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ABSTRACT: Nicotinamide adenine dinucleotide kinase (NADK) controls the intracellular NADPH content and provides reducing
power for the synthesis of macromolecules and anti-ROS. Moreover, NADK is considered to be a synthetic lethal gene for KRAS
mutations. To discover NADK-targeted probes, a high-throughput screening assay was established and optimized with a Z factor of
0.71. The natural product (−)-epigallocatechin gallate (EGCG) was found to be a noncompetitive inhibitor of NADK with Ki = 3.28
± 0.32 μΜ. The direct binding of EGCG to NADK was determined by several biophysical methods, including NMR spectroscopy,
surface plasmon resonance (SPR) assay, and hydrogen−deuterium exchange mass spectrometry (HDX-MS). The SPR assay showed
a Kd of 1.78 ± 1.15 μΜ. The HDX-MS experiment showed that EGCG was bound at the non-substrate-binding sites of NADK.
Besides, binding mode prediction and derivative activity analysis revealed a potential structure−activity relationship between EGCG
and NADK. Furthermore, EGCG can specifically inhibit the proliferation of KRAS-mutated lung cancer cell lines without affecting
KRAS wild-type lung cancer cell lines.
KEYWORDS: NAD kinase inhibitor, (−)-epigallocatechin gallate, hydrogen−deuterium exchange mass spectrometry, KRAS

Nicotinamide adenine dinucleotide (NAD+/NADH) and
nicotinamide adenine dinucleotide phosphate (NADP+/

NADPH) are two key cofactors in intracellular redox
reactions,1 of which NAD+/NADH is called coenzyme I and
NADP+/NADPH is called coenzyme II. NAD+/NADH are the
key cofactors in cellular catabolism and energy synthesis.
NADP+/NADPH is primarily involved in anabolism and
provides reducing power for intracellular anti-ROS reactions.
NADP+ is a key cofactor required by the pentose phosphate
pathway (PPP), through which NADP+ is reduced to NADPH.
The PPP produces NADPH and ribose 5-phosphate (R5P)
and is essential for cell survival and proliferation. Therefore,
the PPP has been shown to be a potential therapeutic target for
cancer treatment.2

Rapidly proliferating tumor cells require a large amount of
NADPH for the biosynthesis and neutralization of high
reactive oxygen species (ROS).3 Therefore, inhibiting
NADPH production may represent a novel direction of cancer

treatment. NAD kinase (NADK) phosphorylates NAD+ to
NADP+,4 and NADP+ is rapidly converted to NADPH by
various and abundant intracellular reductases. Therefore,
NADK is critical for controlling the intracellular NADP+/
NADPH pool.5 It has been reported that NADK over-
expression promotes cellular NADPH content and reduces
ROS-induced DNA damage and cell death, whereas knock-
down of NADK reduces cellular NADPH content and
increases ROS-induced DNA damage and cell death.6,7

KRAS mutations are the most frequently mutated oncogenes
in tumors such as pancreatic (90%), colorectal (30−40%), and
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lung (15−20%) tumors.8 Over the past few decades, KRAS
structure, biochemistry, and biology have been intensively
studied for “anti-KRAS” therapy. Sotorasib, a covalent small-
molecule inhibitor of KRAS-G12C developed by Amgen, was
approved by the U.S. Food and Drug Administration (FDA)
for the treatment of nonsmall cell lung cancer with KRAS-
G12C mutation.9,10 Mirati Therapeutics also announced its
KRAS-G12D-selective inhibitor MRTX1133.11 However,
targeting non-KRAS-G12C/D still seems elusive, and inhib-
itors targeting KRAS-G12C have developed drug resistance
after clinical use.12,13 Attempts to find genes, signaling
pathways, or metabolic processes that have a synthetic lethal
relationship with KRAS mutations have shown great potential
for drug development.14,15 Using the CRISPR-Cas9 tool, Yau
et al.16 determined many metabolic enzymes with a synthetic
lethal relationship to KRAS mutations in an in vivo colorectal
cancer system, including NADK. In HCT116 cells with normal
KRAS, knockout of NADK or addition of NADK inhibitor did
not affect the tumorigenic growth of tumor cells, but in
HCT116 with KRAS-activating mutation, knockout of NADK
or addition of an NADK inhibitor significantly reduced the
tumor growth. Thus, NADK is considered a potential synthetic
lethal target in KRAS-activated tumors.
For the design of inhibitors of NADK, it is generally believed

that binding to the ATP-binding domain may not be a good
choice because the ATP-binding domain of NADK is solvent-
exposed and does not interact closely with the enzyme.17

Several NADK inhibitors have been reported, all of which are
NAD analogues, such as benzamide adenine dinucleotide
(BAD) (Ki = 90 μM), di-5′-thioadenosine (DTA) (Ki = 45
μM), 8Br-DTA (Ki = 6 μM), and Di-8Br-DTA (Ki = 6 μM),
which showed weak inhibitory activity against human
NADK.18 However, BAD was found to cause skeletal muscle
loss and hepatotoxicity in animal toxicity research. Thionico-
tinamide (TN), a prodrug of the NADK inhibitor, is
transformed to NADPS and acts as an analogue of NAD
with an IC50 of approximately 10 μM in the CEM-CCRF,
MOLT-4, RL, and C85 cell lines (Figure 1).17,19

NADK has been proved to be a potential target in cancer,
but existing inhibitors are all NAD analogues with poor
selectivity. There is an urgent need to identify potent and
selective NADK inhibitors. In the present work, by developing
and optimizing a high-throughput screening assay for NADK,
we found that the natural product (−)-epigallocatechin gallate
(EGCG) is a noncompetitive inhibitor of NADK, and we
showed that EGCG directly binds to NADK through various

biophysical experiments. Docking modeling found that EGCG
inhibited NADK with a potential structure−activity relation-
ship. At the same time, EGCG specifically inhibited the
proliferation of KRAS mutant A459, H23, and H358 cells but
not KRAS wild-type PC-9 cells.
NADK physiologically catalyzes the phosphorylation of

NAD+ to NADP+ utilizing ATP as a phosphate donor. NADH
and NADPH have an absorption peak at 340 nm in addition to
the peak at 260 nm compared with NAD(P). Based on this
characteristic, we developed a high-throughput screening
(HTS) assay by coupling G6PD with NADK to convert the
generated NADP+ to NADPH and then measured the light
absorption at 340 nm (Figure 2A).20

According to the Michaelis−Menten equation, it must be
ensured that within a certain time range, the enzymatic
reaction is a first-order reaction in which V is equal to V0. To
determine the appropriate reaction conditions, we used
different amounts of protein. With a protein amount of 0.5
to 1 μg (100 to 200 nM) in the reaction mixture, the enzyme
time course was linear over the first 10 min (Figure S1B). To
further determine the substrate concentration used in the
screening, we determined the Km values for the two substrates
NAD and ATP to be 1.6 and 6.5 mM, respectively (Figure S2).
Thus, the final substrate concentrations used were 2 and 4
mM, respectively. The Z factor of the HTS assay was
calculated to be 0.71,21 which indicates good quality (Figure
2B).
Many clinical drug candidates are derived from natural

products and their derivatives, which provide novel chemical
backbones.22 Therefore, we used the established HTS assay to
screen an in-house compound library containing 3000 natural
products to discover novel NADK inhibitors. The workflow for
identifying hits is depicted in Figure 2C. The absorbance at
340 nm was monitored for 15 min at 37 °C in continuous
kinetic detection mode. The compounds with percentage of
inhibition greater than 70% compared with the DMSO control
were chosen for secondary screening. To rule out the effect of
inhibitors on G6PD, we performed another enzyme assay: with
glucose-6-phosphate (G6P) and NADP+ as substrates, G6PD
catalyzes the production of 6-phospho-D-glucono-1,5-lactone
and NADPH. We evaluated the IC50 values of the potential
compounds in a dose-dependent manner.
We identified several active compounds from more than

3000 compounds with structural similarities. (−)-Gallocate-
chin and (−)-epigallocatechin exhibited IC50 values greater
than 100 μM, and the IC50 value for EGCG was 1.30 ± 1.06
μM (Figure 3A,B). EGCG was chosen for further study since it
has the strongest inhibitory effect. The EGCG−NADK
interaction was verified using ligand-based NMR spectroscopy.
Carr−Purcell−Meiboom−Gill (CPMG) and saturation trans-
ferred difference (STD) spectroscopy indicated that EGCG
binds specifically to NADK (Figure 3C). A surface plasmon
resonance (SPR)-based binding assay was carried out to
determine the binding affinity of EGCG with NADK, and the
results showed a Kd of 1.78 ± 1.15 μΜ (Figure 3D).
We aimed to study the mechanism of action of EGCG to

inhibit NADK. A competitive experiment showed that EGCG
does not compete with the substrates NAD and ATP to exert
an inhibitory effect with Ki = 3.28 ± 0.32 μΜ (Figure 3E).
This suggests that EGCG does not bind to the substrate
pocket of NADK but instead regulates the activity of NADK in
an unknown mode.

Figure 1. Reported inhibitors of NADK. Abbreviations: BAD,
benzamide adenine dinucleotide; DTA, di-5′-thioadenosine; TN,
thionicotinamide.
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Hydrogen−deuterium exchange mass spectrometry (HDX-
MS) is a novel technology that is widely used to study the
dynamic changes, folding, and interactions of protein
structures. Changes in the rate of hydrogen−deuterium

exchange represent a binding event of the receptor upon
ligand binding. Therefore, we studied the interaction of EGCG
with NADK using HDX-MS. NADK has 446 amino acids,
divided into 95 amino acids at the N-terminus as the regulatory

Figure 2. Development and optimization of the high-throughput screening assay of NADK inhibitors. (A) Schematic diagram of the principle of
the high-throughput screening assay. Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; NADK, NAD kinase. (B) Parameters for
evaluating the quality of the high-throughput screening assay. (C) Flowchart of high-throughput screening.

Figure 3. Discovery and identification of EGCG as an inhibitor targeting NADK. (A) Chemical structures of several candidate compounds that
were screened from an in-house compound library. (B) Determination of the IC50 of EGCG using the enzymatic activity assay. (C) Carr−Purcell−
Meiboom−Gill data from the incubation of 200 μΜ EGCG with 10 μM NADK. (D) Determination of the affinity of EGCG and NADK by the
SPR assay. (E) EGCG is a noncompetitive inhibitor of NADK with Ki = 3.28 ± 0.32 μΜ. Data were fitted using GraphPad Prism software in
noncompetitive mode. The IC50, Kd, and Ki values are shown as mean ± SD.
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domain and the C-terminal kinase domain, which has complete
activity. We purified the kinase domain Δ95 of NADK and
tested EGCG for Δ95 with IC50 = 0.96 ± 1.23 μΜ (Figure
S6). For this reason, the protein used for HDX-MS was
NADK-Δ95 . HDX-MS r e v e a l e d t h a t p ep t i d e s
410VRDPVSDWF418 (region I), 155GAVKKKFCTF164 (region
II), and 345ITPICPHSLSFRPIVVPAGVE365 (region III)

showed increased protection against solvent exchange upon
EGCG binding (Figure 4A,B). Specifically, regions I, II, and III
demonstrated 21.8%, 12.9%, and 21.1% decreases in deuterium
uptake upon binding of NADK to EGCG, respectively (Figure
4A,B). The HDX-MS data suggest that these regions are
involved in the binding event of EGCG.

Figure 4. HDX-MS analysis of EGCG-bound NADK. (A) Differential HDX consolidation view mapped to the NADK crystal structure (PDB ID
3PFN). Percentages of deuterium differences are color-coded according to the HDX perturbation key in Figure S6. Black indicates regions that
have no sequence coverage and include proline residues that have no amide hydrogen exchange activity; gray indicates no statistically significant
changes between the compared states. (B) Deuterium uptake plots in the presence or absence of EGCG at the indicated time points for regions I,
II, and III.

Figure 5. Docking model predicting the interaction of EGCG and NADK. EGCG was docked at the site located between region I and region III on
NADK tetramer using Schrödinger software. The right panel is an enlarged view of the binding mode, and the critical residues are shown as sticks.
The yellow dotted lines represent hydrogen-bonding interactions. Single letters represent amino acids. Numbers indicate the positions of residues
in full-length NADK.
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The complete structure of the NADK protein has not yet
been resolved, and a modified human NADK truncated protein
(PDB ID 3PFN) contains residues 68−421 in the PDB
database.23 We mapped the peptide identified by HDX-MS to
this crystal structure. Consistent with the previous results,
none of these regions are substrate binding sites for NADK
(Figure 4A).
Molecular docking was performed to explore the binding

mode of EGCG with NADK. In the tetrameric structure,
region I and region III are spatially close, suggesting that
EGCG may bind to these two regions simultaneously. Besides,
we tried to dock EGCG to region II, but the docking score was
poor, and the pocket formed by region II is too small to
accommodate EGCG. In the predicted complex structure,
EGCG forms several hydrogen-bonding interactions with
R411(A), D412(A), G363(B), and E365(B) to maintain
high affinity with NADK (Figure 5). The three compounds
obtained by screening have a strong structure similarity. The
IC50 value of (−)-gallocatechin is 255.10 ± 1.68 μΜ, and that
of (−)-epigallocatechin is 182.80 ± 1.22 μM. We docked the
two compounds at the same site. (−)-Gallocatechin forms
hydrogen-bonding interactions with D412(A) and G363(B),
while (−)-epigallocatechin forms three hydrogen-bonding
interactions with R411(A), D412(A), and D304(B), indicating
that the pyrogallol structure may be the core group that exerts
inhibitory activity. The bonds at C2 and C3 of (−)-epi-
gallocatechin are in the same orientation as in EGCG, and the
two bonds of (−)-gallocatechin point in opposite directions,
indicating that when the two bonds point in the same
direction, the steric hindrance of the compound entering the
pocket may be lower, allowing the compound to bind more
easily to the protein. As shown in the predicted model,
(−)-epigallocatechin and EGCG are closer than (−)-galloca-
techin. EGCG is synthesized by esterification of gallic acid with
the hydroxyl group at C3. According to the docking model, the
hydroxyl on the benzene ring of the gallic acid part forms two
hydrogen-bonding interactions with E365(B) of NADK, which
may be the reason why its inhibitory activity is greatly
improved compared to (−)-epigallocatechin.
We assessed the effect of EGCG on cell proliferation in lung

cancer cell lines. Surprisingly, EGCG hardly affected the
proliferation of KRAS wild-type PC-9 cells compared to the
DMSO control group. When the concentration of EGCG
reached 60 μM, the number of cells decreased significantly at
the p < 0.01 level at the fourth day. A549 cells harboring the
KRAS G12S mutation showed significantly inhibited prolifer-
ation after treatment with 30 μM EGCG. When the treatment
concentration reached 50 μM, the growth of A549 cells was
completely inhibited. For H358 and H23 cells carrying the
KRAS G12C mutation, the growth and proliferation of these
two cell lines were completely inhibited when the dose reached
30 μM (Figure 6). Overall, the inhibitory effect of EGCG on
KRAS wild-type PC-9 cells was weak, and the inhibitory effect
on A549 cells of KRAS G12S was shown at 30 μM, while the
inhibition was strongest on H358 and H23 cells of KRAS-
G12C, indicating that EGCG has a certain selectivity for lung
cancer cell lines with different KRAS mutation types.
NADK controls the cellular NADP+/NADPH content and

provides important reducing power for cellular anabolism and
resistance to ROS.5,24 The rapid growth of tumor cells requires
a large amount of NADP+/NADPH to meet the synthesis
requirements of nucleotides, fats, and other macromolecules
and to neutralize ROS toxicity.17,24,25 KRAS is the most

commonly mutated oncogene in tumors and is considered an
untargetable protein for tumors.26 In general, mutant KRAS
fosters tumor growth by shifting cancer cell metabolism toward
anabolic pathways27 and inducing ROS production. This may
render the NADK−NADP+/NADPH pathway vulnerable to
KRAS mutant tumor cells. Studies have shown that NADK and
KRAS-activating mutations have a synthetic lethal relationship
in the process of tumor transformation growth.16,28 The
development of small-molecule inhibitors targeting NADK
may specifically kill tumor cells with KRAS-activating
mutations.29

Although there have been preliminary reports of small-
molecule inhibitors of NADK, such as BAD and TN, these
compounds all inhibit NADK activity through NAD+
analogues.18,30,31 There are many proteins that bind NAD+
in cells, and it is expected that these compounds can also
interfere with other NAD+ binding proteins, which means that
these compounds do not achieve selective inhibition of NADK.
Although certain cell and mouse experiments have shown that
these compounds can effectively inhibit tumor cell growth,
there is insufficient evidence that these functions are directly
achieved by inhibiting NADK enzymatic activity.18,30,31

We obtained a highly active NADK inhibitor compound
EGCG through high-throughput screening, and this compound
is not a competitive inhibitor of NAD+ or ATP, indicating that
EGCG does not bind to the NAD+ or ATP binding pocket of
NADK. In addition, the chemical structure of EGCG is
significantly different from that of NAD+ or ATP. This suggests
that there are other targetable pockets in NADK. HDX-MS
results revealed that region I may be such a pocket that
regulates NADK activity in an allosteric manner. The changes
observed experimentally in regions II and III may be the
protein conformational changes caused by binding of EGCG to
NADK. As a natural product, EGCG is widely present in plants
such as tea, and the compound backbone is considered safe
and worthy of further development.32 However, the water
solubility, stability, and in vivo utilization of EGCG are
relatively low, and the related modified compounds need to be
further studied. The most typical attack energy of EGCG is its
antioxidant activity, which plays an important role in anti-
inflammatory, anti-cardiovascular disease, and antitumor

Figure 6. Growth curves of several lung cancer cell lines treated with
EGCG at various concentrations (n = 3 replicates): (A) PC-9 cells
(KRAS WT); (B) A549 cells (KRAS G12S); (C) H358 cells (KRAS
G12C); (D) H23 cells (KRAS G12C). *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001. Data analysis was performed using the
two-tailed unpaired Student’s t test.
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activities.33 EGCG is a polyhydroxyl structure, which can
directly neutralize ROS. EGCG can directly chelate a variety of
metal ions, including iron ions, thereby inhibiting membrane
lipid oxidation and possibly inhibiting ferroptosis.34 EGCG can
directly or indirectly activate NRF2-mediated antioxidant
pathways.35 In addition, EGCG can directly or indirectly
inhibit the expression of pro-oxidative enzymes such as
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) and inhibit the production of ROS.36

Nevertheless, some studies have found that EGCG has a
pro-ROS function. The antioxidant and pro-oxidative activities
of EGCG appear to be related to the pH of its environment.
For example, EGCG exhibits pro-oxidative activity under low
pH (2−4) conditions and exhibits antioxidant activity under
high pH (5−7) conditions. EGCG can promote the
production of cellular ROS through a certain mechanism. In
addition, EGCG promotes the reduction of Fe3+ to Fe2+, which
in turn further oxidizes H2O2 to more reactive ROS, such as
hydroxyl radicals, through the Fenton reaction.37

There are some reports that EGCG can directly bind to
intracellular proteins and exert inhibitory functions. EGCG can
bind to G3BP protein (Kd = 0.4 μM) to inhibit its binding to
the RAS-GAP protein and cGAS, thereby inhibiting the
activation of RAS-cGAS downstream signaling.38,39 EGCG
binds to chaperones Pin1 and HSP90 and inhibits their
molecular chaperone function.40−42 Many cell membrane
receptors are also direct targets of EGCG, including fibronectin
receptor 67LR (Kd = 40 nM)

43 and TGFβRII,44 which inhibit
tumor cell metastasis and migration. We have now found that
EGCG is an inhibitor of NADK (Kd = 1.78 ± 1.15 μM),
further enriching the complex functions of EGCG in cells and
providing a new mechanism by which EGCG regulates cellular
ROS. The structural modification of compounds with EGCG
as the backbone will help to obtain more efficient NADK
inhibitors and provide new therapeutic drugs for tumor
treatment. Moreover, the development of inhibitors targeting
NADK is also a new strategy for the treatment of KRAS
mutant tumors.
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