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Abstract

Protein kinases play crucial roles in the regulation of multiple cell signaling pathways and cellular functions.
Deregulation of protein kinase function has been implicated in carcinogenesis. The inhibition of protein kinases
has emerged as an important target for cancer chemoprevention and therapy. Accumulated data revealed that
flavonoids exert chemopreventive effects through acting at protein kinase signaling pathways, more than as
conventional hydrogen-donating antioxidants. Recent studies show that flavonoids can bind directly to some
protein kinases, including Akt/protein kinase B (Akt/PKB), Fyn, Janus kinase 1 (JAK1), mitogen-activated
protein kinase kinase 1 (MEKI1), phosphoinositide 3-kinase (PI3K), mitogen-activated protein (MAP) kinase
kinase 4 (MKK4), Rafl, and { chain-associated 70-kDa protein (ZAP-70) kinase, and then alter their phos-
phorylation state to regulate multiple cell signaling pathways in carcinogenesis processes. In this review, we
report recent results on the interactions of flavonoids and protein kinases, especially their direct binding and
molecular modeling. The data suggest that flavonoids act as protein kinase inhibitors for cancer chemopre-
vention that were thought previously as conventional hydrogen-donating antioxidant. Moreover, the molecular
modeling data show some hints for creating natural compound-based protein kinase inhibitors for cancer
chemoprevention and therapy. Antioxid. Redox Signal. 13, 691-719.
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I. Introduction

PROTEIN KINASE IS A TYPE OF ENZYME that transfers phos-
phate groups from high-energy donor molecules such
as adenosine triphosphate (ATP) to specific substrates. This
process is referred to as phosphorylation. According to the
catalytic specificity, protein kinases can be subdivided into
three categories: tyrosine (Tyr) kinase, serine/threonine
(Ser/Thr) kinase, and kinase specific for both Tyr and Ser/Thr.
Phosphorylation of these sites in target proteins leads to the
activation of signal transduction pathways, which play im-
portant roles in a great number of biological processes, in-
cluding cell growth, differentiation, development, and death
(35, 235). The activities of protein kinases are stringently
regulated in homeostasis systems. However, protein kinases
can be deregulated under pathological conditions, leading to
perturbation of protein kinase-mediated cell signaling path-
ways and resulting in various disorders, including cancer,
diabetes, and inflammation (184). In particular, many protein
kinases are intimately involved in the processes leading to
tumor cell proliferation and survival (86, 117, 210). These
protein kinases have transforming capacity and are therefore
considered to be oncogenic. The constitutive activity of this
class activity of such protein kinases makes them essential for
survival and/or proliferation of the cancer cell. Thus, regu-
lation of protein kinases has been shown to be a promising
strategy for cancer chemoprevention and therapy (42, 59, 200,
235). Moreover, data from the Human Genome Project has
revealed that 518 protein kinases are encoded in the human
genome (18, 129, 207), and each cell will have approximately
50-100 protein kinases, thereby creating an enormous reper-
toire of potential targets for drug discovery (13, 94, 119, 191).
Alterations in multiple cellular signaling pathways are fre-
quently found in many cancer cells. It may be the reason why
the specific inhibitors that target only one pathway, most
often failed in cancer treatment (6, 7). For example, trastuzu-

mab is the first protein kinase inhibitor, which acts on the
HER2 /neu (erbB2) receptor and is approved for the treatment
of cancer (160). However, as for all other kinase inhibitors, it
works well only in a small percentage of patients with breast
cancer. To improve the efficacy of trastuzumab in breast
cancer patients, it will be critical to develop strategies in which
it is combined with chemotherapeutic agents or other novel
modalities (6). Thus, compounds that can suppress multiple
cellular signaling pathways would have great potential in
cancer chemoprevention and treatment. Natural compounds
may be good sources for this since some of them appear to
address multiple targets (6, 7).

Flavonoids, as integral constituents of the diet, are one
of the biggest families of natural products and have been
proposed to exert beneficial effects in a multitude of disease
states, including cancer, cardiovascular disease, and neuro-
degenerative disorders (79, 161). Classically, many of the bi-
ological actions of flavonoids have been attributed to their
antioxidant properties, either through their reducing capa-
cities or through their possible influences on intracellular
redox status (Fig. 1, left panel). However, recent studies have
speculated that their classical hydrogen-donating antioxidant
activity (166-168) is unlikely to be the sole explanation for
cellular effects (178, 194, 195). For example, the concentrations
of flavonoids and their metabolite forms accumulated in the
plasma or in organs such as the brain (1), are lower (high
nanomolar-low micromolar) than those recorded for small
molecule antioxidant nutrients such as ascorbic acid and o-
tocopherol (72). Moreover, flavonoids are unlikely to express
beneficial action in vivo through outcompeting antioxidants
such as ascorbate, which are present at higher concentra-
tions (high micromolar) (209).

Recent studies have suggested that the cellular effects of
flavonoids may be mediated by their interactions with spe-
cific proteins central to intracellular signaling cascades (177,
209, 219). In particular, investigations have indicated that
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FIG. 1. The classical view of antioxi-
dant effects of flavonoids on cell signal-
ing and responses (left). Flavonoids act
as antioxidants to modulate the RONS- l
mediated cellular signaling. The effects of
flavonoids on cell signaling and responses
by targeting protein kinases (right). Fla- ‘L
vonoids can bind directly with some pro-
tein kinases linking to cellular signaling
cascades, and then alter their catalytic
activity to regulate multiple cellular sig-
naling pathways. Additionally, flavonoids
can also exert their antioxidant properties
through binding protein kinases to regu-
late the expression of antioxidant en-
zymes, including HO-1, NQO-1, and GSH.
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flavonoids may interact selectively with different compo-
nents of a number of protein kinase signaling cascades such
as phosphoinositide 3-kinase (PI3K) (9, 132), Akt/protein
kinase B (Akt/PKB) (193), protein kinase C (PKC) (9, 69), and
mitogen-activated protein kinase (MAPKs) (110). Some flavo-
noids can bind these protein kinases directly and alter their
phosphorylation state to regulate multiple cell signaling
pathways (Fig.1, right panel). Thus, a possible mechanism
for the antioxidant functions of flavonoids is that flavonoids
may bind directly to some kinases (e.g., MAP kinases), which
are central to regulate defense system enzymes, such as
heme oxygenase-1 (HO-1) (91), NADPH:quinone oxidore-
ductase (NQO1) (64), glutathione S-transferase (GST) (172),
UDP glucuronosyl transferase (32), thioredoxin (104), heme
oxygenase-1 (91), ferritin (203), y-glutamylcysteine synthe-
tase heavy (or light) subunit (139, 141), metallothionein (164),
inducible nitric oxide synthase (116), cysteine/glutamate
exchange transporter (175), and Fra-1 (230) (Fig.1, middle).
Inhibitory or stimulatory actions at cellular signaling path-
ways are likely to profoundly affect various cellular functions
such as cell defense, neuroprotective, cardioprotective, and
cancer chemopreventive actions (Fig. 1).

In this review, we first describe the properties of the
binding sites for protein kinase inhibitor and recent method-
ologies for determining the direct binding and molecular
modeling of protein kinase-flavonoids, and then summarize
the recent reports of the flavonoids that have been demon-
strated to bind with protein kinases directly and/or to dock
into the binding site of protein kinases. Flavonoids meeting
these criteria include myricetin, quercetin, delphinidin, equol,
resveratrol (trans-3,5,4'-trihydroxystilbene) analogue (RSVL2),
caffeic acid, (-)-epigallocatechin-3-O-gallate (EGCG), and
procyanidin B2 (Fig. 2) because they have been found to di-
rectly bind with protein kinases such as Akt/PKB, Fyn, Janus
kinase 1 (JAK1), mitogen-activated protein kinase kinase
1(MEK1), PI3K, mitogen-activated protein (MAP) kinase ki-
nase 4 (MKK4), Rafl, and { chain-associated 70-kDa protein

(ZAP-70) kinase. These protein kinases are specific proteins
essential to intracellular signaling cascades and carcinogene-
sis. Finally, we discuss the binding sites, selectivity, and the
impact on cellular signaling and cancer chemoprevention of
flavonoid—protein kinase interactions.

Il. Methodologies for Direct Binding Detection
and Molecular Modeling of Flavonoid—Protein Kinase

A. Cyanogen bromide—-activated Sepharose 4B beads
couple with flavonoids

Cyanogen bromide (CNBr)-activated Sepharose 4B is the
material of choice for the immobilization of macromolecules
in the preparation of biospecific adsorbents for affinity chro-
matography. Its use in the study of proteins, nucleic acids, and
polysaccharides is already well documented (39, 48). Re-
cently, several studies revealed that CNBr-activated Sephar-
ose 4B is able to couple with flavonoids (57, 121). The primary
procedures (Fig. 3) contain a) the coupling of flavonoid with
CNBr-activated Sepharose 4B beads in a coupling buffer; b)
the binding of the coupled flavonoid-Sepharose 4B beads
with cell lysates or recombinant protein kinase in a reaction
buffer; c) washing the binding complex with buffer to move
nonspecific binding; and d) the detection of proteins bound to
flavonoid-Sepharose 4B beads by immunoblotting assay with
specific antibody. This procedure enables the identification of
kinases directly interacting with flavonoids without any fur-
ther information on binding affinity or the functional category
of the binding sites. Therefore, it provides a very convenient
way to screen and identify the direct binding of flavonoids to
proteins.

On the other hand, it is noteworthy about the change in
surface properties of CNBr-activated Sepharose 4B after
coupling with flavonoids, for example, the hydrophobic or
hydrophilic and the electrostatic properties of the bead sur-
face, which are key factors that affect the absorption of bio-
logical molecules such as proteins. Most flavonoids have
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FIG. 2. Chemical structures of flavonoids reviewed in this
article.

been found to couple with CNBr-activated Sepharose 4B,
suggesting that CNBr-activated Sepharose 4B is a common
coupling beads for flavonoids. However, whether any kind of
these flavonoids coupled with Sepharose 4B can interact with
the interested proteins is not clear. Thus, Sepharose 4B alone
used as negative control is not appropriate any longer, al-
though it was used in some experiments. A negative protein is
required for control. As shown in Figure 3A, myricetin cou-
pled by CNBr-activated Sepharose 4B could bind to JAK1, Akt
and MEK1, but did not bind to EGFR.

B. Affinity analysis of flavonoid—protein
kinase interaction

There are two general technologies that have been reported
for analyzing the interactions of protein and flavonoid. One is
surface plasmon resonance (SPR) technology. Another is
quartz-crystal microbalance (QCM) technology. Both tech-
nologies can detect the interactions between protein and fla-
vonoid as a label-free manner.

1. SPR. SPR is an optical technology that uses the eva-
nescent wave phenomenon to measure changes in refrac-
tive index very close to a sensor surface. The binding of an
analyte in solution with its ligand immobilized on the sensor
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surface results in a change in the refractive index. The inter-
action is monitored in real time and the amount of bound
ligand and rates of association and dissociation can be mea-
sured with high precision. Thus, SPR is a powerful and ver-
satile spectroscopic method for biomolecular interaction
analysis (BIA) and has been well reviewed in previous years
(101, 135, 159). In the case of Biacore X (GE Healthcare UK Ltd,
Chalfont, United Kingdom), protein was immobilized on a
CMS5 sensor chip (research grade) using the amino coupling
kit. Aliquots of 40 ul of flavonoids in Hepes-EDTA buffer were
injected in the flow cell. Affinity between flavonoids and
protein was analyzed by BIA evaluation software 4.0 (187). It
has been reported that quercetin and its metabolites can bind
to myeloperoxidase (MPO) as inhibitors (187), using this SPR
method. Moreover, the cells also can be immobilized on such
sensor chips to detect the interaction of flavonoid—cell surface
(or membrane receptor). For example, the interaction between
EGCG and human basophilic KU812 cells was investigated,
using SPR biosensor SPR670. The cells were immobilized on
the sensor chip. EGCG was diluted at 25 uM in running buffer
in 60-pl injection volumes and added at a flow rate of 30-ul/
min. Binding was measured at 25°C for 2min. The value of
resonance unit is corresponded with the binding strength (68).
It has reported that EGCG can bind to 67-lamin receptor with
nM dissociation constant (Kd) value by SPR analysis (199).

2. QCM. QCM is a nanogram-sensitive technology that
utilizes acoustic waves generated by oscillating a piezoelec-
tric, single crystal quartz plate to measure mass. The basis of
QCM operation relates to quartz’s inherent property of pie-
zoelectricity. Piezoelectricity stems from the Greek word
piezin which means to press and the electricity that is gener-
ated by the pressure (22). QCM technology in nonbiological
applications has been well known for many decades. The core
component of the device is a thin quartz disk that is sand-
wiched between two evaporated metal electrodes, and is
commonly referred to as a thickness shear mode (TSM) res-
onator (43). Since oscillator circuits capable of exciting shear
vibrations of quartz resonators under liquid loading have
been developed, the QCM is accepted as a new powerful
technology to follow adsorption processes at solid-liquid in-
terfaces in chemical and biological research. In recent years,
there has been a rapid growth in the number of scientific re-
ports. QCM technology has played a key role in elucidating
various aspects of biological materials and their interactions,
including small molecular weight ligands, carbohydrates,
proteins, nucleic acids, viruses, bacteria, cells, and lipidic and
polymeric interfaces (43, 54, 214).

In our laboratory, we used a QCM AFFINIX Q instrument
(Initium, Tokyo, Japan) to investigate the affinity binding
activity between flavonoids and protein kinases since this
instrument is a very sensitive mass-measuring device. The
resonance frequency is decreased linearly with the increasing
mass on the QCM electrode at a nano gram level. Thus, it is
used to investigate molecule interactions in aqueous solu-
tions. The change in resonance frequency is recorded in real
time as delta F (Hz). The rate of delta F (Hz) is dependent on
both the amount of immobilized kinase and the concentra-
tion of flavonoids. Thus, it is essential to optimize the amount
of immobilized kinase before screening the interaction of
flavonoids-kinase, and to monitor a dose-dependent delta F
by different concentrations of flavonoids. Kd constant is ob-
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FIG. 3. Pull-down assay for detecting flavonoid—protein
kinase binding. The procedures contain (1) coupling flavo-
noid with CNBr-activated Sepharose 4B beads in a coupling
buffer [0.5 M NaCl and 35% DMSO (pH 8.3)] overnight at
4°C; (2) binding the coupled flavonoid-Sepharose 4B beads
with cell lysates or recombinant protein kinase in a reaction
buffer [S0mM Tris (pH 7.5), 5mM EDTA, 150mM NaCl,
1mM DTT, 0.01% Nonidet P-40, 2ug/ml BSA, 0.02mM
PMSF, and 1 ug protease inhibitor cocktail); (3) washing the
binding complex with 50 mM Tris (pH 7.5) buffer containing
5mM EDTA, 200 mM NaCl, 1 mM DTT, 0.02% Nonidet P-40,
and 0.02mm PMSF; (4) the proteins bound to the beads are
applied to SDS-PAGE and then detected by immunoblotting
assay with specific antibody.

tained by plotting the rate of steady-state delta F vs flavonoid
concentration, which can be calculated by software. A sample
procedure is shown in Figure 4.

Although many fundamental differences exist between
QCM and SPR technologies, there are nevertheless several
similarities between the physical principles of QCM and SPR
sensors (165). The QCM setup is relatively simple and less
expensive than SPR, but the frequency measurement is more
environmentally sensitive. SPR has probably better repro-
ducibility and reliability; however, relatively complex and
expensive instruments are needed (165).

3. [®H]-labeled flavonoids. Recent studies with a [°H]-
labeled EGCG showed that EGCG could bind with vimentin
(57), GRP-78 (58), Fyn (76), and ZAP-70 (188) proteins. The
target protein kinase was expressed by GST-fusion protein
and then incubated for immobilization with glutathione-
Sepharose 4B beads for 1h at room temperature. The affinity
binding assay was carried out overnight at 4°C in a 500 ul
reaction mixture containing reaction buffer [50 mM Tris, pH
7.5, 5mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet
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P-40, 2 ug/ml BSA, 0.02mM PMSF, 1x protease inhibitor
mixture] with 1ug of GST-fusion protein-Sepharose 4B or
GST-Sepharose 4B and 0.5 uCi of [*H] EGCG. For analyzing
concentration-dependent uptake, 39 pM to 50 uM concentra-
tions of cold EGCG were applied. The Kd was determined
through nonlinear regression analysis using the Prizm 4.0
software program (Graphpad Inc., San Diego, CA).

Kd represents the affinity between a flavonoid and a pro-
tein kinase. The smaller Kd, the higher the affinity between
flavonoid and protein kinase is. Since flavonoids are com-
monly pumped out of cells by efflux transporters, the intra-
cellular concentration of flavonoid is very low, ranging from
nM to low uM (79) even when administered at therapeutic
doses. Moreover, ATP can saturate the kinase catalytic site to
compete with flavonoids for binding. Thus, Kd assessing is a
very important primary step to screen the flavonoid—protein
kinase interaction in practice. A small Kd will be a highly
predictive of in vivo bioactivity of flavonoid.

C. Molecular modeling of flavonoid—protein
kinase docking

The X-ray crystallographic structures of protein kinase
bound to its inhibitors is important to identify their interaction
and to design more specific inhibitors. On the other hand, the
crystallization of protein kinase and its inhibitors depend on
the properties of both protein kinase and inhibitor. It is hard to
obtain the crystal in some cases. Thus, three-dimensional (3D)
pharmacophore modeling technology has been developed to
describe the interaction of a small molecule ligand with a
macromolecular target such as protein. Since chemical features
in a pharmacophore model are well known and highly trans-
parent for medicinal chemists, these models are intuitively
understandable and have been increasingly successful in com-
putational drug discovery in the past few years (111, 222).
Latest developments in 3D pharmacophore modeling pack-
agesinvolve Catalyst (106, 156a), Molecular Operating Environ-
ment (MOE) (140), Phase (55, 157), and LigandScout (220, 221).
The quantitative structure-activity relationship (QSAR) has
been developed to investigate the inhibitory effects of protein
kinase by flavonoids (75). Several studies have reported the
inhibitory activity of flavonoids against protein kinases, using
different descriptors and methods of modeling (62, 50, 148).

Here, we show the key technologies and steps of MOE
modeling packages (MOE, Version 2008.10, Chemical Com-
puting Group Inc., Montreal, Canada). MOE can perform
molecular modeling and simulations, cheminformatics and
high throughput discovery, pharmacophore modeling, pro-
tein modeling and bioinformatics, and structure-based drug
design. In our laboratory, we search for the flavonoid—protein
kinase binding site using MOE modeling package. Figure 5
shows the primary procedures for molecular modeling, using
Aktl and myricetin as examples. We first download the
crystal structure of the interested protein kinase (e.g., Aktl)
from Protein Data Bank (http: //www.rcsb.org/pdb/) (step 1),
and then delete crystallization water and other molecules
involved in protein kinase structure (step 2) due to crys-
tallization water exist in the X-ray crystallization of protein
kinase. At step 3, protein kinase structure is calculated for
hydrogenation, structure optimization, and forcefield setup
(MMFF94x), which is suitable to investigate flavonoid-
protein kinase docking. The candidate sites for ligand-binding
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FIG. 4. Affinity assay of flavonoid—protein kinase interaction, using QCM. The recombinant protein kinase (100 ng) is
immobilized into the QCM electrode plate for 1h at room temperature. After washing 5 times with a binding buffer [50 mM
Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2 ug/ml BSA, pH 8.0], electrode plate was soaked in the binding buffer at 25°C. Solvent
flavonoid was applied to the equilibrated solution. Flavonoid is then injected stepwise into the analysis chamber. (1). The
change in resonance frequency is real-timely recorded as delta F (Hz) (left panel), and (2) Kd constant is obtained by plotting

the rate of steady-state delta F vs. flavonoid concentration,
Japan).

sites will automatically found on target protein kinase surface
(step 4).The docking between candidate sites and flavonoid is
then simulated with ASEDock 2005 software (step 5). It has
four stages that consist of conformation search of the ligand,
assembly of ASEModel, posing, and optimization calculation
of energy. Finally, the molecular modeling for flavonoid—
protein kinase is established according to the docking data
(step 6). The modeling data calculated by MOE software sup-
port the flavonoid—protein kinase binding complex obtained
by pull-down and affinity assay. Moreover, the molecular
modeling of flavonoid-protein kinase will suggest their detail
binding sites and three-dimensional structure.

lll. Direct Binding and Molecular Modeling
of Flavonoids to Protein Kinases

Accumulated data have indicated that flavonoids might
exert their bioactivity by modulating intracellular signaling

which can be calculated by a software programm (AFFINIX,

cascades. In particular, some flavonoids have been demon-
strated to interact directly with protein kinases, which play a
key role in intracellular signaling cascades and carcinogene-
sis. In this section, we review those flavonoids that have been
demonstrated to bind directly with protein kinases and/or to
dock into the specific binding site of protein kinases. The
detailed information is reported according to flavonoids, in-
cluding myricetin, delphinidin, EGCG, quercetin, caffeic acid,
equol, resveratrol analogue (RSVL2), and procyanidin B2. The
direct binding and molecular modeling of these flavonoid—
protein kinases are summarized in Table 1.

A. Myricetin—-JAK1, Akt, MEK1, Fyn, MKK4, and PI3K

Myricetin is an abundant natural flavonoid found in
fruits, vegetables, and common drinks such as red wine,
garlic, guava, and onion juice. Myricetin has been reported
to have many biological activities (151). Recently, the fol-
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FIG. 5. Molecular modeling of
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flavonoid-protein kinase binding, using
MOE software. Protein kinase Akt and
flavonoid myricetin are used here as
examples. The procedures contain (1)
downloading the three-dimensional
structure of the interested protein kinase
(Akt) from PDB; (2) deleting the water
crystallization and/or other molecules
involved in protein kinase structure; (3)
performing a hydrogenation, structure
optimization, and forcefield setup
(MMFF%4x); (4) finding the candidate
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3. Hydrogenetion, Structure optimization,
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sites for ligand-binding sites on the tar-
get protein kinase surface; (5) docking
flavonoid (myricetin) into the candi-
date sites on the target protein kinase
with ASEDock 2005 software, which
includes conformation search of the
ligand, assembly of ASEModel, posing,
and optimization calculation of energy;
(6) molecular modeling based on the
docking data of flavonoid (myricetin)
into protein kinase (Aktl). The three-
dimensional structure of Aktl is ob-

4. Site finding
OH
OH
Y B |
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o0
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tained from PDB (ID: 3CQW).

6. Molecular modeling

lowing protein kinases have been reported to bind with
myricetin.

1. JAK1. The JAK family is one of nonreceptor tyrosine
protein kinases and plays a critical role in cellular survival,
proliferation, differentiation, and apoptosis. It is known that
JAK kinase is required for the tyrosine phosphorylation of
signal transducers and activators of transcription 3 (STAT3),
which is activated by cytokines and growth factors (162).
Myricetin is found to bind with JAK1. The Sepharose 4B-
myricetin-coupled beads bind with JAK1 either from purified
recombinant fusion GST-JAK1 (in vitro) or from mouse

JB6 cell lysates (ex vivo) (Fig. 6A) (112). Furthermore, a higher
affinity of myricetin to JAK1 was observed in a QCM elec-
trode plate immobilized by JAK1 (kinase domain) after add-
ing 10 uM and 20 uM of myricetin (Fig. 6B). Myricetin showed
rapid formation of the JAKl-myricetin complex. On the
contrary, piceatannol, which is a specific inhibitor for JAK1,
slowly reacts with JAK1, similar to the slow formation of
JAKl-antibody complex. The affinities of 20 uM myricetin
and 25uM piceatannol to JAK1 became similar at 30 min.
Additional cell signaling data further supported that the
direct binding of JAK1 by myricetin downregulated down-
stream molecular events including epidermal growth factor


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2816&iName=master.img-004.jpg&w=312&h=524

‘pauUTuLIgdP JOU “Pu

[c€] pu pu ‘pu (0212 x2 ‘04310 UT) UMOP TMNJ PIIN 79 urprue£d01g
[z] pu ‘pu pu (012 x3 ‘04310 UJ) UMOp NJ IS EIL 79 wprue£o01g
GIZNaT ‘TICIRA
‘607oUd ‘SPTISIN “LTTTBA (TIASY)
[86] ‘GT TN ‘FT 111 ‘66911 (£T11eA)-€ “(TT T10S)-€ dooy uoneandy (012 x3 ‘og10 UJ) UMOP TINJ IIHN  on3o[eue [01}RISASY
6LTIIN ‘GTgno]
“TITIEA ‘60734d
[9/] ‘CFTION “THTI ‘ST INST (LTTTeA)-2 dooy uoneandy (012 x3 ‘04310 UF) UMOp TNJ IIHN [fonbg
(09131v pue HOOD
[22] usamiaq 23pHIq Ies) (SPEusY)-¥ ‘(cveih1)-¢  ows Supulq-JLV (01 x2 “oag10 UJ) uMop NJ ukq pe dye)
(z8sren) -S
[cz1] pu (18891D)-F “(088NID)-€ “(ce8s41)-F  ays Surpuiq-JIv  ammyonys dnyderdofeysAn Aer-x OIgId ugadIen)
GIZNIT ‘TTICIRA ‘607Ud
[96] ‘TP ‘8T TNaT ‘66911 (Z2TreA)-2 ‘(21 T09)-.€ dooy uoneandy (0212 x2 ‘04310 UT) UMOP TNJ AN (UEERAC) Q)
(A £9¢°0= p) Aesse Ayunyy
(6] pu pu pu (0a1a x3 “oag10 UJ) UMOp NJ ukq 9094
((Z1¥e1V “STPNID)-Z (A £029°0= pYI) Aesse Luyyy
[geT] pu (6£7dsV)-.S (69€S4T1)-F “(98€NID)-,€ =S Surpuiq-J1V (0212 xa ‘oag10 u]) umop INd  04~dVZ DRk
[99] T0FIL ‘FHEIPIN (19 TUID)-S “(6FTRN)-€ “(EFSIAL)-F aj1s 01491501 (012 x3 ‘04310 UF) UMOP TNJ udq urprurdipq
[¥£] SIS G (Z2TreA)-2 (21 T09)-€ dooy uonreandy (0212 x2 ‘04310 UT) UMOP ] AN urprurydpg
[¥/] SIS ¢ saIs ¢ YO “(S6G41D)-,S “(865TUL)-F dooy uoneandy (03 X3 ‘04310 UJ) UMOp M J 1-Jey urprunydeg
(£98141)-2 *(#96dsV)-£ ‘S
[cs1] pu (c€8sA1)-G ‘7 “(¢88IBA)- ¥ .€  ams Surpuiq-J1y  amnyonnys dnyderdoqreysAi Lei-x IEld ugdLAN
9¢ZNaT “ISTIPN ‘8LTIRN
‘96TSAD “0ZTeIV (18T39N o sdnoig sprure pue [Luoqied)- ¥
[18] ‘9T TIBA “S80T9II ‘(£81847)-C “(£€2199)-¥ “(6LIN[D)-,£ S SuIpuiq-J1V (01 xa ‘04310 uUJ) umop Tnd PDIN uredLIAIN
90FeIV ‘96Ena]
‘9TEIeA “967CTV (€1 €NO)-£ (8£2UsV)-S
[¢z] FRTIBA ‘9/LTno] (FFEIPN)-F ‘(TFPENL ‘THENID)-€  9ms Surpuiq-J1Lv (01 X2 ‘04310 UJ) UMOp TMJ udq unLAN
[26] pu pu pu (012 X3 ‘o4g10 UT) UMOP TINJ AN uredLAIN
(W1 9z°0= p>I) Aesse Luyyy
[06] pu (0€TeIV)-Z “(262dsV)-€ “(FETNID)-,€ s Surpuiq-J1vV (01 xa ‘04310 UJ) UMOp TNJ PV uredLAIN
Kesse Lyugyy
[68] pu ‘pu ‘pu (0a1a x3 ‘oag1a up) umop [nJg ™Iv( unedLAIN
ERIIENEIEN UOI3ODAITUL (anpisai prov ounuw) ag1s Suipuig sisAjpuy Surpurg aspury prouoav]]
a1qoydoipAEy -uogisod O puoq uaSoipAry

Surgapouu ivnoajoN

HASVNIY NIHLOAJ—AIONOAVT] 40 NOILVINIOANI ONDIDO(] ANV ONIANIF LOFHII(J] 40 AAVININNG ‘T 14V ],

698



FLAVONOIDS AS DIRECT PROTEIN KINASE INHIBITORS
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FIG. 6. Myricetin binds directly to JAK1, Akt, and MEK1.
(A) Ex vivo pull-down assay. Three mg of myricetin was
coupled to CNBr-activated Sepharose 4B beads (25mg) in a
coupling buffer [0.5 M NaCl and 35% DMSO (pH 8.3)]
overnight at 4°C. The mixture was washed in 5 volumes of
coupling buffer and then centrifuged at 1000 rpm for 3 min at
4°C. The precipitate was resuspended in 5 volumes of 0.1 M
Tris-HCI buffer (pH 8.0) with 2h rotation at room tempera-
ture. After washing three times with 0.1 M acetate buffer (pH
4.0) containing 0.5 M NaCl, the mixture was further washed
with 0.1 M Tris-HCl (pH 8.0) buffer containing 0.5 M NaCl.
Mouse JB6 cell lysate (500 ug) was incubated at 4°C over-
night with Sepharose 4B beads or Sepharose 4B-flavonoid-
coupled beads (100pul, 50% slurry) in a reaction buffer
[50mM Tris (pH 7.5), 5mM EDTA, 150mM NaCl, 1mM
DTT, 0.01% Nonidet P-40, 2 ug/ml BSA, 0.02mM PMSF, and
1 ug protease inhibitor cocktail] (Fig. 3, Binding). The beads
were then washed 5 times with 50 mM Tris (pH 7.5) buffer
containing 5mM EDTA, 200mM NaCl, 1mM DTT, 0.02%
Nonidet P-40, and 0.02mM PMSF. Whole cell lysate (in-
put control, lane 1), lysates with Sepharose 4B beads alone
(negative control, lane 2) or with Sepharose 4B-myricetin-
coupled beads were applied to SDS-PAGE, and detected
with antibody against EGFR, JAK1, Akt or MEK1, respec-
tively, after transferring to membrane. (B) Affinity assay of
myricetin (10-20 uM) to JAK1 by QCM. GST-tagged JAK1
was immobilized on the electrode. DMSO was used as a
solvent control. JAK1 antibody was used as a positive con-
trol. Piceatanol (25 uM) is a JAK1-specific inhibitor and used
to compare with myricetin. The interaction of flavonoids
with the kinase is detected as Delta F. The affinity is ex-
pressed as Kd, which is calculated, using a given equation.
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(EGF)-induced STAT3 phosphorylation, DNA binding, and
cell transformation (112).

2. Akt. Akt, a Ser/Thr kinase, is a critical regulator in
many cellular processes, including cell growth, proliferation
and apoptosis (78). Up to date, more than 50 proteins have
been identified as phosphorylation substrates of Akt. Of these,
transcription factor, activator protein-1 (AP-1), nuclear factor-
kappa B (NF-«B), and cyclic AMP (cAMP)-response element
binding protein (CREB), have been identified as the primary
targets of Akt signaling. Myricetin has been reported to di-
rectly target Akt to inhibit cell transformation (113). Ex vivo
and in vitro binding data showed that myricetin directly
bound to the ATP-binding site of Akt. Affinity assays revealed
a higher binding affinity of myricetin to Akt (Kd =0.26 uM).
Molecular modeling data revealed that myricetin docked to
the pocket of the ATP-binding site, which is located in the
middle of the hinge connecting the N and C-lobe of Akt
(Fig. 7). Three hydrogen bonds were formed between the 3', 3,
and 7 positions of myricetin and Glu234, Asp292, or Ala 230
residues of Akt, which configured the binding pocket. When
myricetin is superposed on Akt, the hydrophobic surface
was formed at the pocket of ATP-binding site (Fig. 7). Addi-
tional cell signaling data further supported that the direct
binding and kinase activity inhibition of Akt by myricetin
downregulated downstream molecular events including 12-
O-tetradecanoylphorbol-13-acetate (TPA)-induced AP-1 acti-
vation, cyclin D1 expression, cell cycle progression, and cell
transformation (113).

3. MEK1. MEKI1 is a member of a dual-specificity family
of protein kinases and phosphorylate extracellular signal-
regulated kinase (ERK) 1/2 substrates. MEK1 is essential for
integrating signals into the MAPK pathway, and is an im-
portant regulator of various cellular processes, including
proliferation, migration, and survival (37, 169). Ex vivo bind-
ing data showed that myricetin directly bound with MEK1
(121). ATP addition did not compete with myricetin for
binding with MEK1 in vitro, suggesting that the binding of
myricetin to MEK1 was distinct from the ATP binding site.
Pull-down assay of Sepharose 4B-myricetin-coupled beads
with three MEK1 deletion mutants further identified that
myricetin directly bound to MEK1 without competing with
ATP. Additional cell signaling data revealed that the direct
binding of MEK1 by myricetin downregulated downstream
signaling to the ERK/p90 ribosomal S6 kinase (p90RSK)-AP-1
pathway and inhibited cell transformation (121).

4. Fyn. Fyn is a ubiquitously expressed member of the
Src family of nonreceptor tyrosine kinases that are involved in
transmitting signals from various cell surface receptors to
cytoplasmic signal transduction cascades. Fyn comprises four
domains: an N-terminal membrane-anchoring domain, a Src
homology 3 (SH3) domain, a SH2 domain, and a catalytic
kinase domain. The kinase domain of the enzyme consists of a
N-lobe and a C-lobe. The N- and C-lobes are linked through a
loop, which is referred to as the ‘hinge region,” and the ATP-
binding site is flanked by these two lobes. The backbone of
this loop interacts with the adenine moiety of ATP by hy-
drogen bonding. Fyn plays a critical role in T cell receptor
signaling, brain function, and cell adhesion-mediated signal-
ing, and cell transformation (173). Myricetin was found to
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directly bind to the ATP-binding site of Fyn (95). Modeling
data showed that myricetin is easily docked to the Fyn ATP-
binding site, which is located between the N and C-lobes of
the kinase domain (Fig. 8C). Myricetin can form hydrogen
bonds with the backbone of the hinge region of Fyn. The
hydroxyl group at the 4’ position works as a hydrogen
bonding acceptor in the interaction with the backbone amide
group of Met344, and the hydroxyl group at the 3’ positionis a
hydrogen bonding donor in the interaction with the backbone
carbonyl group of Glu342. At the same time, it can also work
as a hydrogen bonding acceptor to interact with the side chain
of Thr341. The hydroxyl group at the 7 position would make a
hydrogen bond with the side chain of Glu313 and the hy-
droxyl group at the 5 position could also form a hydro-
gen bond with the backbone carbonyl group of Asn278
(Fig. 8C). In addition, the inhibitor would be sandwiched
by hydrophobic residues, including Leu276, Val284, and
Ala296 from the N-lobe, and Val326, Leu396, and Ala406 from
the C-lobe, and thereby lead to a high inhibitory activity for
Fyn (Fig. 8C). Cell signaling data further revealed that the
direct binding of Fyn by myricetin attenuated ultra violet B
(UVB)-induced phosphorylation of MAPKSs, transactivation
of AP-1 and NF-xB, and expression of cyclooxygenase-2
(COX-2) (95).

5. MKK4. MKK4 is a component of stress-activated MAP
kinase signaling modules, and is expressed ubiquitously. It
directly phosphorylates and activates the c-Jun N-terminal
kinase (JNK) and p38 families of MAP kinases in response to
environmental stress, pro-inflammatory cytokines, and de-

lines. (Bottom) Myricetin is su-
perposed on the ATP-binding
site of Akt. The hydropho-
bic surface is formed at the
pocket. Pink: hydrogen bonds;
Green: hydrophobic; Blu: Mild
polar  surfaces. Hydrogen
bonds are indicated by yellow
line. (Partially modified from
Ref. 112.) (For interpretation of
the references to color in this
figure legend, the reader is re-
ferred to the web version of
this article at www.liebert

online.com/ars).

velopmental cues (218). Ex vivo and in vitro binding data re-
vealed that myricetin could bind to the ATP-binding site of
MKK4 (103). The docking data revealed that myricetin fits
easily onto the ATP-binding site of MKK4, located between
the N- and C-lobe of the kinase domain. Myricetin can form
hydrogen bonds with the backbone of the hinge region in
MKK4, as do other ATP-competitive kinase inhibitors. The
hydroxyl group at the 3’ position acts as a hydrogen bond
donor in the interaction with the carbonyl of Glul79. The
hydroxyl group at the 4’ position functions as a hydrogen
bond donor in the interaction with the carbonyl of Met181,
and also can function as a hydrogen bond acceptor in the
interaction with the amide group of Met181. The carbonyl
group at position 4 and the hydroxyl group at position 5 for
hydrogen bonds with the side chains of Ser233 and Lys187,
respectively. In addition, the inhibitor is sandwiched by the
side chains of the hydrophobic residues in the ATP-binding
site (e.g., Ala120, Met178, Ile108, Vall16, Cys156, Leu236, and
Met181). The surface of the putative myricetin-binding site in
MKK4 accommodates the compound without any steric col-
lision, leading to the high level of inhibitory activity against
MKK4. Cell signaling data supported that the direct binding
of MKK4 by myricetin attenuated tumor necrosis factor-
alpha (TNF-u)-induced JNK and ERK phosphorylation, AP-1
activation, and vascular endothelial growth factor (VEGF)
expression (103).

6. PIBK. PI3K is a lipid kinase that phosphorylates
phosphoinositides at the 3-hydroxyl. We enclose it in this
review since PI3K is involved in a large number of funda-
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A Caffeic acid

B Delphinidin

C Myricetin

FIG. 8. Molecular modeling of caffeic acid, delphinidin, and myricetin binding to Fyn. (Middle) The tube model of Fyn
structure from PDB (ID: 2DQ7). Pink points show the direct binding sites of these flavonoids with Fyn. White ellipse represents
the binding region of flavonoids with Fyn. (A) Caffeic acid—Fyn docking. Green line: caffeic acid; Purple line: backbone of Fyn;
Yellow line: activation loop site of Fyn; Arc line: van der waals interactions of caffeic acid to Fyn. Hydrogen bonds are indicated
by white line (99). (B) Delphinidin-Fyn docking. Green line: delphinidin; Purple line: backbone of Fyn; Yellow line: activation
loop site of Fyn; Arc line: van der waals interaction of delphinidin to Fyn. Hydrogen bonds are indicated by white line (88). (C)
Myricetin-Fyn docking. Green line: myricetin; Purple line: backbone of Fyn; Arc line: van der waals interactions of myricetin to
Fyn. Hydrogen bonds are indicated by white line (95). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www .liebertonline.com/ars).

mental cellular processes, including apoptosis, proliferation,
cell motility and adhesion, which in turn are involved in can-
cer (71). PI3K is a heterodimer that consists of a p85 regulatory
subunit and a pl10 catalytic subunit. The X-ray crystallo-
graphic structure of PI3Ky bound to myricetin revealed that
myricetin fits into the ATP-binding pocket with a Kd of
0.17 uM, which is slightly lower than that of quercetin. The
chromone moiety of myricetin interacts with the side chains of
Asp964, Tyr967, and Lys833 (211).

B. Delphinidin—Raf1, MEK1, Fyn

Delphinidin is a representative aglycone of dietary antho-
cyanins, which naturally occur in many fruits and vegetables
with intense color such as berries, red grapes, purple sweet
potato, and red cabbages (81). Accumulated data showed that
anthocyanidins scavenge reactive oxygen species (ROS) (81),
suppress cell transformation (83), inflammation (82, 85), tumor
cell invasion and angiogenesis (95, 213), and induce apoptosis
of cancer cells (84).

1. Raft and MEK1. Rafl is a Ser/Thr protein kinase, and
intimately involved in the transmission of cell regulatory

signals controlling proliferation and differentiation. The best
characterized Raf substrates are MEK1 and MEK2 (153). The
Sepharose 4B-delphinidin-coupled beads bound with Rafl
and MEK1 without competing ATP (96). Modeling data
showed that delphinidin is docked to the pocket separate
from the ATP-binding site by several hydrogen bonds and
hydrophobic interactions. Especially, the C-ring moiety of
delphinidin forms hydrogen bonds with the backbone car-
bonyl group of Gly595 and the side chain of Thr598 of the
activation loop of Rafl and thereby can stabilize the inactive
conformation of the activation loop of B-Raf. Interestingly,
delphinidin could be also docked to the pocket separate from
but adjacent to the ATP-binding site of MEK1 (Fig. 9A). The
interactions by the C-ring moiety are critical for the holding
of the activation loop of the inactive MEKI. The inactive
conformation of the activation loop can be stabilized by the
hydrophobic interactions of Val211 and Leu215, and the hy-
drogen bond of the backbone amide group of Ser212 with the
C-ring of delphinidin (Fig. 9A). Additional investigation on
cell signaling further revealed that the direct binding of Rafl
and MEK1 by delphinidin downregulated the phosphory-
lation of TPA-induced MEK1, ERK, p90RSK, and mitogen-
and stress-activated protein kinase (MSK). Consequently,


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2816&iName=master.img-007.jpg&w=425&h=306

702

delphinidin inhibited TPA-induced AP-1 and NF-«xB activa-
tion, COX-2 expression, and cell transformation.

2. Fyn. Ex vivo and in vitro binding data revealed that
delphinidin also directly bound to Fyn kinase non-
competitively with ATP (88). Docking data revealed that
delphinidin is docked to the putative allosteric site of Fyn
kinase (Fig. 8B). In the hypothetical structure of the Fyn
kinase-delphinidin complex, delphinidin can make hydrogen
bonds with the side chain of GIn161 and the backbone car-
bonyl group of Met249 in the SH2 domain, and with the
backbone carbonyl group of Tyr343 in the catalytic kinase
domain. Delphinidin can also interact hydrophobically with
Ile402 and Met344 of the kinase domain. The interaction
between the SH2 domain and delphinidin could influence
protein—protein interactions. The interaction with the kinase
domain could induce structural distortion of ATP or the
substrate binding site, and thus reduce the catalytic activity of
Fyn kinase allosterically (Fig. 8B). Thus, delphinidin inhibited
Fyn kinase activity by direct binding. Therefore, delphinidin
inhibited the phosphorylation of TNF-a-induced JNK, p38,
Akt, p90RSK, MSK1, and ERK. Consequently, delphinidin
inhibited the activation of TNF-o-induced AP-1 and NF-«B,
and COX-2 expression.

C. EGCG-ZAP-70, Fyn

EGCG is a major polyphenolic catechin in tea, and exerts
cancer preventive activity at a variety of organ sites (102),
including skin, lung, oral cavity, esophagus, stomach, small
intestine, colon, pancreas, and mammary gland (227, 228,
233).

1. ZAP-70. The ZAP-70 is a { chain-associated 70-kDa
protein of tyrosine kinase and plays a critical role in T cell
receptor-mediated signal transduction and the immune re-
sponse (30, 31). A high level of ZAP-70 expression is observed
in leukemia, which suggests ZAP-70 as a logical target for
immunomodulatory therapies (93). EGCG has been reported
to regulate cluster of differentiation 3 (CD3)-mediated T cell
receptor signaling in leukemia through the inhibition of ZAP-
70 kinase (188). EGCG was found to bind with ZAP-70 ex vivo
and in vitro with a binding affinity (Kd = 0.6207 uM). Mole-
cular modeling data, supported by site-directed mutagenesis
experiments, showed that EGCG could form a series of in-
termolecular hydrogen bonds and hydrophobic interactions
within the ATP-binding site, which may contribute to the
stability of the ZAP-70-EGCG complex. The hydroxyl groups
of EGCG at the A-ring, similar to other known protein kinase
inhibitors, appear to form two hydrogen bonds with the ki-
nase hinge region at the backbone carbonyl group of Glu415
and the amide group of Ala 417 (Fig. 10). The A-C-ring system
acts as an adenine mimic and likewise interacts with the front
cleft hydrophobic pocket. The gallate moiety (D-ring) occu-
pies mainly the hydrophilic and solvent-exposed pocket
covered by the G-loop. The side chains of lysine (Lys369) and
aspartate (Asp479) may form a network of hydrogen bonds
with the hydroxyl groups of the B-ring. In addition, the side
chain of Glu386 is expected to form a hydrogen bond with one
of the hydroxyl groups of this ring. The mutant experiments,
in which both Lys369 and Asp479 were substituted, further

HOU AND KUMAMOTO

suggest that Lys369 and Asp479 are required for the essential
interactions of ZAP-70 with EGCG within the catalytic site
(Fig. 10). Thus, EGCG effectively suppressed ZAP-70 by direct
binding, linker for the activation of T cells, phospholipase Cy1,
ERK, and MAPK kinase activities in CD3-activated T cell
leukemia. Consequently, the activation of AP-1 and interleu-
kin-2 (IL-2) induced by CD3 was dose-dependently inhibited
by EGCG treatment.

2. Fyn. An in vitro protein-binding assay revealed that
EGCG directly bound to the GST-Fyn-SH2 domain but not to
the GST-Fyn-SH3 domain, and inhibited kinase activity of
Fyn. The Kd value for EGCG binding to the Fyn SH2 domain
was 0.367+0.122 uM and Bmax was 1.35+0.128 nmol/mg
(76). Thus, EGCG could inhibit the phosphorylation of EGF-
induced p38, activating transcription factor-2 (ATF-2) and
STAT1 with attenuated cell transformation.

D. Quercetin-MEK1, PIBK

Quercetin is a flavonol ubiquitously present in plant-
derived foods and medicines. Its cancer-preventive effects
have been attributed to various mechanisms, including their
antioxidative activity, the inhibition of enzymes that activate
carcinogens, the modification of signal transduction path-
ways, and interactions with receptors and other proteins
(142).

1. MEK1. Quercetin is found to directly bind with Rafl
and MEKT1 ex vivo and in vitro. However, quercetin showed
stronger inhibition in kinase activity of MEKI1 than that in
Rafl (120). Interestingly, quercetin could be docked to the
pocket separate from but adjacent to the ATP-binding site of
MEK1 (Fig. 9B). The hydroxyl group at the 7 position can
make a hydrogen bond with the backbone carbonyl group of
Val127 in the ATP noncompetitive binding site. In addition,
several van der Waals interactions exist with the hydropho-
bic surface formed by I1e99, Ile141, Phe209, and Leul18. The
C-ring interacts with the residues in the activation loop of the
inactive MEKI1. Val211 and Leu215 form van der Waals in-
teractions with the C-ring of quercetin. The hydroxyl group at
the 3’ position of the C-ring can make a critical hydrogen bond
with the backbone amide group of Ser212. These interactions
of quercetin with the activation loop would lock MEK1 into a
catalytically inactive species by stabilizing the inactive con-
formation of the activation loop. Thus, quercetin inhibited
TPA-induced the phosphorylation of ERK and p90RSK, and
the activation of AP-1 and NF-xB. Consequently, quercetin
inhibited TPA-induced cell transformation (Fig. 9B).

It is noted that resveratrol and kaempferol showed weaker
inhibition on MEK1 activity than quercetin. The docking data
appear to explain the reason. Although the binding model of
resveratrol appears similar to that of quercetin, the 3’ position
of resveratrol is placed on the 3’ position of quercetin. However,
the lack of the hydroxyl group at the 3’ position of resveratrol
would result in the failure of the formation of the hydrogen
bond between resveratrol and the backbone amide group of
Ser212 (120). Kaempferol is a compound structurally related to
quercetin. The structural difference between kaempferol and
quercetin is only the lack of the hydroxyl group at the 3’ po-
sition, which results in the failure of the formation of the hy-
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FIG. 9. Molecular modeling of delphinidin, quercetin, and equol binding to MEKI1. (Top) The tube model of MEK1
structure from PDB (ID: 1S9]). Pink points show the direct binding sites of flavonoids with MEK1. White ellipse represents the
binding region of these flavonoids with MEK1. (A) Delphinidin-MEK1 docking. White line: delphinidin; Green line: PD318088;
Purple line: backbone of MEK1; Yellow line: activation loop site of MEK1; Arc line: van der waals interaction of delphinidin to
MEKI1. Hydrogen bonds are indicated by white line (96). (B) Quercetin-MEK1 docking. White line: quercetin; Green line:
PD318088; Purple line: backbone of MEK1; Yellow line: activation loop site of MEK1; Arc line: van der waals interaction of
quercetin to MEK1. Hydrogen bonds are indicated by blue line (120). (C) Equol docking. White line: equol; Green line: PD318088;
Purple line: backbone of MEK1; Yellow line: activation loop site of MEK1; Arc line: van der waals interactions of equol to MEK1.
Hydrogen bonds are indicated by blue line (98). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www liebertonline.com/ars).

drogen bond between kaempferol and the backbone amide
group of Ser212 as the same reason as resveratrol (120).

2. PIBK. The X-ray crystallographic structure of PI3Ky
bound to quercetin revealed that quercetin fits into the ATP-
binding site with a Kd value of 0.28 uM, which is slightly
higher than that of myricetin (211). The PI3K complex has a
shift in the quercetin so that the chromone appears to make
three hydrogen bonds with the backbone of residues 880-882
in the linker region (208). Two of these hydrogen bonds are
formed with the chromone 3- and 5-hydroxyls. Additionally,
the ketone moiety interacts with the amide of Val-882 in a

manner analogous to the N1 of the ATP adenine. Cell sig-
naling investigation showed that the direct binding of PI3K by
quercetin inhibited PI3K kinase activity and downregulated
Akt signaling, including inhibition of AP-1 and NF-«B acti-
vation with attenuated matrix metalloproteinase-9 (MMP-9)
expression and cell migration (89).

E. Caffeic acid—Fyn

Caffeic acid is a major dietary hydroxycinnamic acid and
is derived from fruits, vegetables, grains, and coffee. Caffeic
acid has been reported to have many bioactivities although
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FIG. 10. Molecular modeling of ZAP-70 binding to EGCG. (Left) The tube model of ZAP-70 structure from PDB (ID:
1U59). Pink points show the directly binding sites of EGCG with ZAP-70. White ellipse represents the binding region of EGCG
with ZAP-70. (Right) EGCG-ZAP-70 docking. Yellow ellipse: the hydrophobic pocket; Dotted line: hydrogen bonds (188). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at

www liebertonline.com/ars).

caffeic acid is a nonflavonoid phenolic compound. Habitual
coffee consumption has been associated with a substantially
lower risk of mortality as well as degenerative, progressive, and
chronic diseases, including Alzheimer’s disease, Parkinson’s
disease, type 2 diabetes, and coronary heart disease (77, 147).

Pull-down assays revealed that caffeic acid directly bound
to Fyn noncompetitively with ATP (99). Modeling data
showed that caffeic acid is docked to the putative allosteric
site, rather than the ATP-binding site (92). Caffeic acid can
make a salt bridge with Arg160 of the SH2 domain and forms
hydrogen bonds with the backbone atoms of Tyr343 and
Asn345 in the hinge region of the kinase domain (Fig. 8A). In
addition, some hydrophobic interactions with Met249, 1402,
and M344 would also be possible. The interaction between the
SH2 domain and caffeic acid could have some influence on
protein—protein interaction through the SH2 domain. The
interaction with the hinge region could also induce some
structural distortion of the ATP-binding site; thus, reduce
the binding affinity of ATP and the catalytic activity of
the kinase domain allosterically (Fig. 8A). Cell signaling in-
vestigations showed that the direct binding of Fyn by caffeic
acid suppressed Fyn kinase activity and downregulated
MAPKSs signaling, COX-2 expression through the inhibition
of UVB-activated AP-1 and NF-«B activity in mice (99).

F. Equol-MEK1

Equol is a metabolite of daidzein, which is a major iso-
flavone of soybean (15). Soybean is an excellent source of
dietary phenolic substances in the Asian diet. In many cell
types, equol has higher activity than daidzein in terms of its
antioxidant properties and anticancer activity (98, 231). Pull-
down assays showed that equol directly bound to MEK1
without competing ATP (98). Modeling data further suggest
that equol is docked to a pocket separate from but adjacent to

the ATP-binding site similar to PD318088 (ATP noncompeti-
tive inhibitor of MEK1) as observed in the crystal structure of
the MEK1-PD318088 complex (Fig. 9C). The hydroxyl group
at the 7 position of equol can make a hydrogen bond with the
backbone carbonyl group of Val127 in the ATP noncompeti-
tive binding site. In addition, several van der Waals interac-
tions occur with the hydrophobic surface formed by Ile141,
Met143, Phe209, Val211, and Leul18. The benzyl ring moiety
of equol would interact with the residues in the activation
loop of the nonphosphorylated MEK1. Val211, Leu215, and
Met219 can form van der Waals interactions with the benzyl
ring of equol. The hydroxyl groups at the 4’ position can not
form any hydrogen bonds with the activation loop in the
model structure of MEK1. The putative interactions between
equol and the activation loop would lock MEK1 into a cata-
lytically inactive formation by stabilizing the inactive con-
formation of the activation loop (98).

Interestingly, daizein, having additional carbonyl group at
the 4 position, compared with equol is not docked to the ad-
jacent to the ATP-binding site of MEK1 as equol because the
carbonyl group of daidzein collides with the hydrophobic
surface formed by Phe209, Val211, and Leu118. It may be the
reason why equol had stronger inhibition on MEKI1 kinase
activity, the phosphorylation of downstream ERK and
P90RSK, and cell transformation than daizein (98).

G. RSVL-MEK1

RSVL, a phytoalexin polyphenol present in grapes and red
wines, has been shown to exert chemopreventive effects
against cancer based on its inhibition of cellular events asso-
ciated with tumor initiation, promotion and progression in
both cell culture and animal models (14, 115, 183). RSVL2 was
at least 10-fold more effective than RSVL in preventing EGF-
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induced cell transformation with less toxicity (185). Pull-
down assays showed that RSVL2 directly bound to MEK1 and
did not compete with ATP (122). GST-MEK1 1-206, containing
the N-terminal and binding region of PD184352 (ATP non-
competitive inhibitor of MEK1), interacted strongly with
RSVL2, whereas GST-MEK1 1-67, which contains only the
N-terminal, did not interact. Thus, RSVL2 is a potent inhibi-
tor of MEK1 without competing with ATP, and the bind-
ing region of RSVL2 with MEK1 appears similar to that of
the MEK1 inhibitor PD184352. Modeling data suggest that
RSVL2 is docked to a pocket separate from, but adjacent to the
ATP-binding site, in a manner similar to PD318088 as dem-
onstrated in the crystal structure of the MEK1-PD318088
complex. The hydroxyl groups at the A-ring of RSVL2 can
form a hydrogen bond with the backbone carbonyl group of
Val127 in the ATP noncompetitive binding site. In addition,
van der Waals interactions exist with the hydrophobic surface
formed by I1e99, Ile114, Met143, Val127, Phe209, and Leul15.
In particular, Phe209 interacts with the A-ring of RSVL2 in an
edge-to-face way similar to the interaction of PD318088 with
MEKI. The B-ring interacts with the residues in the activation
loop of the nonphosphorylated MEK1. Val211 and Leu215
form van der Waals interactions with the B-ring of the in-
hibitor. One of the hydroxyl groups at the meta position of the
B-ring forms a critical hydrogen bond with the backbone
amide group of Ser212. The interactions of RSVL2 with the
activation loop appear to lock MEK1 into a catalytically inert
enzyme by stabilizing the inactive conformation of the acti-
vation loop. Notably, the only structural difference between
RSVL2 and resveratrol is the additional 2 hydroxyl groups at
the meta positions of the B-ring. The lower inhibitory activity
of resveratrol may be due to the lack of the hydroxyl group at
the meta position of the B-ring. The absence of this hydroxyl
group can prevent resveratrol to form a hydrogen bond with
the backbone amide group of Ser212, which is the key inter-
action for stabilizing the inactive conformation of the activa-
tion loop. Additional cell signaling data further supported
that the direct binding of MEK1 by RSVL2 downregulated
downstream molecular events including TPA-induced the
phosphorylation of MEK1, ERK and p90RSK, AP-1 activation,
and cell transformation (122).

H. Procyanidins—MEK1, MKK4

Procyanidin B2 is a polyphenolic compound, widespread
in nature and in processed foodstuffs such as cocoa, chocolate,
red wine, and fruit juice. Cocoa exhibits higher antioxidant
activity than red wine, green tea, and black tea and exerts
beneficial effects on cardiovascular diseases, some types of can-
cers, and A f-induced neurotoxicity (215). Several lines of stud-
ies suggest that procyanidin B2 can exert several physiological
effects, such as antioxidant activity, antitumor effects, and
protection against DNA damage induced by Fe(II)/H,O (38).

1. MEK1. Pull down assays demonstrated that procya-
nidin B2 directly bound with MEK1 without competing with
ATP. A kinase assay revealed that procyanidin B2 inhibited
the kinase activity of MEK1. Therefore, TPA-induced MEK1/
ERK/p90RSK signaling was inhibited by procyanidin B2 with
attendant inhibition of AP-1 and NF-«B transcriptional ac-
tivities, and COX-2 expression and cell transformation (97).
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2. MKK4. Pull down assays revealed that procyanidin B2
directly bound to MKK4 and inhibited MKK4 activation to
attenuate 4-hydroxynonenal-induced apoptosis of PC12 cells
(38).

IV. Signaling Pathways Regulated by Direct Binding
of Flavonoid—-Protein Kinase

Cellular signal pathways play important roles in the control
of many fundamental cellular processes (150, 176). These
pathways trigger a wide variety of cellular events such as
increasing expression of detoxifying enzymes and/or anti-
oxidant enzymes, inhibiting cell cycle progression and cell
proliferation, inducing differentiation and apoptosis, inhibit-
ing expression and functional activation of oncogenes, in-
creasing expression of tumor-suppressor genes, and
inhibiting angiogenesis and metastasis by modulating cellular
signaling pathways (36,197). Most of these signal pathways
are regulated by protein kinases. Therefore, protein kinases
are now recognized as potential molecular targets for che-
moprevention by flavonoids (87). Flavonoids have been
found to have cancer chemoprevention by modulating some
cellular signal pathways. The direct binding of flavonoids to
these protein kinases gives direct evidence how flavonoids
modulate these cellular signaling pathways. According to the
information from recent publications, the following signaling
pathways are at least regulated through the direct binding of
protein kinases by flavonoids (Fig. 11).

A. PISK-Akt signaling

The PI3K-Akt pathway plays a critical role in mammalian
cell survival signaling and has been shown to be activated in
various cancers (12, 33, 40). PI3Ks belong to a conserved family
of lipid kinases that phosphorylate the 3'-hydroxyl group of
phosphoinositides. The PI3K superfamily is grouped into three
classes: [, I, and III (52). Furthermore, two subclass PI3K (class
IA and class IB) are included in class I PI3K, and the most
important PI3K proteins are those that belong to class IA in
regulating proliferation and tumorigenesis (16). PI3Ks have a
role in cancer. Increased levels of PI3K products have been seen
in colorectal tumors (158) and in breast cancers (70). Depho-
sphorylation of PI3K products by the lipid-phosphatase activ-
ity of PTEN suppresses tumor formation (18, 26, 223). The PI3K
inhibitors wortmannin and LY294002 have been crucial in
deciphering the roles of PI3Ks in cellular processes.

The most well-characterized product of PI3K reaction
is phosphatidylinositol-3,4,5-trisphosphate (PIP3), a critical
second messenger that recruits Akt for activation of multi-
ple cellular functions (232). It has been known that Akt is
activated by phospholipids binding and phosphorylation at
Thr308 by pyruvate dehydrogenase kinase 1 (PDK1) or at
Ser473 by ToRC2 (10). Akt is a serine/threonine kinase,
which comprises three highly homologous known as Aktl,
Akt2, and Akt3. They are products of distinct genes, but
exhibit greater than 80% homology at the amino acid level.
Each isoform possesses an N-terminal pleckstrin homology
(PH) domain of approximately 100 amino acids. The PH do-
main is followed with the kinase catalytic and regulatory
domains (146). Activated Akt functions to promote cell sur-
vival by inhibiting apoptosis through inactivation of several
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pro-apoptotic factors, including Bcl-2-associated death pro-
moter (Bad), Forkhead transcription factors, and caspase-9
(24, 27, 171). Studies have also shown that Akt regulates the
NF-«B pathway via phosphorylation and activation of the
molecules in the NF-xB signaling pathway (152, 170). Akt also
regulates AP-1 activation through phosphorylation of the
molecules in the MAPK signaling pathway. Thus, the PI3K-
Akt pathway is also considered to be an attractive target for
cancer prevention or treatment (126). Indeed, many small
molecules as Akt-specific inhibitors were investigated and
identified (114). Myricetin and quercetin have been found to
directly bind to the ATP-binding site of both PI3K (211) and
Akt (113) to alter PI3K-Akt-mediated signaling pathways and
downstream events, such as cell transformation inhibition
(Fig. 11).

B. Raf-MEK1-MAPK signaling

The MAPK pathway consists of a three-tiered kinase core
where a MAP3K (e.g., Raf) activates a MAP2K (e.g., MEK1/2)
that activates a MAPKSs (e.g., ERK, JNK, and p38), resulting in
the activation of NF-xB and AP-1 with cell growth and cell
survival (180, 182). Raf is a Ser/Thr kinase and is normally
activated by multiple events (34, 53, 60, 127, 226, 229). The
mammalian Raf gene family consists of A-Raf, B-Raf, and Raf-
1 (C-Raf). All three Raf family members are able to phos-
phorylate and activate MEK, but the different biochemical

potencies have been observed (B-Raf > Raf-1 >> A-Raf) (11).
MEK is a Tyr and Ser/Thr dual specificity protein kinase, and
its activity is positively regulated by Raf phosphorylation on
serine residues in the catalytic domain. ERK1 and 2 are
Ser/Thr kinases and their activities are positively regulated by
phosphorylation mediated by MEK1 and MEK2 (134). It has
been reported that MAPKSs are activated in several types of
cancer and that the activation of MAPKs is also linked to
cancer angiogenesis, invasion, and metastasis (61). Therefore,
the molecules in the MAPK pathway have also received in-
creasing attention as target molecules for cancer prevention
and therapy (134). In fact, inhibitors of Raf (e.g., L-779450,
ZM336372, and Bay43-9006) and MEK (e.g., PD98059, U0126,
PD184352, PD0325901, and array MEK inhibitors) and some
downstream targets have been developed, some of which are
used currently in clinical trials for cancer therapy (73, 128, 133,
134, 186).

Regarding flavonoids, it has been reported that caffeic
acid (99) delphinidin (88), EGCG (76), and myricetin (95)
bind directly with Fyn. Delphinidin (96) and quercetin (120)
bind directly with Rafl. Moreover, delphinidin (96), equol
(98), myricetin (121), RSVL2 (122), and quercetin (120) bind
directly with MEK1 (Fig. 11). Myricetin (103) and procya-
nidin (38) bind directly with MKK4. Additional cell signal-
ing data further supported that the direct binding of these
protein kinases by flavonoids downregulated downstream
molecular events including TPA-induced the phosphoryla-
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tion of MEK1, ERK, and p90RSK, AP-1 activation, and cell
transformation.

C. JAK-STATS signaling

The JAK-STAT pathway is one of the important signaling
pathways downstream of cytokine receptors, which signaling
regulates a variety of important cellular functions (90). JAK
family is one of ten recognized families of nonreceptor tyro-
sine kinases. Four members of this family, including JAK1,
JAK2, JAK3, and tyrosine kinase 2 (Tyk2), are found in
mammals. Seven JAK homology (JH) domains are identified
and numbered from carboxyl to the amino terminus. Both
tyrosine kinase domain (JH1) and pseudo-kinase domain
(JH2) are located at its carboxyl termini (155, 162, 225). The
tyrosine phosphorylation of STAT3 is mediated by the phos-
phorylation of JAK kinase (204).

STATs are DNA-binding transcriptional factors. To date,
STAT proteins were identified seven proteins in mammals,
such as STAT1, 2, 3,4, 5A, 5B, and 6. The C-terminal portion of
STATs contains several key elements required for STAT ac-
tivation and function, including in Src-homology 2 (SH2)
domain, and transactivation domain (190, 216, 217). In the N-
terminal portion, STATs contain the DNA-binding domain
(80,224). There is a high frequency of activation of Stat1, Stat3,
and Stat5 in human cancers, with higher incidence of abnor-
mal Stat3 activation in almost all the tumors studied (21, 23,
204). STAT3 have been reported to be constitutively activated
in a number of human malignancies including breast cancer,
lung cancer, head and neck cancer, brain tumors, melanoma,
multiple myeloma, lymphomas, acute myelocytic leukemia
(CLL), chronic lymphocytic leukemia (AML), large granular
lymphocyte (LGL), ovarian cancer, prostate cancer, renal cell
carcinoma, and pancreatic adenocarcinoma (107). Therefore,
the JAK1-STAT3 pathway has been suggested to play a crit-
ical role in cell transformation and carcinogenesis. We found
that myricetin directly bound with JAK1, and inhibited EGF-
induced STAT3 phosphorylation, DNA binding, and cell
transformation (112) (Fig. 11).

Flavonoids might exert modulatory effects in cells through
selective actions at different components of a number of
protein kinases, which may be independent of classical anti-
oxidant capacity. Oxidative stress has a diverse effect on
signaling pathways, particularly the MAP kinase cascade
(201, 205). There is strong evidence linking the activation of
JNK to neuronal loss in response to a wide array of pro-
apoptotic stimuli in both developmental and degenerative
death signaling (28, 49). In the context of oxidative insults in
neurons, JNK is activated by 4-HNE (25, 192), through re-
duced expression of SOD1(130), by hydrogen peroxide (44),
and by oxLDL (178). A number of flavonoids have been re-
ported to inhibit this activation (219). In addition to MAP
kinase, the modulation of signaling through Akt (47, 41, 45)
may also be important in neuronal survival. The activation of
Akt in some neurons has been shown to lead to an inhibition
of proteins linking to the cell death machinery, such as the
proapoptotic BAD (234) and caspases (20, 46), thus promoting
cell survival. BAD itself is regulated by phosphorylation of
two serine residues, Ser112 and Ser136 (234), of which, the
Ser136 site can be specifically phosphorylated by Akt (46, 51).
Thus, flavonoids acting these cascades will protect neuronal
survival against oxidative stress.
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Although selective inhibitory actions at these kinase cas-
cades may be beneficial in cancer, proliferative diseases,
inflammation, and neurodegeneration, they could be detre-
mental during development, particularly in the immature
nervous system, when protein kinase signaling regulates
survival, synaptogenesis, and neurite outgrowth (219). In
post mitotic neurons, MAP kinase and PI3K cascades have
been reported to regulate synaptic plasticity and memory
formation (154, 123, 198). Thus, flavonoid interactions
with these pathways could have unpredictable outcomes
and will be dependent on both the cell type and the disease
studied.

V. Binding Sites and Protein Kinase Selectivity
of Flavonoids

A. The sites of flavonoids binding to protein kinases

Protein kinase inhibitors discovered to date have been
found to bind with different sites of protein kinase, which
involve ATP-binding site, activation loop, and allosteric site.
Figure 12 shows a typical example of the binding sites of
MEK1 inhibitors. ATP is located in ATP-binding site by six
hydrogen bonds with the hinge region amino acids Glu144,
Met146, Ser150, Lys97, Lys192, and Ser194 of MEK1 (Fig.12A).
K252a, an ATP-competitive inhibitor (66), makes two hydro-
gen bonds with the hinge region amino acids Glul44 and
Met146 of MEK1 (Fig.12B). Inhibitor G8935 binds to the acti-
vation loop by hydrogen bonds with Asp208, Val211, and
Ser212 of MEK1 (Fig.12C). U0126 (66) binds to the allosteric
site by hydrogen bonds with Lys97, Asp208, Phe209, and
Val211 of MEK1 (Fig.12D).

The information for the sites of flavonoids binding to pro-
tein kinases is summarized in Table 1 according to up-dated
reports. Flavonoids can directly bind to protein kinases at
ATP-binding site, activation loop as well as allosteric site of
protein kinases.

1. ATP-binding site. ATP binds in the cleft with the ad-
enine ring forming hydrogen bonds with the protein kinase
‘hinge’, which is the segment connecting the amino- and
carboxy-terminal kinase domains. The ribose and triphos-
phate groups of ATP bind in a hydrophilic channel extending
to the substrate binding site that features conserved residues
that are essential to catalysis (56, 137, 202). Despite the fact
that the ATP-binding site is highly conserved among the
protein kinases (59, 19, 105), the architecture in the regions
proximal to the ATP-binding site does afford some key di-
versity. The binding site of ATP in protein kinases involves
five regions: (a) adenine region, (b) sugar region, (c) hydro-
phobic pocket (or selectivity pocket), (d) hydrophobic chan-
nel, and (e) phosphate binding region (59). The hydrophobic
pocket plays an important role for inhibitor selectivity. Its size
is typically controlled by two amino acid residues (e.g., at
positions 120 and 183 of PKA) (45). Thus, the hydrophobic
pocket is exploited by most of the protein kinase inhibitors,
but is not used by ATP.

The inhibitor that binds to the ATP binding site in an ATP-
mimetic manner is referred to type I inhibitor (235). Most ATP
competitive inhibitors are addressing one to three hydrogen
bonds to the amino acids located in the hinge region of the
target protein kinase, thereby mimicking the hydrogen bonds
that are normally formed by the adenine ring of ATP (125,
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FIG. 12. Binding sites of MEK1 inhibitors. The three-dimensional structure of MEK1 is obtained from PDB (ID: 159])
(Central). The binding sites and chemical structure of MEK1 inhibitors show (A) ATP-biding site bound with ATP; (B) ATP-
competitive inhibitor, K252a (66); (C) Activation-loop bound with G8935 (66); (D) Allosteric site bound with U0126 (74). The
amino acids of MEK1 involved in H-bonding with flavonoids are encircled.

202). Figure 12A shows the binding site of ATP and K252a in
MEK]1, an ATP-competitive inhibitor (66).

With regard to flavonoids binding to the ATP pocket, the
most plausible current hypothesis is that the chromenone
moiety of the flavonoid acts as a mimetic of the adenine

moiety of ATP. The number and substitution of hydroxyl
groups on the B-ring and the degree of unsaturation of the C2-
C3 bond appear important determinants of this particular
bioactivity. The property of the hydrophobic pocket of the
ATP-binding site as mentioned above appears the reason that
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different protein kinases can be selectively bound by some
flavonoids. Moreover, the architecture in the regions proximal
to the ATP-binding site also can afford some key diversity.
Mpyricetin is a case in point, which has been found to directly
bind to the ATP-pocket of Aktl (113) with hydrogen bonds of
Ala230, Glu234, and Asp292, MKK4 (103) with hydrogen
bonds of Glul79, Met181, Lys187, and Ser233, Fyn (95)
with hydrogen bonds of Asn278, Glu313, Glu342, Thr341,
and Met344, and PI3Ky (211) with hydrogen bonds of
Lys833, Val882, Tyr867, and Asp964 in ATP-mimetic manner
(Fig. 13).

2. Activation loop. The activation loop is conserved in all
protein kinases, and is important in regulating protein kinase
activity (2). The activation loop is marked by conserved DFG
and APE motifs (which refer to one-letter amino acid abbre-
viations) at the start and end of the loop, respectively. Ana-
lysis of multiple protein kinase inhibitor co-crystal structures
has revealed that all share a similar pharmacophore and
exploit a conserved set of hydrogen bonds to the activation
loop (144). The inhibitor-stabilized conformational rearrange-
ment of the activation loop demonstrates that the active site of
protein kinase is highly flexible and can be remodeled to ac-
commodate a variety of inhibitors (125). This type of inhibi-

tors is referred to type II inhibitor (235). Imatinib, an inhibitor
for ABL1, KIT, and PDGEFR (144), and sorafenib, an inhibitor
for KIT, PDGFR, and Raf (212), are found to bind at the acti-
vation loop. MEK1 inhibitors including G8935 (74) (Fig.12C),
PD098059, U0126, PD184352, and PD318088 (149) also bind at
the activation loop of MEK1 without ATP competition (63).

As a typical case of flavonoids, the C-ring of quercetin in-
teracts with the residues in the activation loop of the inactive
MEK1. Val211, and Leu215 form van der Waals interactions
with the C-ring of quercetin. The hydroxyl group at the 3’
position of the C ring can make a critical hydrogen bond with
the backbone amide group of Ser212. These interactions of
quercetin with the activation loop would lock MEK1 into a
catalytically inactive species by stabilizing the inactive con-
formation of the activation loop. The predicted binding mode
of quercetin is similar to that of PD318088. Interestingly,
kaempferol and resveratrol, two compounds structurally re-
lated to quercetin, have a lesser inhibitory effect on MEK1,
suggesting that the hydroxyl group at the 3’ position is im-
portant to interact with MEK1 (120).

3. Allosteric site. The allosteric site is outside the ATP-
binding site. This type of inhibitor, referred as allosteric in-
hibitor, modulates protein kinase activity in an allosteric
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manner, and tends to exhibit the highest degree of protein
kinase selectivity because they exploit binding sites and reg-
ulatory mechanisms that are unique to a particular protein
kinase (118). Allosteric regulation of protein function is a
fascinating and wide-ranging means of controlling protein
function. It encompasses a variety of triggers and an assort-
ment of mechanisms for relaying the signal from the allosteric
to the active site. The mechanisms can involve the opening or
closing of the active site, modification of the conformation of
the residues in the active site, changes to the rigidity or elec-
trostatic properties of the active site, alteration of the dynamic
properties of the protein as a whole or via a population shift in
the protein’s conformational ensemble. Indeed, allosteric ef-
fects may involve a combination of these mechanisms (118). In
drug discovery it may provide an alternative means of tar-
geting a protein by small-molecule drugs. The allosteric
binding site may provide a better target than the active site as,
being under less evolutionary pressure, may be more species
specific (174, 179). This type of inhibitors includes MEK1 and
MEK?2 inhibitor CI-1040 (149) and U0126 (66, 74, 206), IKK
inhibitor BMS-345541 (136), and Akt inhibitor Akt-I-1 (17,
124). The most well characterized allosteric kinase inhibitor is
CI-1040, which inhibits MEK1 and MEK2 by occupying a
pocket adjacent to the ATP-binding site (149). Figure 12D
shows the chemical structure of U0126 and its hydrogen
bonds with Lys97, Asp208, Phe209, and Val211 of MEK1 (66).

With regard to flavonoids, delphinidin has been reported to
directly bind to Fyn kinase noncompetitively with ATP (88).
Modeling data revealed that delphinidin was docked to the
putative allosteric site where rosmarinic acid was expected to
bind in the homology model structure of Fyn kinase (92). In
the hypothetical structure of the Fyn kinase-delphinidin
complex, delphinidin can make hydrogen bonds with the side
chain of GIn161 and the backbone carbonyl group of Met249
in the SH2 domain, and with the backbone carbonyl group of
Tyr343 in the catalytic kinase domain. Delphinidin appears
also to interact hydrophobically with [le402 and Met344 of the
kinase domain. The interaction between the SH2 domain and
delphinidin could influence protein-protein interactions.

Additionally, some small molecules form an irreversible
covalent bond to the active site of protein kinase, most fre-
quently by reacting with a nucleophilic cysteine residue. This
type of inhibitor is referred to as covalent inhibitors (235).
For example, the epidermal growth factor receptor (EGFR),
HKI-272 (163), and CL-387785 (109) are developed to target
a relatively rare cysteine residue located at the lip of the
ATP-binding site (67). In our knowledge, there is no report on
flavonoids as covalent inhibitors of protein kinases.

Several lines of studies have shown that one flavonoid can
inhibit several protein kinases. The structure of flavonoids
will determine whether they act as potent inhibitors of PKC,
tyrosine kinase, and PI3K (9, 65). The number and substitution
of hydroxyl groups on the B-ring and the degree of un-
saturation of the C2-C3 bond appear important determinants
of this particular bioactivity (9). Myricetin is a perfect example
because myricetin is found to directly bind with JAK1 (112),
PI3K (211), Akt (113), Fyn (95), MEK1 (121), and MKK4 (103)
(Fig. 11).

Therefore, the potential of flavonoids binding to protein
kinases will depend on both the structure of flavonoids (e.g.,
the number and position of hydroxyl group on the B-ring, and
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the degree of unsaturation of the C2-C3 bond of flavonoids)
and the properties of different protein kinase (e.g., selectivity
of ATP-pocket, the architecture in the adjacent to the ATP-
binding site).

B. Affinity of flavonoid binding to protein kinases

Flavonoids have been suggested as rich protein kinase in-
hibitors, but are not yet a much explored source of potentially
useful cancer chemopreventive and treatment drugs, al-
though these compounds have a variety of physiological ef-
fects in animals. The target affinity and selectivity of
flavonoid, compared with synthesized small compounds, are
considered to be important points. Although there are not
enough data to give a clear view about these properties, in-
teresting data were obtained in the affinity comparison of
PI3Ky kinase ATP-binding site by plant-derived flavonoid
quercetin and myricetin with the synthetic compound
LY294002 (211). Quercetin and the closely related myricetin
are plant-derived bioflavonoids, in particular, quercetin was
used as the lead compound on which a variety of derivatives,
including LY294002, were designed (208). LY294002 is a
synthetic inhibitor for PI3K. All of three inhibitors are com-
petitive inhibitors of ATP binding. The inhibitory activity
(expressed as ICsp) of quercetin, myricetin, and LY294002 on
PI3Ky are reported previously as 3.8 uM, 1.8 uM, and 1.4 uM,
respectively (Fig. 14). It is interested that their ICs, values
appear to be correlated with their affinities for PI3Ky because
the Kd of quercetin, myricetin, and LY294002 for PI3Ky are
0.28 uM, 0.17 uM, 0.21 uM, respectively (Fig.14). Surprisingly,
the interaction of LY294002 with PI3K is quite different with
that of quercetin as well as myricetin. The chromone moiety of
quercetin occupies the space filled by the morpholino ring of
LY294002. The 3',4'-dihydroxyphenyl moiety at the 2 position
of quercetin makes a putative hydrogen bond with NZ of
Lys833 (211). The hydrogen bond between the 3'-OH of
quercetin and the side chain of Lys833 mimics the interaction
made by the ketone moiety of LY294002. This means
that the chromone moiety of LY294002 is flipped 180" with
respect to binding model in the quercetin-PI3K complex (Fig.
14). The flip of the LY294002 orientation relative to quercetin
is possibly a consequence of the nonplanar morpholino group
(211).

C. Multiple targets vs. selectivity

A highly selective drug can target a single molecule re-
sponsible for the etiology of a disease. However, most dis-
eases involve multiple molecular abnormalities with more
than one dysfunctional protein. Therefore, drugs whose effi-
cacy is based on rebalancing the several proteins or events
that contribute to the etiology, pathogenesis, and progression
of a disease may be ideal (6). For example, sunitinib can target
VEGTF, platelet-derived growth factor (PDGF), KIT, and FMS-
like tyrosine kinase 3 (FLT3) receptor tyrosine kinase. Sor-
afenib can target VEGF, PDGF, and Raf/MEK/ERK (138).

Alterations in multiple cellular signaling pathways are fre-
quently found in many cancer cells. Perhaps this is the reason
why the specific inhibitors that target only one pathway, most
often failed in cancer treatment. The lack of selectivity of pro-
tein kinase inhibitor can sometimes be advantageous since
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(Class IA PI3K)
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LY294002 (PDB ID: 1E7V)
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FIG. 14. The characteristics of quercetin, myricetin, and synthetic LY294002 binding to PI3Ky. (Left) The chemical
structure of quercetin, myricetin, and LY294002; (Middle) the molecular modeling of quercetin, myricetin, and LY294002
superposed on the ATP-binding site of PI3Ky. The three-dimensional structure of the ATP-binding site of PI3Ky superposed
with quercetin, myricetin, and LY294002 are obtained from PDB (ID shown). (Right) The ICs, value and Kd constant of
quercetin, myricetin, and LY294002 binding to PI3Ky (211). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at www liebertonline.com/ars).

anticancer drugs that act on multiple tyrosine kinases are
thought to be more effective than those that are specific
in their mode of action (156). Flavonoids that can suppress
these multiple pathways would have great potential in cancer
chemoprevention and cancer treatment. On the other hand,
cross-reactivity with unrelated ATP-binding proteins is also a
frequent problem, resulting in undesirable side effects that
cause many protein kinase inhibitors to fail in either preclinical
or clinical development (19). Therefore, multiple targets and
side effect possibility of flavonoids as protein kinase inhibitors
are required to be clarified further.

It has been reported that the molecular targets of cancer
chemopreventive agents such as curcumin (5), resveratrol (3),
guggulsterone (189), silymarin (7), and indole-3-carbinol (4)
are similar to those currently being used to treat cancer. The
evidence indicates that most of the plant-based agents used in
traditional Ayurvedic and Chinese medicine contain a variety
of flavonoids, and do indeed suppress multiple pathways
(e.g., those of NF-xB, AP-1, JNK, COX-2, cyclin D1, matrix

metalloproteinase (MMP), inducible nitric oxide synthase
(iNOS), human epidermal growth factor receptor 2 (HER2),
EGEFR, B-cell lymphoma 2 (bcl-2), B-cell lymphoma-extra large
(bcl-XL), and TNF) (7, 8). Importantly, all of these signaling
pathways have been found malfunctioning in cancer cells,
resulting in cancer cell proliferation and inhibition of apo-
ptosis (100, 108, 131, 181, 196). Therefore, it is important to
design a strategy that could simultaneously target multiple
cellular signaling pathways so that cancer cells could get kil-
led effectively. Therefore, targeting multiple signaling by
natural flavonoids has opened a new avenue for cancer che-
moprevention and therapy. In fact, 48 of 65 drugs approved
for cancer treatment between 1981 and 2002 were natural
products, or based on natural products, or mimicked natural
products in one form or another (145).

Although the role of protein kinases was focused on car-
cinogenesis in this review, most protein kinases play roles in a
wide range of intracellular signaling that regulate cell prolif-
eration, differentiation, apoptosis, inflammation, and aging
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process (86, 197). Thus, flavonoids that directly bind these
protein kinases will exert multiple physiological functions
although they are required to be clarified in further studies.
Moreover, the proteins directly targeted by flavonoids are not
only limited to protein kinases to exert their physiological or
pharmacological effects. For example, it has been reported
that EGCG also can bind with vimentin and laminin to inhibit
cell proliferation (57, 199). The data accumulation in flavo-
noids-interacted proteins will give a more whole view to ex-
plain why flavonoids exert a wide range of physiological
functions in our body.

VI. Remarks and Perspectives

The data from ex vivo and in vitro experiments clearly in-
dicate that some flavonoids including myricetin, quercetin,
caffeic acid, daidzein (equol), delphinidin, EGCG, and re-
sveratrol analogue (RSVL2) can directly bind to some central
kinases such as PI3K, Akt, JAK1, Rafl, ZAP70, MEK1, MKK4,
and Fyn, which regulate multiple cell signaling pathways
in carcinogenesis processes. It is notable that one flavonoid
can bind several protein kinases to target multiple pathways.
Flavonoids with multiple targets will be ideal agents for
treating some chronic disease such cancer because these dis-
eases, especially cancer, always show alterations in multiple
cellular signaling pathways. Therefore, regulation of multiple
cell signaling pathways by flavonoids will control the be-
havior of cancer cells such as inhibition of cell growth and
apoptosis induction which are regulated by multiple path-
ways. On the other hand, future investigations of the flavo-
noid—protein kinase complex using X-ray crystallography are
required to elucidate the exact binding modes. Moreover,
works on the interactions between protein kinases and vari-
ous metabolites of flavonoids are also important to elucidate
the exact molecules of flavonoids, which exert the bioactive
function in vivo.
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Abbreviations Used

Af =amyloid beta
Akt/PKB = Akt/protein kinase B
AML = chronic lymphocytic leukemia
AP-1 = activator protein-1
ATEF-2 = activating transcription factor-2
ATP =adenosine triphosphate
Bad = Bcl-2-associated death promoter
Bcl-2 = B-cell lymphoma 2
Bcl-x; = B-cell lymphoma-extra large
BIA =biomolecular interaction analysis
CD3 = cluster of differentiation 3
CLL = acute myelocytic leukemia
CNBr = cyanogen bromide
COX-2 = cyclooxygenase-2

CREB = cyclic AMP (cAMP)-response element
binding protein
DMSO = dimethyl sulfoxide
EGCG = (-)-epigallocatechin 3-gallate
EGF = epidermal growth factor
EGFR = EGF receptor
ERK = extracellular signal-regulated kinase
FLT3 = FMS-like tyrosine kinase 3
GST = glutathione-S-transferase
HER2 = human epidermal growth factor
receptor 2
HO-1 = heme oxygenase-1
IL-2 = interleukin-2
iNOS = inducible nitric oxide synthase
JAK = janus kinase
JH = JAK homology
JNK = c¢-Jun N-terminal kinase
Kd = dissociation constant
LGL = large granular lymphocyte
MAPK = mitogen-activated protein kinase
MEK = mitogen-activated protein kinase
kinase
MKK4 = MAPK kinase 4
MMP-9 = matrix metalloproteinase-9
MOE = Molecular Operating Environment
MSK = mitogen- and stress-activated protein
kinase
NF-«B = nuclear factor-kappa B
NQO1 = NADPH: quinone oxidoreductase
P90RSK = p90 ribosomal S6 kinase
PDGF = platelet-derived growth factor
PDK = pyruvate dehydrogenase kinase
PH = pleckstrin homology
PI3K = phosphatidylinositol 3-kinase
PKA = protein kinase A
PKC = protein kinase C
QCM = quartz crystal microbalance
QSAR = quantitative structure-activity
relationship
RONS = reactive oxygen-nitrogen species
ROS = reactive oxygen species
RSVL = resveratrol
SDS-PAGE = sodium dodecyl sulfate-
polyacrylamide gel electrophoresis
SH = Src homology
SPR = surface plasmon resonance
Src = sarcoma
STAT = signal transducers and activators
of transcription
TNF-o. = tumor necrosis factor-alpha
TPA = 12-O-tetradecanoylphorbol-13-acetate
TSM = thickness shear mode
Tyk2 = tyrosine kinase 2
UVB = ultra violet B
VEGF = vascular endothelial growth factor
ZAP-70 = { chain-associated 70-kDa protein.
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