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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
core enzyme of the aerobic glycolytic pathway with versatile
functions and is associated with cancer development.
Recently, Kornberg et al. published the detailed correlation
between GAPDH and di- or monomethyl fumarate (DMF
or MMF), which are well-known GAPDH antagonists in
the immune system. As an extension, herein, we report the
crystal structure of MMF-bound human GAPDH at 2.29
A. The MMF molecule is covalently linked to the catalytic
Cys152 of human GAPDH, and inhibits the catalytic activity
of the residue and dramatically reduces the enzymatic
activity of GAPDH, Structural comparisons between NAD"-
bound GAPDH and MMF-bound GAPDH revealed that the
covalently linked MMF can block the binding of the NAD* co-
substrate due to steric hindrance of the nicotinamide portion
of the NAD* molecule, illuminating the specific mechanism
by which MMF inhibits GAPDH. Our data provide insights
into GAPDH antagonist development for GAPDH-mediated
disease treatment.
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INTRODUCTION

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
classic glycolytic enzyme that catalyses the conversion of glyc-

eraldehyde-3-phosphate (G3P) to “1,3-bisphospho-D-glycer-
ate” in the glycolytic pathway, using nicotinamide adenosine
dinucleotide (NAD") and an inorganic phosphate as the
co-substrate and co-factor, respectively. Recently, researchers
have revealed the function of human GAPDH (hGAPDH) in
metabolic and cancer-related diseases, and its association
with cell death mechanisms, such as apoptosis and autopha-
gy (Colell et al., 2007; 2009; Sirover, 2005; 2011; 2012). For
example, overexpression of GAPDH has been demonstrated
to cause hepatocarcinogenesis, in which it interacts with
colony-stimulating factor-1 (CSF-1), c-Jun, and mammalian
target of rapamycin complex-1 (mTORC1) (Araki et al., 2007;
Villanueva et al., 2008; Yamamoto et al., 1999; Zhou et al,,
2008; Zhu et al., 2008). Thus, hGAPDH is considered as a
molecular target for the treatment of various diseases, and
several preclinical trials on hGAPDH targeting have been con-
ducted over the years (Colell et al., 2009; Ganapathy-Kan-
niappan et al., 2012).

Koningic acid (KA, also known as heptelidic acid) is a selec-
tive natural hGAPDH antagonist that covalently links with a
catalytic cysteine (Endo et al., 1985; Kato et al., 1992; Liberti
et al., 2017; Sakai et al., 1991) have demonstrated that KA
affects the metabolic network by decreasing the glycolytic
rate and cytotoxicity due to the inhibition of hGAPDH. In
addition to KA, there are other chemical-based hGAPDH
antagonists, such as 3-bromopyruvate, methylglyoxal, and
saframycin-A, which are derived from natural and/or synthet-
ic sources (Ganapathy-Kanniappan et al., 2009; Ray et al.,
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1997, Xing et al., 2004). All of these chemicals including KA
have been well-characterized as promising GAPDH inhibitors
and are currently used in preclinical trials for cancer treatment
(Ganapathy-Kanniappan et al., 2012).

Recent studies have described hGAPDH as a therapeutic
target in autoimmunity where it inhibits aerobic glycolysis us-
ing dimethyl fumarate (DMF, trade name Tecifera) (Kornberg
et al., 2018). DMF is a well-known oral immune-modulator
for the treatment of relapsing-remitting multiple sclerosis
(RRMS) and psoriasis (Blair, 2018; Bomprezzi, 2015). How-
ever, the detailed mechanism of its action is remained for
an elucidation. Kornberg et al. (2018) have reported that
DMF is an important regulator of immune cell activation. It
functions by inhibiting the catalytic activity of hGAPDH and
blocking hGAPDH-related aerobic glycolysis. Previous studies
have demonstrated a decrease in lactate production and a
lower glycolytic capacity in DMF-treated cells, supporting
the recent observations of reduced glycolysis in T-cells from
multiple sclerosis patients treated with DMF (Kornberg et al.,
2018). Furthermore, DMF covalently modifies the catalytic
cysteine (Cys152) of hGAPDH via succination. This modifica-
tion leads to the irreversible inactivation of GAPDH enzymatic
activity. The half-life of DMF is approximately 12 min and it
is rapidly hydrolysed to monomethyl fumarate (MMF), which
has a half-life of 36 h (Mrowietz et al., 1999). Hence, DMF is
considered to function as a prodrug to MMF. Although the
biological responses for DMF and MMF are different (Ahuja
et al., 2016; Landeck et al., 2018), the inhibition-related re-
sponses to hGAPDH are similar (Kornberg et al., 2018).

DMF and MMF regulate the anti-inflammatory innate and
adaptive immune cell populations (Kornberg et al., 2018). An
in vitro study using mouse CD4" T cells revealed that treat-
ment with either DMF or MMF inhibited the differentiation of
naive CD4* T cells into T helper 1 or T helper 17 cells through
the inactivation of mouse GAPDH. However, the detailed
mechanism by which DMF or MMF can inactivate GAPDH,
especially hGAPDH, is yet to be determined. Therefore, to at-
tain a better understanding of the mechanism, we determine
the crystal structure of MMF-bound human hGAPDH at 2.29
A. The structure shows the detailed location of MMF as well
as the binding mode of MMF to hGAPDH. Subsequently,
we compared the structure with an iodoacetate (IA)-bound
complex structure; 1A is a well-known antagonist of hGAPDH
(McKee et al., 1965; Schmidt and Dringen, 2009). Finally, the
results from our current study reveal a difference in the inhib-
itory mechanisms between the two inhibitors.

MATERIALS AND METHODS

Protein purification

hGAPDH was cloned into the modified pET28a (Novagen;
Merck Biosciences, USA) that is fused with a tobacco etch vi-
rus (TEV) protease cleavage site after attaching an N-terminal
6x-His affinity tag. The pET28a-hGAPDH gene was trans-
formed into BL21 (DE3) cells. Cells were grown in high salt
LB medium at 37°C until optical density at 600 nm (ODgy)
reached about 0.8, the temperature was then decreased to
17°C and cells were treated with 0.1 mM isopropyl 1-thio-
p-D-galactopyranoside (IPTG). After 16 h, cells were har-
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vested by centrifugation and the pellet was frozen at —20°C.
The pelleted cells were resuspended in lysis buffer (20 mM
Tris-HCl pH 7.5, 300 mM NaCl, 30 mM imidazole) and then
disrupted using a sonicator on chilled ice. The cell lysate was
centrifuged and filtered through a cellulose acetate mem-
brane (0.45 um). The supernatants were loaded on a Ni-NTA
resin column, washed using 3 column volumes of lysis buffer
and eluted with elution buffer (20 mM Tris-HCl pH 8.0, 300
mM NaCl, 250 mM imidazole). The eluted proteins were
digested with TEV protease for 16 h at 17°C. The proteins
were loaded on the HiLoad 26/600 (GE Healthcare, USA)
with gel filtration buffer (20 mM Tris pH 8.0, 100 mM NaCl).
The purified GAPDH protein (5 mg) was incubated with 50
puM DMF in 50 ml of HEN buffer (250 mM HEPES-NaOH pH
7.7, 1 mM EDTA, 0.1 mM neocuproine) at 37°C for 3 h and
filtered through cellulose acetate membrane (0.45 pm). The
DMPF-bound recombinant hGAPDH protein was concentrated
to ~8.9 mg/ml and stored at -80°C after flash freezing using
liquid nitrogen.

Crystallization, data collection, structure determination,
and refinement

The protein crystal was formed in 0.1 M sodium acetate, 0.1
M HEPES-NaOH pH 7.5, 22% (w/v) PEG 4000, 4.4% (v/v)
formamide at 290 K. After adding 20% (v/v) glycerol to the
protein crystals as a cryo-protectant, crystals were flash fro-
zen in liquid nitrogen. X-ray diffraction data were collected
on beamline 7A at Photon Factory (Korea) and the indexing
and scaling processes were carried out using the program
HKL2000. The released human NAD"-bound GAPDH struc-
ture (Protein Data Bank [PDB] code: 4WNC) was used for
molecular replacement using the program MOLREP from
CCP4. REFMACS5 and COOT were used for structure refine-
ment and further modelling, respectively. All figures were
prepared using PyMOL.

Peripheral blood mononuclear cell (PBMC) isolation
Healthy participants were recruited following approval of
the protocol by the Yonsei University and Severance Hospital
Ethic Review Committee (approval No. 4-2010-0213). All
study subjects gave informed consent for the use of the sam-
ples obtained. PBMCs were isolated from the whole blood
of healthy participants using density gradient centrifugation
with Percoll (Sigma Aldrich, USA) and stored in vapor phase
of liquid nitrogen until use.

Treatment of PBMCs with DMF

Whole human PBMCs (200,000/well) labelled with Cell-
Trace-Violet dye (CTV; Thermo Fisher Scientific, USA) were re-
suspended in complete RPMI medium (10% foetal bovine se-
rum, 1% penicillin/streptomycin, 50 uM p-mercaptoethanol,
and 1% L-Glu). CTV-labelled PBMCs were stimulated with 3
pg/ml soluble o-CD3 (BD Pharmingen, USA) and 3 pg/ml sol-
uble a-CD28 antibody (BD Pharmingen) for four days at 37°C
with 5% CO,. Cells were treated with the indicated doses of
DMF at the onset of culture.

Flow cytometry and staining
For detection of cytokine production by T cells, human PB-



MCs were re-stimulated with PMA/ionomycin in presence of
Golgi plug/Golgi stop (BD Biosciences, USA) for 5 h prior to
staining. The cells were stained with fluorochrome-conjugat-
ed antibodies in phosphate-buffered saline containing 0.2%
foetal bovine serum (Pan Biotech, Germany): antibodies
against CD4 (OKT), CD8 (SK1), and interferon gamma (IFN-y)
(4S.B3) (BioLegend) and an antibody against CD25 (M-
A251) (BD Biosciences). To remove the dead cell population,
the Live/Dead Fixable Dead Cell Stain Kit (Invitrogen, USA)
was used in the staining procedures. For intracellular staining
of cytokines, cells were fixed and permeabilized using BD
Cytofix/Cytoperm (BD Biosciences) in accordance with the
manufacturer’s instructions. Flow cytometry was performed
on the CytoFLEX system (Beckman Coulter, USA). Data were
analysed using FlowJo 10.5.3 software (FlowJo, LLC, USA).

Statistical analysis

Data were analysed using the two-tailed unpaired Student’s
t-test with Prism 5.0 software (GraphPad Software, USA).
Results are presented as mean * standard error of the mean
(SEM). Differences with a P value less than 0.05 were consid-
ered to be statistically significant.

RESULTS

Effects of DMF on the proliferation and function of hu-
man T cells
To investigate the effects of DMF on the proliferation and
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function of human CD4" and CD8" T cells, we activated
human PBMCs with ¢-CD3 and o-CD28 antibodies in the
presence of various doses of DMF. DMF impaired the via-
bility of human lymphocytes in a dose-dependent manner
(Supplementary Fig. S1). Although 10 uM DMF had no ef-
fect on the proliferation of both human CD4" and CD8" T
cells, a dose-dependent inhibitory effect of DMF was clearly
observed for doses > 25 uM (Figs. 1A and 1B). Consistent
with previous reports on mouse CD4" T cells (Kornberg et al.,
2018), DMF inhibited IFN-y production from human CD4* T
cells. Furthermore, a low-dose (10 pM) of DMF could inhibit
IFN-y production from human CD8" T cells, indicating that
CD8" T cells are more sensitive to DMF than CD4" T cells
(Figs. 1C and 1D). Taken together, these results indicate that
DMF suppresses both proliferation and cytokine production
in human CD4" and CD8" T cells in a dose-dependent man-
ner.

Overall structure and MMF binding mode of hGAPDH

We determined the crystal structure of MMF-bound hGAPDH
structure at 2.29 A with a P2, space group (Table 1). A total
of eight GAPDH molecules were found in an asymmetric unit
and the refined structure indicated that two tetrameric GAP-
DH molecules were packed against each other. MMF-bound
hGAPDH has a homo-tetramer structure based on the dimer
of a dimer through the Q and R axis. These results indicate
that MMF does not affect the tetrameric structure of hGAP-
DH (Fig. 2A, left panel). To identify the structural homologues
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Fig. 1. DMF inhibits the proliferation and function of human CD4" and CD8" T cells. CellTrace-Violet (CTV)-labelled human PBMCs were
activated with 3 ug/ml soluble a-CD3 and 3 pg/ml soluble a-CD28 antibody in culture media alone or supplemented with the indicated
doses of DMF for four days. (A) Representative flow cytometric plot of proliferating (CTV'®") cells that is gated on live CD4" and CD8" T
cells. (B) Frequency of proliferating (CTV®") CD4" and CD8" T cells as in A. (C) CTV profile showing proliferation versus IFN-y gating on
live CD4" and CD8" T cells. (D) Frequency of IFN-y-secreting cells among live CD4" and CD8" T cells, as in C. Results are representative of
three independent experiments. Data are shown as mean + SEM and statistical significance was determined using a two-tailed unpaired
Student’s #-test; *£ < 0.05; **P<0.01; **+P<0.001; ns, not significant.
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Table 1. Data collection and refinement statistics

PDB code 6lQ6
Data collection
Wavelength (&) 0.97932
Space group P2,

Cell dimensions
a, b, c(R)
a, B, o)
Resolution (A)
Total reflections
Rinerge
Ifol
Completeness (%)
Redundancy
Refinement
Resolution (A)
Unique reflections

71.6,108.5,175.8
90.0, 96.4, 90.0
40.5-2.3 (2.33-2.29y
630779
0.118 (0.576)°
9.0 (2.47
99.8 (96.4)
5.2 (4.3)

40.5-2.3 (2.33-2.297°
120651 (6121)°

Ruor/Riree 0.2153/0.2551
Total No. of atoms 20298
Protein 20184
Ligand/ion 45
Water 69
B factors
Protein 356
Water 23
r.m.s.d.
Bond lengths (&) 0.0083
Bond angles (°) 1.397
Ramachandran statistics
Most favoured (%) 943
Allowed (%) 5.1
Outlier (%) 0.64

“Values in parentheses are for the highest-resolution shell.

of the MMF-bound GAPDH structure, we searched the DAL/
server and found that MMF-bound hGAPDH is highly similar
to the NAD"-bound hGAPDH structure (PDB code: 4WNC,
root mean square deviation [r.m.s.d.]: 0.2 &). Amongst other
species, GAPDH from Escherichia coli O157:H7 (PDB code:
500V) has the most similar structure (r.m.s.d: 0.7 A) to MMF-
bound hGAPDH (Table 2).

MMF is located in the active site pocket (Fig. 2A, right
panel). A previous study has demonstrated that the combi-
nation of dimethyl and monomethyl succination from DMF
is covalently linked with catalytic Cys152 (Kornberg et al,
2018). Based on the result from model building, MMF is
better well-fitted compared to DMF, even though DMF had
been incubated with hGAPDH. The electron density map of
MMF-bound hGAPDH instead of DMF indicates that MMF
is covalently linked with Cys152 and this structure is in high
agreement with the previous study (Kornberg et al., 2018)
(Fig. 2B). In addition, the real-space correlation coefficient of
the electron density map was measured and the score of the
MMF-bound Cys was found to be 0.795 to 0.916 (overall
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Fig. 2. Overall structure and MMF binding mode in the
GAPDH active site. (A) The crystal structure shows that MMF-
bound hGAPDH has a tetrameric structure based on the Q and
R axes (the P axis is not presented). The dotted line represents
the NAD* binding site of hGAPDH. (B) The Fo-Fc electron
density map (contour 1.0 o) for covalently linked MMF with
Cys152 of hGAPDH. (C) Comparison of the NAD* binding site
between NAD"-bound hGAPDH and MMF-bound hGAPDH.
Two molecules are superimposed based on the C-o carbon of
the protein backbone. (D) Two different binding modes of MMF
in each protomer of tetrameric hGAPDH. Hydrogen bonds are
shown as black lines.

0.837), indicating that the MMF-bound cysteine residue is
well-occupied in each hGAPDH protomer.

Moreover, a previous study has demonstrated that the
modified cysteine residues by DMF or MMF are Cys152,
Cys156, and Cys247. However, based on the crystal structure,
only Cys152 was shown as an MMF-bound cysteine, whereas
the electron density maps of MMF-linked Cys156 or Cys247
were not visible (Supplementary Fig. S2A). Structural analysis
showed that only the thiol group of Cys152 is exposed to
the surface of GAPDH, whereas the others are buried in the
structure (Supplementary Fig. S2B), indicating that Cys152 is
in an advantageous position to be modified by inhibitors. In
addition, we suggest that without conformational changes, it
is difficult for post-translational modifications of Cys156 and
Cys247 to occur. Taken together, the structural data indicate
that DMF is hydrolysed in solution to MMF as reported in a
previous study (Kornberg et al., 2018) and that Cys152 is the
main target of DMF or MMF.

Cys152 of hGAPDH is a catalytically important residue for
its enzymatic activity, and covalent linkage of MMF inhibits
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Table 2. Structural comparison between MMF-bound hGAPDH and others based on the DAL server hits
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Protein Species Ligand PDB code (chain) rm.s.d. ()  No. of aligned Identity (%) Z-score

GAPDH  Homo sapiens NAD* 4wnc (A) 0.2 333 100 57.3
Escherichia coli O157:H7 Apo 500v (A) 0.7 330 66 52.1
Trypanosoma cruzi BRZ 1k3t (A) 1.1 359 53 491
Lactobacillus acidophilus Apo 5j9g (A) 1.3 338 42 46.6
Streptococcus agalactiae  NAD*, G3H Sjya (D) 1.3 343 45 46.1
S, agalactiae Apo 5iyf (B) 13 294 46 38.1

NAD?, nicotinamide-adenine-dinucleotide; BRZ, 6-(1,1-dimethylallyl)-2-(1-hydroxy-1-methylethyl)-2,3-dihydro-7h-furo[3,2-glchromen-7-

one; G3H, glyceraldehyde-3-phosphate.

Table 3. B-factor analysis results between apo- and MMF-bound hGAPDH

B-factor (side chain)

Chain

Cys152 His179 Asn316

hGAPDH (Apo) A 0.1304 0.2934 0.1562
B 0.1166 0.2761 0.1776

C 0.1701 0.2631 0.2196

D 0.1257 0.3202 0.1309

hGAPDH (MMF-bound) A 0.0897 0.0681 0.0352
B 0.0682 0.0938 0.0633

C 0.0856 0.0511 0.0727

D 0.1037 0.0946 0.0391

The Baverage program (Collaborative Computational Project, Number 4, 1994) was used for B-factor analysis.

the catalytic reaction of the cysteine (Kornberg et al., 2018;
Nakajima et al., 2009). Our structure demonstrates that MMF
also inhibits the binding of NAD". Based on the superimposi-
tion between the NAD*-bound hGAPDH (White et al, 2015)
(PDB code: 4WNC) and MMF-bound hGAPDH, the nicotin-
amide group of NAD* poses as a steric hindrance with MMF
(Fig. 2C). The sidechains of lle14 and Phe37 fill the NAD*
binding site and this shows that the covalently linked MMF
inhibits the function of Cys152 as well as NAD" binding.
MMF is attached to Cys152 and is stabilized via hydrogen
bonding. From a structural perspective, MMF interacts with
His152 or Asn316 via hydrogen bonding, herein, termed
mode 1 and mode 2, respectively. (Fig. 2D). The O, R and Q,
P subunits undergo mode 1 and mode 2, respectively. In the
NAD*-bound GAPDH structure, Asn316 interacts with the
nicotinamide part of NAD" via hydrogen bonding and His152
acts as a catalytic residue that participates in acid/base catal-
ysis during the oxidoreduction stage of GAPDH (Reis et al.,
2013). In the MMF-bound hGAPDH, His152 and Asn316
participate in the interaction with MMF to stabilize the li-
gand. Collectively, the MMF binding modes reveal that MMF
occupies the NAD" and G3P binding site at the same time
because the interactions of Asn316-NAD" and His152-G3P
are well-defined. Moreover, MMF hijacks these two residues.
Furthermore, results from the B-factor analysis of the apo
(F chain of 4WNC) and MMF-bound hGAPDH structures sup-
port modes 1 and 2, respectively. As compared to the apo
form, all side chain B-factors of Cys152, His179, and Asn316
from the MMF-bound hGAPDH are reduced and this is in
agreement with our structural analysis that three residues are

involved in MMF stabilization (Collaborative Computational
Project, Number 4, 1994) (Table 3). Put together, we suggest
that MMF has two different inhibitory mechanisms that occur
simultaneously—the first mechanism involves succination of
the catalytic cysteine via a covalent linkage, whereas the sec-
ond involves hijacking of the cofactor-binding site.

Comparison of the binding mode between IA and MMF
IA is a GAPDH inhibitor that covalently links to a catalytic
cysteine. Previously, McKee et al. (1965) described the
inhibitory role of IA against GAPDH in cancer cells at
micromolar concentrations. The chemical structure of 1A is
highly similar to that of MMF (or DMF), with the exception of
an additional extended methylated carboxyl group in MMF
(Fig. 3A).

Interestingly, we demonstrate that the binding mode is
different between the two inhibitors. In the IA-bound GAP-
DH structure from Trypanosoma cruzi (PDB code: 3DMT)
(Guido et al., 2009), IA is covalently linked to Cys166, which
corresponds to Cys152 in hGAPDH, whereas MMF is tilted
towards the opposite direction of NAD" at ~35° and ~38° in
mode 1 and mode 2 as compared to IA, respectively (Fig. 3B).
The IA inhibitor is stabilized via hydrophobic interaction with
NAD" as well as further hydrogen bonding with the nitrogen
of the Cys166 backbone. The inhibitory mode of 1A allowed
the binding of NAD", and thus a clear electron density map of
the NAD" was visible (Guido et al., 2009). On the other hand,
in the case of MMF, due to its bulkier size (compared to 1A)
as well as the interaction of its methyl carboxylate group with
His179 or Asn316, MMF inhibited the access of NAD". In
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Fig. 3. Differences of binding modes to GAPDH between MMF
and iodoacetate. (A) Chemical structure of iodoacetate and
MMF. The red and purple round-squares show common and
different chemical structures for both inhibitors, respectively.
(B) The difference in inhibitory modes between iodoacetate and
MMEF.

conclusion, NAD" and catalytic cysteine are essential for the
oxidoreduction catalysis mechanism catalysed by GAPDH.
In addition, DMF can simultaneously inhibit the binding of
NAD" and the catalytic function of the Cys152 residue.

DISCUSSION

In recent years, the development of antagonists against GAP-
DH for the treatment of cancer or cancer-related diseases
has become the centre of many structure-based drug design
studies. In the current study, we report the crystal structure of
MMF-bound hGAPDH and, based on the structure, we have
elucidated the detailed mode of action by which MMF func-
tions. Furthermore, we demonstrated that MMF has three
types of inhibitory steps that occur simultaneously. First, MMF
covalently links to catalytic Cys152, and the electron density
map shows two other modes. Second, MMF is small enough
to bind to the G3P binding site, which would inhibit the
binding of substrate G3P. Third, it masks the nicotinamide
part of NAD*. From a structural perspective, this binding step
is different from that of 1A, which lacks steric hindrance with
NAD*. Put together, MMF is more efficient than IA from a
structural perspective.

For the present study, we added DMF to recombinant
GAPDH to obtain the DMF-bound GAPDH structure. How-
ever, the electron density map of MMF was visible, the map
of DMF was not observed. In fact, the presence of an extra
methyl group in DMF causes it to behave both chemically
and structurally different from MMF. Hence, from a struc-
tural perspective, we suggest that the inhibitory effect of
DMF would be significantly greater than MMF because the
carboxyl group adjacent to the methyl group of MMF is close
enough to lle14 and/or Tyr320 (Supplementary Fig. S3). This
indicates that lle14 and/or Tyr320 is expected to interact with
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another methyl group that corresponds to the invisible part
of DMF. This structural inference is in good agreement with
previous experimental data showing that the inhibitory rate
of GAPDH by DMF is more effective than MMF in a dose-de-
pendent manner (Kornberg et al., 2018). However, without
considering any off-target effects, the inhibitory efficacy of
KA is greater than that of DMF at the same dose (Kornberg
et al.,, 2018). The chemical structure is extensively different
between KA and DMF, and a study of the detailed inhibitory
mode of KA is necessary to explain the difference in inhibito-
ry efficacy. Our structural data provide insights for the design
and development of new antagonists of GAPDH.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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