus we can calculate the lactate content in the medium.
Both the glucose consumption and lactate production were
normalized to the cell number.

2.10.  Small interfering RNA transfection assay

RAW264.7 (2 x 10°) cells with 200 nmol/L siRNA were subject
to electroporation by using the Lonza VCA-1003 assay kit. PGK1
siRNAs designed by GenePharma were transferred into cells with
Lonza 2b according to the manufacturer’s recommended proced-
ure. 12 h later, the cells were divided into two parts, one was used
to detect knockdown efficiency, and the other was used to observe
the effect of PGKI1siRNA on inflammatory factors. The
PCDNA3.1-3flag-mPGK1 plasmid was synthesized with synony-
mous substitution, resistant to both independent siRNA (Shanghai
Generay Biotech Co., Ltd.). The rescue assay was also done by the
same Nucleofector kit and the PCDNA3.1-GFP vector as the
control.

2.11. ELISA

RAW264.7 cells were pre-treated with compounds for 3 h and
then with or without additional 1 pg/mL LPS for another 4 h. The
culture medium was collected to measure the concentration of
TNFa using the TNFa ELISA kit (Abcam, ab181421) according
to the manufacturer’s instructions.

2.12.  Western blotting

RAW264.7 cells (1.5 x 10%) or BMDM cell were seeded into 6-
well plates and incubated overnight. After pretreatment with the
indicated concentrations of compounds for 3 h, cells were stim-
ulated with or without additional 1 pg/mL LPS for another 4 h.
H460 (5 x 10°) or A549 cell were seeded into 12-well plates and
attached overnight. Cells were treated with the indicated con-
centrations of compounds for 8 h. RIPA buffer supplemented with
protease/phosphatase inhibitor tablets was used to lyse cells.
Protein concentrations in the lysates were quantified by BCA
assay (ThermoFisher), then diluted with 6 x SDS buffer and de-
natured for 10 min at 100 °C. Samples (15—30 pg) of total pro-
teins were separated via SDS-PAGE and transferred to a
nitrocellulose membrane, which was blocked for 1 h at room
temperature in the TBST buffer containing 5% milk and was
incubated with the primary antibody overnight at 4 °C. After
washing, the membrane was incubated with HRP-conjugated
secondary antibody (1:10,000) for 1 h in 5% milk at RT and
then treated with ECL Western Blotting Substrate (ThermoFisher)
and visualized.

2.13. gRT-PCR

Total RNA was extracted from cells with RNA isolater Total RNA
Extraction Reagent (Vazyme Biotech) according to the manufac-
ture’s instruction. HiScript Q RT SuperMix kit (Vazyme Biotech)
was used for the reverse transcription with 1 pg of total RNA.
ChamQ SYBR gPCR master mix (Vazyme Biotech) was applied
to perform qRT-PCR using a Quant Studio 6 Flex real-time PCR
system (Applied Biosystems). Sequences of primers are listed in
Supporting Information Table S1.

2.14. ChiP-gPCR

ChIP-qPCR was performed according to the following steps*'**%.
RAW264.7 cells were collected and resuspended in 10 mL PBS,
and 278 pL of 37% formaldehyde was added to a final concen-
tration of 1% for cross-linking at room temperature for 10 min.
541 pL of 2.5 mol/L glycine was added to terminate the cross-
linking reaction for 5 min. After centrifugation at 2500xg for
5 min, the cell pellets were washed with 5 mL PBS containing
1 x protease inhibitor and then lysed cell membrane in Pre-Lysis
Buffer (10 mmol/L Tris-HCI pH 8.0, 10 mmol/L NaCl, 0.2% NP-
40, and 1 x proteinase inhibitor) for 30 min at 4 °C. The samples
were centrifuged at 2500x g for 5 min at 4 °C, and 500 pL Pre-
Lysis Buffer washed the pellets. Cells were resuspended by Nu-
clear Lysis Buffer (50 mmol/L Tris-HC1 pH 7.5, 10 mmol/L
EDTA, 1% SDS, and 1 x proteinase inhibitor) and sheared in
Nuclear Lysis Buffer using Covaris S220 Ultrasonic crusher. The
samples were then centrifuged at 15,000xg for 15 min at 4 °C,
and the supernatants were carefully transferred to new tubes. 5%
of the samples were saved as ChIP input controls. After pre-
clearing using 30 pL of protein G beads (Invitrogen). 5 pL of



4184

Liping Liao et al.

anti-NRF2 antibody was added (CST) for immunoprecipitation
overnight. 50 pL of protein G beads were incubated with rotation
for 3 h at 4 °C. The protein G beads were washed twice each with
Low Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mmol/L
EDTA, 20 mmol/L Tris-HCI, 150 mmol/L. NaCl), High Salt
Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA,
20 mmol/L Tris-HCI, 500 mmol/L. NaCl), and LiCl Wash Buffer
(10 mmol/L Tris pH 7.5, 250 mmol/L LiCl, 1% NP-40, 1% Na-
Doc, 1 mmol/L EDTA) and resuspended in 100 pL of freshly
DNA Elution Buffer (50 mmol/L NaHCO; and 1% SDS). The
ChIP sample beads were placed on a magnet, and the supernatant
was transferred to a new tube. The samples were digested with
10 pL of Proteinase K (Invitrogen, 25530049) and then incubated
at 65 °C for 4 h. DNA was purified with DNA Clean &
Concentrator-5 (Zymo Research, D4004). 0.5 pL of eluted DNA
was performed to the template for ChIP-qPCR with SYBR qPCR
Mix according to the manufacturer’s protocol. The primer se-
quences used for ChIP-qPCR were referred to the paper™”.

2.15.  In vivo pharmacokinetic study

The pharmacokinetic assay of DC-PGKI were performed in male
mice. The male mice were administered orally (po) or intrave-
nously (iv) at a dose of 10 and 3 mg/kg DC-PGKI separately.
Then, blood samples were collected into tubes containing EDTA
at 0.25,0.5, 1,2, 4, 6, 8, 24 h (po) and 0.083, 0.25,0.5, 1, 2, 4, 8,
24 h (iv) after dosing. After centrifugation at 6000 rpm for 10 min
at 4 °C, the obtained plasma samples were stored at —20 °C.
Subsequently, the plasma samples were analyzed by liquid
chromatography—tandem mass spectrometry (LC—MS/MS)
analysis.

2.16.  Animal experiments

The 8-week-old C57BL/6 male mice were randomly divided
into five groups. The normal group and the model group were
intraperitoneal injection with 10% (v/v) DMSO in sterile-filtered
PBS, and DC-PGKI group were intraperitoneal injection with
DC-PGKI prepared with 10% DMSO+90% PBS (10 mg/kg/day
and 5 mg/kg/day). The positive group were given the drug
mesalazine (5-ASA, 50 mg/kg/day) by gavage. Except for the
normal group, mice were given 5% (w/v) DSS for 7 days to induce
acute colitis, followed by drink water for one day. Mice were
weighed and scored for disease activity index (DAI) daily. DAI
was assessed with semi-quantitate the severity of diarrhea and
bloody stools™’. After the mice were euthanized, colon tissue was
collected for H&E staining. The levels of IL-6 and IL-8 in the
serum of each group mice were detected by ELISA kit according
to the manufacturer’s protocols. The total mRNA and protein were
extracted from the same part of mouse colon tissue. The patho-
logical changes in mice were conducted semi-quantitatively under
the blind method**. All animal experiments were performed ac-
cording to protocols approved by the Animal Ethics Committee of
the Shanghai Institute of Materia Medica, Chinese Academy of
Science (Shanghai, China).

2.17.  Statistical analysis

All results were presented as mean + SEM representing three
independent experiments. The statistical analyses were performed
using GraphPad Prism 7.0. A two-tailed Student’s #-test assessed
statistical significance between the two groups. The significance

level was shown at *P < 0.05, **P < 0.01, ***P < 0.001,
#ExEP < (0.0001.

3. Results

3.1.  Development of a high-throughput screening assay to
identify inhibitors of PGK1

To identify inhibitors of PGK1, we set up a high-throughput
screen platform based on the PGK1 and GAPDH coupled catalytic
process. Physiologically, PGK1 catalyzes 1,3-BPG, the production
of GAPDH, to 3-PG with the generation of ATP, the change of
Gibbs free energy (AG) of this equation is favorable™’, but there is
no product for the assay’s readout. Fortunately, both GAPDH and
PGKI1 catalytic processions are reversible. Thus, we decided to
determine PGKI1 catalytic activity in the reverse reaction coupled
with GAPDH. The reaction system contains 3-PG, ATP, NADH,
and GAPDH. Then added PGKI to initiate the reaction, and the
excessive GAPDH will immediately convert 1,3-BPG and NADH
to GAP, NAD" (Fig. 1A, upper panel). Consequently, we can
determine the initial rate of PGK1 by calculating NADH con-
sumption through monitoring OD349 nm absorbance.

To establish a high-throughput screening (HTS) assay for
PGK1, we characterized the kinetic parameters of the recombinant
PGK1 purified from the Escherichia coli expression system with
high purity. The K, value for 1,3-BPG is 189.4 + 4.8 pmol/L
(Supporting Information Fig. S1A), and the K, value for ATP is
1.30 £ 0.11 mmol/L (Fig. SIB), and Ky is 956 & 41.7 57!
(Fig. S1C), similar to the reported human PGK1 data*®. Then the
assay substrates concentration was set as 2 mmol/L of 1,3-BPG
and 1.5 mmol/L of ATP and 200 pmol/L of NADH"". Next, we
optimized the amount and ratio of PGK1 and GAPDH since the
assay needs an excessive amount of GAPDH. We set gradient
concentrations of PGK1 under a fixed 0.1 pmol/L of GAPDH and
then determined the initial rate of PGK1. By plotting the initial
velocity as a function of PGK1 at varying concentrations indicated
that when the molar ratio of PGK1 to GAPDH reaches 1:200,
GAPDH was not enough to immediately convert the 1,3-BPG
(Fig. S1D). Thereby we set the concentrations of PGKI1 to
0.40 nmol/L. and GAPDH to 0.10 pmol/L.

Next, we determined the ICsy (half-maximal inhibitory con-
centration) of terazosin, which is a positive compound in our
assay. The Z-factor of our HTS were determined to be 0.54
(Fig. 1B), suggesting that the HTS assay could be applied to
screening small molecules on a larger scale. Finally, the HTS
assay was subject to screen our in-house compound library.
Briefly, a single dose at 50 pmol/L. was tested in the primary
screen. Only the inhibition rate over 50% was selected for the
dose—response curve determination, and those without dose-
dependent inhibitory manner and possessed intrinsic absorbance
in 340 nm were ruled out. Also, we performed GAPDH catalytic
assay (Fig. 1A, lower panel)*’, to remove compounds that inter-
ference with GAPDH activity. Eventually, we identified dorso-
morphin, purvalanol A, MK-571, and LTP-10 show an apparent
inhibition to PGK1 with ICs, values of 6.72, 1.96, 25.24 and
2.30 pmol/L (Fig. 1C—D and Figs. S1F—H), respectively.

Among this positive hit compound, purvalanol A exhibits the
highest potency against PGK1. Purvalanol A (also named NG52)
has been reported as a PGKI inhibitor with ICsy values of
2.5 pmol/L*, close to our measurement data, indicating that our
assay is robust enough to identify PGK1 inhibitors and determine
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their inhibition potency. LTP-10 ranked in the top two powerful
hits with a new chemical scaffold (Fig. 1C). Thus, we decided to
choose LTP-10 for further validation. First of all, we performed
the enzyme kinetics assay to investigate how LTP-10 inhibits
PGK1. As shown in Fig. 1E, LTP-10 decreases V.« of 3-PG,
while no impact on the K, of 3-PG, suggesting LTP-10 displays
noncompetitive inhibition towards 3-PG, implying that LTP-10
does not interfere with the binding of 3-PG and PGK1. While,
LTP-10 increases the K, of ATP with no apparent change of V.,
indicating that LTP-10 competes with ATP, demonstrating that
LTP-10 is an ATP competitive inhibitor of PGK1 with the K; value
of 2.59 £ 0.01 umol/L (Fig. 1F). Next, we assessed whether LTP-
10 could increase PGK1 thermal stability similar to terazosin in
the protein thermal shift assay. As expected, LTP-10 stabilized
PGKI1 thermal stability (Figs. S1I-J).

3.2.  Development of DC-PGKI as an improved inhibitor

To get further insight into the interaction of LTP-10 with PGK1,
we docked LTP-10 to the ADP-binding pocket of PGK1 (PDB ID:
2XET7) (Supporting Information Fig. S2A). The docking predicted
that the 6,7-dichloroquinoxaline skeleton of LTP-10 overlapped
with the purine ring of the ADP and undergoes halogen-bonding
with the surrounding residue (Leu256). 2-carbonyl also formed
a hydrogen bond with Glu343 (Fig. S2B). Therefore, we opti-
mized the activity of compounds by modifying the 3-position of
quinoxaline, the designed and synthesized multiple analogs
(Supporting Information Table S2). In order to reduce the conflict
between homopiperazinyl of LTP-10 and the surrounding nega-
tively charged area, we replaced it with piperazinyl (DC-P1, Table
S2,1Csp = 0.68 £ 0.14 umol/L). Then we replaced propenyl with
other groups, and introduced the aryl to induce m—r interaction
with Phe291. Next, we replaced propenyl with uramido and
introduced 4-fluorophenyl on uramido moiety (DC-P3, Table S2,
IC50 = 0.32 & 0.06 pmol/L). To induce hydrogen bond with
Thr254, we replaced fluorine with hydrophilic group. Compound

with 4-piperidyl significantly increased PGK1 inhibitory ability
(DC-PGK]I, Fig. 2B; ICsg = 0.16 = 0.01 pmol/L).

Next, we conducted substrate titration assays to determine the
steady-state constants of PGK1 in the presence of gradient con-
centrations of DC-PGKI. Under the saturating ATP concentra-
tions, Vpax's value of 3-PG decreases with the increase of DC-
PGKI, while the apparent K, is constant, indicating that DC-
PGKI is a noncompetitive inhibitor versus 3-PG, with the
apparent K; = 155 £ 6.00 nmol/L (Fig. 2C). Under saturating 3-
PG concentrations, the value of V. is stable, but the apparent
values of K,,, increase with the increasing DC-PGKI concentration,
suggesting that DC-PGKI is competing with ATP with a K; of
0.06 = 0.019 umol/L (Fig. 2D). Thus, we conclude that DC-PGKI
is an ATP-competitive inhibitor of PGKI.

Next, the protein thermal shift assay showed that 15 pmol/L of
DC-PGKI increases the melting temperature (73,) of PGK1 by
4.61 °C (Fig. 2E). To get a specific binding affinity of DC-PGKI to
PKGI1, we conducted the microscale thermophoresis assay to
determine their binding affinity and yielded a K4 of 99.08 nmol/L
(Fig. 2F). These data suggest that DC-PGKI directly bind to PGK1.

3.3.  DC-PGKI engages PGKI in cells

Cellular thermal shift assay was subject to address whether DC-
PGKI reaches and acts on PGK1 within the cell and at what
concentration regimes DC-PGKI exert its effects. Firstly,
RAW264.7 cells were treated with varying doses of DC-PGKI for
3 h, and harvested cell to heat at 52 °C, then lysed cell, collected
the soluble protein and subsequently subjected to anti-PGK1
Western blotting. DC-PGKI can increase cellular PGK1 thermal
stability in a concentration-dependent manner (Fig. 3A). Next,
RAW264.7 cells were incubated with 5 or 20 pmol/L DC-PGKI or
DMSO for 3 h, then we harvested these group cells and divided
into eight tubes equally, respectively. Then the protein samples
were heated at varying temperatures and collected the soluble
protein, and subjected to anti-PGK1 Western blotting. As
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indicated in Fig. 3B, DC-PGKI assists PGKI1 resistance to the
increasing temperature. Taken together, DC-PGKI is able to
permeate the cell membrane and exert the same effect as in the
purified protein thermal shift assay in the concentration low to
5 umol/L.

The glycolytic metabolic enzyme is the fundamental function
of PGK1, and macrophages will undergo a metabolism state
switch to enhance glycolysis after activation®”’. Thus, we eval-
uated the DC-PGKI effect on PGK1 glycolytic catalysis activity in
RAW264.7 cells. In the resting status, 5 pmol/L DC-PGKI
significantly suppresses glucose consumption with no apparent
impact on the generation of lactates (Fig. 3C and D). In contrast,
upon stimulation by LPS, both glucose consumption and lactate
production are reduced in the presence of 5 pmol/L DC-PGKI
(Fig. 3C and D). But 10 pmol/LL. DC-PGKI strongly represses
the glycolytic pathway in either stimulated or unstimulated mac-
rophages, demonstrating that DC-PGKI inhibits PGK1 glycolytic
metabolic activity in the resting and activated macrophage.

We next studied the DC-PGKI effect on PGK1 kinase function
by detecting the phosphorylation level of Ser30 Beclinl under the
LPS-challenged macrophage. DC-PGKI notably decreases the
Ser30 phosphorylation level of Beclinl in RAW246.7 cells
(Fig. 3E) and bone marrow derived macrophages (BMDM)
(Supporting Information Fig. S3C), indicating that DC-PGKI also
impairs PGK1’s kinase function. Collectively, DC-PGKI signifi-
cantly suppress the glycolytic catalytic and kinase process of
PGKI1. These data support that the use of DC-PGKI as a chemical
probe that engages PGKI1.

3.4. DC-PGKI suppresses LPS-induced macrophage IL-13 and
IL-6 production by inhibiting PGK1

Metabolism reprogramming or metabolism switches have been
implicated in the immune system—especially aerobic glycolysis
in the innate and adaptive immune cells””**'. PKM2, which has

many commons on PGKI1, acts as a kinase that phosphorylates
STAT3 to enhance IL-18 and IL-6 expression’” and phosphory-
lates EIF2AK?2 to activate NLRP3 inflammasome to mature IL-
18", Additionally, TEPP-46 and DASA-58" targeted to PKM2
exert anti-inflammation in the animal models of sepsis and
encephalomyelitis (EAE)'*>*, implying that targeting glycolytic
enzyme may have therapeutic effect on auto-immune diseases.

Given the hints from PKM?2 function, we speculate whether
PGKI1 has a similar manner in regulating pro-inflammation pro-
duction. Thus, we used DC-PGKI as the chemical tool to study the
function of PGK1 in macrophage. DC-PGKI inhibits LPS-induced
1l-16 (Fig. 4A) and 1I-6 mRNA (Fig. 4B) in a concentration-
dependent manner. 7nfa mRNA was upregulated, compared to
LPS treatment alone (Fig. S3A). Then we performed Western blot
to detect the LPS-induced protein level of pro-IL-135. DC-PGKI
significantly inhibits LPS-induced precursor of IL-18 in
RAW264.7 cells as well as BMDM (Fig. 4C and Fig. S3D).
Consistently, the Western blot assay indicated that DC-PGKI
significantly reduces IL-6 production (Fig. 4C and Fig. S3D). In
contrast, the ELISA assay of TNFa showed that DC-PGKI does
not affect TNFa secretion (Fig. S3B). The previous studies have
revealed that 2-DG blocks LPS-induced IL-183, while the tran-
scription of IL-6 and TNFa is unaffected' . Compared to TEPP-
46 and DASA-58 only inhibit IL-18 production, DC-PGKI in-
hibits both IL-16 and IL-6, implying that DC-PGKI may affect
other signal pathways to inhibit pro-inflammatory cytokines, in
addition to inhibition of glycolytic function.

To investigate the mechanism of DC-PGKI inhibiting LPS-
activated IL-16 and IL-6 production, we evaluate whether the
effect of DC-PGKI on pro-inflammatory cytokines depends on
PGK1. We knocked down PGKI1 by two independent small
interfering RNA (Fig. 4D and Supporting Information Fig. S4A).
In agreement with the inhibitory effect of DC-PGKI, knockdown
of PGK1 results in suppression of IL-14 (Fig. 4E and G) and IL-6
(Fig. 4F and G). Knockdown of PGK1 does not affect TNF«
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expression (Fig. S4B), which is consistent with the 2-DG’° and
TEPP 46'* treatment.

We next rescued the PGKI1 protein level in the siRNA
knockdown RAW264.7 cells with the siRNA-resistant 3 x flag-
mPGK1 plasmid (Fig. S4C). The decreased production of IL-18
and IL-6 in the siPGK1-KD cell (lane 4) could be rescued by
overexpression of PGK1 (lane 8, Fig. 4H). These data demonstrate
that the inhibitory effect of DC-PGKI on the production of pro-
inflammatory cytokines is dependent on PGK1.

3.5.  DC-PGKI promotes NRF2 accumulation to repress IL-18
and IL-6 production

The previous study has showed that the inhibition of PGK1 could
result in posttranslational modification of KEAP1*®, which in-
creases NRF2 accumulation and initiates the transcription of
various antioxidant genes. In addition, the endogenous metabolite-
itaconate®” exerts its anti-inflammation function through acti-
vating NRF2 via alkylate KEAP1°%,

Therefore, we next evaluated whether DC-PGKI could activate
NRF2. Incubated with 10 pmol/L DC-PGKI at various times
declined the mono-KEAP1 protein level (Supporting Information
Fig. S5A) and boosted the NRF2 expression (Fig. S5B), as well as
increased the expression of NRF2-responsive gene HMOX1 as
early as 7 h (Fig. S5B). RAW264.7 cells were pre-treated various
concentrations of DC-PGKI for 3 h then primed macrophage with
LPS for another 4 h also resulted in a significant decrease of
KEAPI protein level (Fig. 5A), accumulating NRF2 (Fig. 5B), and
increasing both mRNA and protein level of HMOX1 (Fig. 5B and
C). Other downstream target genes of NRF2, such as the Txnrdl,
Prdxl, Gcle, Sodl, Fthl, and Ephxl, were also upregulated by
DC-PGKI in LPS treated and untreated conditions, compared to
the vehicle control (Fig. SE—H and Figs. SSC—D). Consistently,
the NRF2-dependent luciferase reporter assay in 293T cells also
indicated that DC-PGKI could activate NRF2 (Fig. 5D). The same
effect also detected in the BMDM cell line (Fig. SS5E). Further-
more, two KEAP1 mutant/deficiency cancer cell lines treated with
DC-PGKI have no effect on NRF2 accumulation (Fig. S5F),
indicating the specificity of DC-PGKI. To better assess effect of
DC-PGKI on NRF2, we carried out the NRF2 chromatin immu-
noprecipitation (CHIP)-qPCR assay. DC-PGKI treated resulted in
a higher NRF2-binding signal to the proximity of /I-18, II-6, and
Ngol genes than the vehicle-treated group (Fig. 61—K). Throm-
boxane synthase gene (Txs) intron, which is the negative control,
remains the same. Collectively, these data suggest that anti-
inflammation mechanism of DC-PGKI is dependent on activa-
tion of NRF2.

3.6. DC-PGKI alleviates DSS-induce mouse colitis

We next evaluated pharmacokinetic properties of DC-PGKI
in vivo. DC-PGKI possessed a Cy,x of 38 ng/mL and an AUC
of 253 h ng/mL, and exhibited low oral bioavailability of 11.2%
(Supporting Information Fig. S6A—B). However, DC-PGKI had a
favorable half-life (iv: 4.35 h, po: 5.29 h, Supporting Information
Table S3). To determine whether DC-PGKI has the potential in
inflammatory induced disease treatment. We evaluate the DC-
PGKI therapeutic effect on DSS-induced acute colitis mice
model. 5-Aminosalicylic acid (5-ASA), the standard treatment
drug for ulcerative colitis, was included in our assay. The body
weight of mice in DSS, DSS+5-ASA and DSS + DC-PGKI
groups started to decrease on Day 4 and showed a great dropped

on Day 7, compared to the normal control. However, treatment of
DC-PGKI significantly reduces body weight loss compared to
DSS and DSS-5ASA groups (Fig. 6A). Consistently, the disease
activity index (DAI) of the DC-PGKI treatment group decreases
compared to the DSS group (Fig. 6B). The appearance of colon
tissues and the shortening colon length caused by DSS is
ameliorated by DC-PGKI treatment (Fig. 6C and D). H&E
staining of colon tissues shows destructed musical structure, se-
vere damage in crypts, and increased lymphocytes infiltration,
while treatment of DC-PGKI, these effects are significantly
attenuated (Fig. 6E and F). The pro-inflammatory cytokines level
(IL-1B, IL-6) in serum (Fig. 6G and H) and tissue (Fig. 6I and J)
were significantly reduced by DC-PGKI treatment compared to
the DSS group, which is consistent with the in vitro effects.

To get insight into whether DC-PGKI could engage in PGK1
and activate NRF2 expression in vivo, we examine the change of
KEAPI-NRF2 pathway in mice tissue. DSS injury mice show
decreased NRF2 expression while co-treatment with DC-PGKI
rescued the protein level of NRF2 (Fig. 6K), indicating the
in vivo PGK1 engagement of DC-PGKI. Collectively, this data
suggested that DC-PGKI is a potential therapeutic candidate agent
for inflammatory diseases.

4. Discussion

Glycolysis is essential in cell energy generation and is the
fundamental basis of biosynthesis. Aerobic glycolysis is identified
to be the hallmark of malignant cell metabolism®. The normal
cells, especially the immune cells, show the same phenomenon as
cancer cells™”'%*. Glycolytic metabolite enzymes have been
well-study in the highly glycolytic tumor and the activated im-
mune cells. Many glycolytic enzymes have been characterized as
the moonlighting protein, which possess other functions to
correlate different biological activities with metabolism. Typi-
cally, the GAPDH!'*®, PKM2'*>*, and PGK1°****7 are three
multifunction metabolic enzymes. A lot of data have indicated that
PGK1 is overexpressed in many tumors and confer chemotherapy
resistance”. Many reports suggest that PGK1 has intermitted
correlation to heat or oxygen stress resistance’’, implicating that
PGKI1 possesses other functions. However, small molecules tar-
geting PGK1 are still scanty. The chemical probe represents either
a powerful tool to explore the function of target or the starting
point for drug development. Thus, we aim to discover more po-
tential small molecules that inhibits PGK1 activity.

Intriguingly, DC-PGKI limits pro-inflammatory cytokines
production in the LPS-primed macrophage. Also, DC-PGKI
exhibits protection effects on DSS-induce acute colitis mice
model. The gene manipulations assay demonstrates that the anti-
inflammation effect of DC-PGKI is indeed dependent on PGK1,
and unveils the new function of PGK1 in the innate system.
Mechanically, DC-PGKI activates the KEAP-NRF2 pathway by
inhibiting PGK1, and the accumulated NRF2 protein activates
NRF2-downstream target genes’ expression through the KEAP-
NRF2 pathway. While the NRF2-Chip qPCR assay demonstrates
that the DC-PGKI treatment restricts both /I-13 and 1I-6 genes’
expression by increasing the NRF2 binding to the proximity of
II-18 and Il-6 genes and hindering the recruitment of RNA
Pol II.

The infiltrated-macrophage-derived IL-6 promotes tumorigen-
esis and supports the tumor cell’s glycolysis by phosphorylating
PGKI1 in the tumor microenvironment of human glioblastoma
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multiform (GBM), and inhibition of PGK1 T243 phosphorylation
or neutralization of IL-6 could inhibit tumor cell proliferation and
tumorigenesis’*. Our discovery shows that DC-PGKI could
repress IL-6 expression in the macrophage by inhibiting PGKI1,
which means that DC-PGKI or other PGK1 inhibitors could serve
as an anti-tumor agent. However, many post-transcriptional
modifications of PGK1 have been reported to promote tumori-
genesis in many tumors. DC-PGKI may show inconsistent po-
tential in those modifications. We marked all the modified residues
in the PGK1 activated-catalytic crystal structure (PDB: 2WZD),
intriguingly, we found that all modifications occur in the C-ter-
minal domain of PGKI1, which is responsible for ADP/ATP
binding (Supporting Information Fig. S7). Among those modifi-
cations, only K220 formed two hydrogen bonds with ADP, and
acetylated K220 blocked ADP binding. The remaining modifica-
tions are far from the ADP/ATP pocket and have no direct inter-
action with ADP. Based on the fact that DC-PGKI is a competitor

of ADP/ATP, which is means that the higher binding affinity of
ADP/ATP, the lower the potency of DC-PGKI. Thus, the acety-
lated K323 and K388, phosphorylated S203 and Y324, and O-
GlcNAcylated T255 activate PGK1 though enhancing the binding
affinity ADP/ATP, which may be resistant to DC-PGKI. For the
phosphorylation on S256 and T243, which do not influence ADP/
ATP binding affinity, DC-PGKI may show the same inhibitory
effect as the WT PGK1. Accordingly, PGK1 has been reported to
be overexpression in the synovial tissues and blood of human
rheumatoid arthritis, which has overexpressed of several cytokines
(IL-18, IL-6, and IFN-v)°', and knockdown PGKI results in
decline IL-18 and IFN-y production®’. Hence, DC-PGKI may
have a positive effect on rheumatoid arthritis treatment. However,
all the applications should be careful consideration with sufficient
scientific research.

In conclusion, we report DC-PGKI, a new scaffold inhibitor of
PGKI1, unveil that PGK1 is a regulator of proinflammatory
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Figure 6 DC-PGKI alleviates DSS-induced colitis. (A) Body weight Change of mice subjected to colitis induction with 5% DSS treatment for

7 days, followed by drinking water for 1 day (n = 7). (B) Disease activity index (DAI) in each group (n = 7). (C) The appearance of colon tissues
and (D) colon length of different groups (n = 7). (E) H&E staining of colon tissues. (F) Histopathological scores of mouse colon tissues in each
group (n = 7). IL-18 (G) and IL-6 (H) serum levels of mice in each group were determined by the ELISA assay (n = 5). (I) and (J) The mRNA
levels of 1I-16 (I) and 1I-6 (J) in mouse colon tissues of each group (n = 4). (K) The NRF2, IL-18 and IL-6 protein level in mouse colon tissues of
each group. Weight changes are compared by two-way ANOVA. DAI scores are compared by Mann—Whitney U test. Other data are compared by
unpaired two-tailed Student’s 7-test. Statistical significance is defined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by unpaired two-

tailed Student’s #-test by compared to the DSS group.

cytokine production in LPS-challenged macrophages. Mechanis-
tically, inhibition of PGK1 by DC-PGKI increases NRF2 accu-
mulation, and the binding of NRF2 to the proximity of /-1 and
II-6 genes, thereby inhibiting the production of /I-13 and II-6.

Furthermore, DC-PGKI ameliorates mouse colitis induced by
DSS. Thus, DC-PGKI may serve as a potential candidate for the
treatment of inflammatory diseases, such as inflammatory bowel
disease.
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5. Conclusions

Here, we develop a high-throughput assay to screen novel PGK1
inhibitors and report a novel chemical scaffold inhibitor of PGK1
with K4 = 99.08 nmol/L, which suppresses pro-inflammatory cy-
tokines production. DC-PGKI reveals the inhibition of PGK1 sup-
presses the production of IL-18 and IL-6 through NRF2
accumulation, which translocates to the nucleus then bind to the
proximity of I/-183 and II-6 genes. The results from DSS induced
colitis mouse model indicate that DC-PGKI effectively alleviates
symptoms and pathological changes of colitis. These data suggest
that DC-PGKI can serve as a probe to study novel function of PGK1
and also a therapeutic candidate agent for inflammatory disease.
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