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Abstract
c-Jun NH2-terminal kinases (JNKs) and phosphatidylinositol 3-kinase (PI3-K) play critical roles
in chronic diseases such as cancer, type II diabetes, and obesity. We describe here the binding of
quercetagetin (3,3′,4′,5,6,7-hydroxyflavone), related flavonoids, and SP600125 to JNK1 and PI3-
K by ATP-competitive and IMAP-based FP assays and measure the effect of quercetagetin on
JNK1 and PI3-K activities. Quercetagetin attenuated the phosphorylation of c-Jun and AKT,
suppressed AP-1 and NF-κB promoter activities and also reduced cell transformation. It
attenuated tumor incidence and reduced tumor volumes in a two-stage skin carcinogenesis mouse
model.

Our crystallographic structure determination data show that quercetagetin binds to the ATP-
binding site of JNK1. Notably, the interaction between Lys55, Asp169, and Glu73 of JNK1 and
the catechol moiety of quercetagetin reorients the N-terminal lobe of JNK1, thereby improving
compatibility of the ligand with its binding site. The results of a theoretical docking study suggest
a binding mode of PI3-Kwith the hydroxyl groups of the catechol moiety forming hydrogen bonds
with the side chains of Asp964 and Asp841 in the p110γ catalytic subunit. These interactions
could contribute to the high inhibitory activity of quercetagetin against PI3-K. Our study suggests
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the potential use of quercetagetin in the prevention or therapy of cancer and other chronic
diseases.

Introduction
The c-Jun NH2-terminal kinases (JNKs) are a group of serine/threonine protein kinases that
are members of the mitogen-activated protein kinase (MAPK) family, which also includes
the extracellular signal regulated kinases (ERKs) and p38 kinases. JNK1 and JNK2 have a
broad tissue distribution, whereas JNK3 appears primarily to be localized to neuronal tissues
and cardiac myocytes 1. JNKs are potently activated by various inflammatory signals and
stressors, and expression of JNK proteins is frequently altered in human tumors and cancer
cells 2. Although some debate exists regarding the roles of JNKs in cancer, they are up-
regulated in several types of cancer, such as liver and prostate cancers. JNKs are best known
for their role in the activation of the c-Jun/activator protein-1 (AP-1) transcription-factor
complex. AP-1 activation is required for neoplastic transformation 6 and for skin tumor
formation in mice 7. Tumor formation is inhibited in c-Jun-knockout mice 8. A recent study
suggested that the interaction of the tumor suppressor p16INK4a with JNK1 can occur at the
same site where c-Jun binds, and it interferes with the phosphorylation and activation of c-
Jun in response to UV exposure 9. Additionally, JNKs are crucial mediators of obesity and
insulin resistance and potential targets in type II diabetes 10. Therefore, inhibition of JNKs
might provide clinical benefits in chronic disease.

The phosphatidylinositol 3-kinase (PI3-K)/AKT signaling pathway has been identified as a
key player in human cancer, including skin cancer 11, and is considered an attractive target
for cancer prevention or treatment. This pathway can also regulate JNKs. Sawyers and
colleagues recently showed, using an elegant screening technique, that JNK pathway
activation is a major consequence of PTEN loss, suggesting that PI3-K promotes cancer
progression by inducing the parallel activation of AKT and JNKs 12. PTEN deficiency
sensitizes cells to JNKs inhibition. Moreover, negative feedback regulation of PI3-K was
impaired in PTEN-null cells. Thus, dual JNKs and PI3-K inhibition might be a novel and
effective therapeutic approach in patients, preventing feedback and cross-talk.

Flavonoids have been known for some time for their general chemopreventive effects in
human health, which might be explained partially by the identification of the molecular
targets and their mechanism of action. An earlier, small-scale study examined the effects of
24 flavonoids on AP-1 transactivation and c-Jun phosphorylation in cell-based systems 15.
To identify a novel natural inhibitor of JNK1, we examined the activity of four
representative flavonoids (quercetagetin, quercetin, myricetin, and kaempferol) using an in
vitro kinase screening system. Only quercetagetin strongly suppressed JNK1 activity. Here,
we report the crystal structure of JNK1 bound to quercetagetin and the effects of
quercetagetin in in vitro and in vivo models. The results of a docking study suggest that PI3-
K is also a molecular target of quercetagetin.

Results
Crystal structure of the ternary JNK1–pepJIP1–quercetagetin complex

To investigate the molecular basis of the inhibition of JNK1 by quercetagetin (Figure 1A),
we determined the crystal structure of the JNK1–pepJIP1–quercetagetin ternary complex,
where pepJIP1 is a docking site peptide fragment of the scaffold protein JIP1. JNK1 consists
of N- and C-terminal lobes linked through a loop, the ‘hinge region.’ Interestingly, the N-
terminal lobe of JNK1 underwent substantial structural changes in our structure when
compared with the apo form 16. The whole N-terminal lobe region is rotated toward the C-
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terminal lobe, causing shifts of approximately 2.5 Å in peripheral segments (Figure 1B).
Similar rearrangement was observed in the structure of the JNK1-α1 isoform in complex
with a biaryl tetrazol inhibitor (A-82118; PDB-code 3O2M 17), which does not utilize the
ATP-binding site. Quercetagetin is located in the ATP-binding site and forms hydrogen
bonds with the protein (Figure 1C, D). The side chains of Lys55, Asp169, and Glu73 form a
network of hydrogen bonds with the 4-hydroxy group of the 3,4-dihydroxyphenyl part (the
catechol moiety) of the ligand, while the benzopyran portion forms hydrogen bonds with the
protein main chain of Glu109 and Met111 (in the hinge loop). The ligand forms additional
hydrophobic interactions with both non-polar faces of the binding cleft (Ile32, Val40, Ala53,
Met108, Val158, and Leu168 from the N- and C-terminal lobes). A water molecule in the
hydrogen-bonding network connects the 3,4-dihydroxyphenyl part of quercetagetin with the
Asp169 main-chain amide nitrogen and the Glu73 side-chain carboxy group. The movement
of the N-terminal lobe narrows the binding site, which allows the Lys55-NH2 group to form
a hydrogen bond with quercetagetin and moves Val158 and Leu168 approximately 2 Å
closer to the ligand. Additionally, the Lys30–Ala42 region of the N-terminal lobe folds over
and caps the binding site. The glycine-rich loop Gly33–Gly38 is substantially shifted in this
region, with the Gly35 Cα atom moving 6 Å toward the C-terminal lobe from its position in
the apo structure (Figure 1E). The adaptability of this region is a feature of many kinase
structures 18. All changes in the N-terminal lobe of JNK1 seem to improve the compatibility
of the ligand with the binding site and must be taken into account when designing JNK1-
specific inhibitors based on the apo structure.

Determination of IC50 values for JNK1 with the inhibitors quercetagetin and SP600125
using the IMAP system

Next, we examined the effect of quercetagetin and other flavonoids on JNK1 activity. In
vitro JNK1 kinase assays revealed that quercetagetin inhibited JNK1 activity more potently
than did SP600125 (a pharmacological JNK1 inhibitor). Quercetin, myricetin, and
kaempferol had no effect on JNK1 activity in vitro (Figure 2A). We next calculated IC50
values for quercetagetin and SP600125 using the IMAP assay system 19. The IC50 values for
quercetagetin and SP600125 were 4.6 μM and 5.2 μM, respectively (Figure 2B). These
values are in accord with the in vitro JNK1 kinase assay results.

Quercetagetin competes with ATP for binding to JNK1
Pull-down assays showed that active JNK1 binds to quercetagetin-conjugated Sepharose 4B
beads (Figure 2C, left panel, lane 3) but not to unconjugated Sepharose 4B beads (Figure
2C, left panel, lane 2). The input lane (Figure 2C, left panel, lane 1), to which 50 ng of
active JNK1 was loaded (as a marker), verified that the detected band represented JNK1.
Cell-based pull-down assays further revealed that quercetagetin strongly binds to UVB-
induced JNK1 in JB6 P+ cells (Figure 2C, right panel). Furthermore, the ability of
quercetagetin to bind to JNK1 varied according to ATP levels(Figure 2D), suggesting that,
as expected from its location in the ATP-binding site in the crystal structure, quercetagetin
competes with ATP.

Evaluation of the binding affinity of quercetagetin for JNK1 by docking analysis
The results of the docking procedure (Supplemental Table 1) are represented as Glide
docking scores. The Glide docking score is a semi-quantitative measure of binding energy.
The lower the value, the higher the binding affinity. The goal of the docking procedure is to
explain the preference of JNK1 for quercetagetin over the other flavonoids and SP600125.
The results indicate that quercetagetin had the lowest docking score, and thus the highest
binding affinity, under both sets of docking conditions (Supplemental Table 1). This can be
explained by consideration of the entropic terms in the docking score. Although the
interaction energy for the binding of SP600125 to JNK1 was lower than that for the tested
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flavonoids, SP600125 has a lower loss of entropy upon binding. The Glide scoring function
applied higher entropic penalties to the flavonoids. Consequently, their predicted binding
affinities were reduced. Considering this penalization, quercetagetin was predicted to have
the highest binding affinity, followed by SP600125, in agreement with the results of the
kinase assays. But it is clear that the differences in the flavonoid series are small, perhaps
not surprising in view of their related chemistry. Detailed ranking on the basis of these
calculations must obviously be viewed with caution.

Quercetagetin inhibits PI3-K activity through direct ATP-competitive binding
A previous study suggested that quercetin binds to PI3-K 22. Because the chemical structure
of quercetin is very similar to that of quercetagetin, we tested the interaction of
quercetagetin with PI3-K in a modeling study using the crystal structure of PI3-K in
complex with quercetin 22 and found that quercetagetin docked well to the ATP-binding site
of PI3-K (Figure 3A). The hydroxyl groups at the 3, 5, and 6 positions and the carbonyl
group at the 4 position can form hydrogen bonds with the backbone atoms of the hinge
region (amino acids 880–885). The hydroxyl groups at the 3′ and 4′ positions can form
hydrogen bonds with the side chains of Asp964 and Asp841, respectively. Additionally,
quercetagetin would be sandwiched by the side chains of the hydrophobic residues in the
ATP-binding site, including Met804, Trp812, Ile831, Leu838, Tyr867, and Ile879 from the
N-terminal lobe and Ala885, Met953, Phe961, and Ile963 from the C-terminal lobe. To
confirm that the interaction between PI3-K and quercetagetin leads to the suppression of
PI3-K activity, we tested PI3-K activity in vitro. At a concentration of 20 μM, quercetagetin
almost completely blocked PI3-K activity, the inhibitory effect being greater than that
observed with the specific PI3-K inhibitor LY294002 (Figure 3B). We performed a binding
assay and verified that quercetagetin directly interacts with PI3-K and competes with ATP
(Figure 3C and D). These findings suggest that PI3-K, like JNK1, is an important target of
quercetagetin.

Quercetagetin suppresses UVB-induced AP-1 and NF-κB transactivation and RasG12V- and
H-ras-induced cell transformation in JB6 P+ cells by targeting JNK1 and PI3-K

Consistent with the JNK1 and PI3-K kinase assay data, quercetagetin strongly suppressed
UVB-induced phosphorylation of c-Jun, AKT, and GSK3β, but not JNKs, ERKs, p90RSK,
p38, or MSK1 (Figure 4A, B). Quercetagetin inhibited UVB-induced transactivation of
AP-1 and NF-κB in a dose-dependent manner (Figure 4C). Previous studies showed that H-
Ras acts as a potent activator of the JNKs and PI3-K signaling pathways that lead to
neoplastic transformation. To examine the effects of quercetagetin on cell transformation,
we introduced Ras (RasG12V) expression vectors into NIH3T3 cells and conducted a focus-
forming assay. As expected, quercetagetin inhibited H-Ras-induced cell transformation and
RasG12V-induced focus formation in a dose-dependent manner (Figure 4D, E). At a
concentration of 5 μM, quercetagetin inhibited H-Ras-induced neoplastic cell transformation
by 73%. These findings suggest that quercetagetin suppresses cell transformation by
targeting JNK1 and PI3-K.

Quercetagetin inhibits UVB-induced skin tumorigenesis in an SKH-1 hairless mouse model
To investigate the pharmaceutical effect of quercetagetin, we used a two-stage mouse skin
tumorigenesis model. We found that quercetagetin significantly inhibited UVB-induced skin
cancer development (Figure 5A). Topical application of 4 or 20 nmol of quercetagetin to
mouse skin reduced tumor incidence by 32.0% and 46.7%, respectively (p < 0.001 vs the
UVB irradiation group, n = 10; Figure 5B). The volumes of the skin tumors that developed
in UVB-exposed mice were significantly reduced by quercetagetin treatment (Figure 5C).
Overall, these results indicate that quercetagetin might serve as an effective
chemopreventive agent against UVB-mediated skin cancer.

Baek et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2014 January 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Discussion
The development of clinically useful small-molecule kinase inhibitors has been a seminal
event in the world of chronic disease. Although many natural compounds have been shown
to regulate the activity of kinases in cell-based assays, fewer data exist to show that these
molecules can directly bind to and inhibit specific target proteins in vitro. In the present
study, we have shown, by X-ray crystallography, that JNK1 crystallizes as the apo form in
the more open configuration16. We observed the same crystal form without bound ligand,
even when ligand was present in the crystallization medium. The closed conformation,
however, only crystallizes in the presence of ligand, which has a well defined electron
density. Figure 1B is an overlay of the two experimental structures, the apo-form16 and the
complex described and documents the pronounced relative movement of the N-and C-
terminal domains upon ligand binding. Hinge bending in kinases is indeed well known and
has been seen already in the first cAMP-dependant protein kinase structures18. The
mechanism by which ligand binding induces hinge bending, however, is unclear. A
distinction between the two limiting cases, induced fit or conformational selection, requires
kinetic data for different ligand concentrations with a sufficient time resolution to identify
the initial reaction step, which would be unimolecular for conformational selection and
bimolecular for induced fit. We are not aware of any kinase system where these experiments
have been performed.

Quercetagetin is a direct ligand for the ATP-binding pocket of JNK1 (Figure 1).
Interestingly, the interaction between the Lys55–NH2 group and quercetagetin allows
movement and changes in the N-terminal lobe of JNK1. This feature improves compatibility
of the ligand with the binding site of JNK1 and is a unique binding mode. Quercetagetin
reaches much deeper into the ATP-binding pocket with its catechol side group than the
JNK1 inhibitor SP600125, making prominent contacts with Lys 55 and Glu73 through their
hydroxyl groups, which may trigger the aforementioned N-terminal lobe movement.
SP600152 binds to the P212121 crystal form (apo form) of JNK1 without causing substantial
structural rearrangements 16. Quercetagetin binds to JNK1 similar to quercetin-PIM1 kinase
(PDB ID: 2O3P 14). However the catechol moiety with its meta-hydroxyl pointing inside the
binding cleft in our JNK1-quercetagetin complex is rotated by 180° to that observed by
Holder et al. (PDB ID: 2O64 14) in the quercetagetin-PIM1 kinase complex. This difference
might be caused by different environments of the catechol group. That quercetagetin can
“adjust” to bind both PIM1 and JNK1 kinases by rotation of its only rotatable bond is
interesting. As a note of caution, the electron density of the quercetagetin ligand is best
interpreted as shown (meta-hydroxyl group ‘in’ (Figure 1D), but we cannot exclude partial
occupation by the alternative conformer (meta-hydroxyl group ‘out’). The interaction mode
in JNK1-quercetagetin is also similar to that shown in the structure of quercetin with
phosphatidylinositol 3-kinase γ (PDB ID: 1E8W 22). Thus, the 4-hydroxy group of the
catechol forms the majority of the hydrogen bonding, whereas in other structures, the
hydrogen bonds are formed by the 3-hydroxy group. Another unique feature of our structure
is the presence of a water molecule trapped below the ligand. Its presence suggests that
increasing ligand selectivity and affinity might be realized by introducing a polar group to
replace the water molecule. This was tested by changing the catechol moiety in silico to
pyrogallol, whereby the additional hydroxyl group occupies approximately the space of the
observed water molecule. The calculation of the glide score indicates a decrease (affinity
improvement) of 0.7 (Glide score −13.2) compared to quercetagetin. A hydroxymethyl
group would be even a closer mimic of the bound water and the corresponding quercetagetin
derivative indeed has a glide score of −14.1, the highest in the series.

Quercetagetin inhibited JNK1 activity more strongly than did quercetin, myricetin,
kaempferol, or SP600125. The IC50 value of quercetagetin, as determined by IMAP assay,
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was 4.6 μM in agreement with the in vitro JNK1 kinase assay. The binding of JNK1 and
quercetagetin in an ATP-competitive manner was confirmed in a pull-down assay (Figure
2C, D). To further evaluate the binding affinity of quercetagetin, quercetin, myricetin,
kaempferol, and SP600125, a series of docking simulations was created (Supplemental
Table 1). The docking confirmed the unusually deep placement of the quercetagetin
molecule in the pocket, which agreed with the observed structural and kinetic data. In the
predicted binding conformation of quercetagetin, however, the catechol ring was flipped by
180° compared with the X-ray crystal structure. Obviously, the complicated nature of the H-
bond pattern in this region, which is also influenced by the structural water molecule, is
difficult to model. Nevertheless, quercetagetin is predicted to have the highest binding
affinity for JNK1, followed by SP600126. Walker et al. presented X-ray crystallographic
structures of the PI3-K γ-quercetin complex, which binds in the ATP-binding pocket 22.
According to their structure, quercetin binds to PI3-K very differently from the JNK1 and
PIM1 kinase complexes. Because the chemical structures of quercetagetin and quercetin
have a high degree of similarity, we hypothesized that quercetagetin could also interact with
PI3-K. The results of a docking study indicated that quercetagetin is an ATP-competitive
inhibitor of PI3-K. Several hydrogen bonds and hydrophobic interactions are involved in the
binding of quercetagetin. Notably, the hydroxyl groups at the 3′ and 4′ positions form
hydrogen bonds with the side chains of Asp964 and Asp841 (Figure 3A). As shown
experimentally (Figure 3B, C, D), quercetagetin strongly inhibits PI3-K activity through
ATP-competitive binding, consistent with the above docking results.

In cell based-systems and an animal model, we examined the functional significance of the
binding of quercetagetin to JNK1 and PI3-K. In these studies, quercetagetin inhibited UVB-
induced phosphorylation of c-Jun and AKT in JB6 P+ cells, but had no effect on the
phosphorylation of ERKs or p38. Inhibition of JNKs and PI3-K signaling led to the
suppression of neoplastic transformation through inhibition of AP-1 and NF-κB (Figure 4).
Quercetagetin delayed the development of tumors and reduced tumor volumes in an SKH-1
hairless mice model (Figure 5). These cancer chemopreventive effects of quercetagetin
might be explained by its inhibitory effects on JNK1 and PI3-K activities. Overall, our
crystallographic findings, the accompanying biochemical data, and the cell based and animal
model data show that quercetagetin is a strong inhibitor of JNK1 and PI3-K and might have
practical implications for the prevention or therapy of cancer and other chronic diseases.

Materials and Methods
Protein Expression and Purification

To express JNK1 for structural analysis, the C-terminal truncated form of human JNK1α1
(residues 1–364) was amplified by a standard PCR-based cloning strategy. The PCR product
was inserted into the pET21b expression vector (Novagen) with a 6 His-tag at the C-
terminus and this plasmid was transformed into BL21(DE3) Escherichia coli cells. The
transformant cells were grown in LB medium at 37°C up to an A600 nm of 0.6. Protein
expression was induced by adding 1 mM IPTG, and the cells were grown for 15 h. Cells
were then harvested by centrifugation, resuspended in buffer A containing 50 mM HEPES
(pH 7.2), 10% glycerol, 100 mM NaCl, 2 mM β-mercaptoethanol, and protease inhibitors
(0.1 mM phenylmethylsulfonyl fluoride, 1 μg/ml leupeptin, 1 μg/ml pepstatin), and frozen
quickly by immersion in liquid nitrogen. Then, JNK1 was purified. Briefly, cells were
thawed, sonicated, and centrifuged. The supernatant fraction was passed through a 10 ml Ni-
NTA Superflow Column. The column was washed with resuspension buffer A and washed
again with buffer A plus 10 mM imidazole. The protein was then eluted with buffer A plus
250 mM imidazole. The eluted protein was dialyzed against buffer B (20 mM HEPES pH
7.0, 10% glycerol, 50 mM NaCl, 2 mM DTT) and applied to an SP-Sepharose cation-
exchange column. The column was washed with seven column volumes of buffer B, and
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bound protein was then eluted with a ten-column-volume linear gradient of 50–400 mM
NaCl. The eluted protein from the SP-Sepharose column was concentrated and passed over a
gel filtration column (Superdex 200) pre-equilibrated with buffer C (25 mM HEPES (pH
7.0), 5% glycerol, 50 mM NaCl, 10 mM DTT). Peak fractions were concentrated to 10 mg/
ml as measured by the Bradford method. Purity was judged to be > 98 % by Coomassie
Blue-stained SDS-PAGE.

Crystallization and Data Collection
Before the crystallization trial, the purified protein was mixed with a peptide fragment of
JIP1 (pepJIP1) with the sequence RPKRPTTLNLF at a molar ratio of 1:5 and incubated on
ice for 3 h to allow complex formation. To obtain the JNK1–pepJIP1–quercetagetin ternary
complex, the JNK1–pepJIP1 complex was mixed with a 10-fold excess of quercetagetin and
concentrated to approximately 10 mg/ml. Crystallization was achieved at 4°C by vapor
diffusion using the sitting drop method and a protein-to-well solution ratio of 1:1 with well
solution containing 2.1 M (NH4)2SO4 and 0.1 M Bis-Tris (pH 5.5). Single crystals grew
within 1 week to an average size of 0.3 × 0.1 × 0.1 mm. Crystals were transferred to
cryoprotectant solution containing well solution plus 25% (v/v) ethylene glycol for a few
seconds and then flash-frozen in liquid nitrogen. Datasets to 2.60 Å resolution were
collected at 100 K on the PXII beamline at the SLS synchrotron (Paul Scherrer Institute,
Switzerland) and processed using XDS and XSCALE software 23. Two different crystal
forms were measured, one of which belonged to the space group P212121. The unit cell
parameters were a = 61.24 Å, b = 80.31 Å, c = 83.36 Å. The second belonged to space group
I422, and its cell parameters were a = b = 172.37, c = 86.04. Both crystal types contained
one complex per asymmetric unit. Table I summarizes the statistics for data collection and
refinement.

Structure Determination and Refinement
The structures of the JNK1–pepJIP1–quercetagetin ternary complex was solved with the
molecular replacement program Phaser 24 using the N-and C-terminal domains of the
structure of the binary complex JNK1–pepJIP1 separately 16, PDB accession code 1UKH).
The crystals, which belonged to space group P212121, were isomorphous to the 1UKH unit
cells and did not contain interpretable ligand density. The other space group, I422, contained
an interpretable ligand density in the ATP-binding site. The model was subsequently
improved by rigid body refinement of the individual domains and restrained refinement
using Refmac software 25 and rebuilt using the Coot and X-fit programs 26. Water molecules
were added by Arp/Warp 27. The refinement statistics are summarized in Table I.

Accession Numbers
The coordinates of the crystal structure of the ternary complex JNK1-pepJIP1- quercetagetin
have been deposited in the Protein Data Bank under accession code 3V3V.

IMAP-based FP assay
An IMAP-based FP (Immobilized Metal Ion Affinity-Based Fluorescence Polarization)
assay was carried out in accordance with the instructions provided by Molecular Devices.
The IMAP reaction was carried out with recombinant JNK1 in 384-well black plates
containing serially diluted test compounds. The reaction contained 7.46 μM ATP, 100 nM
JNK1, 400 nM FITC-labeled JNK1 substrate peptide (LVEPLTPSGEAPNQK-5FAM-
COOH), 20 mM MOPS (pH 6.5), 1 mM DTT, 10 mM MgCl2, and 0.01% Brij35. It was
incubated for 1 h at room temperature with the addition of IMAP Binding Buffer (a 1:1200
dilution of IMAP Progressive Binding Reagent in 65% IMAP Progressive Binding Buffer
A/45% IMAP Progressive Binding Buffer B). Then the plate was read using a PHERAstar
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Plus microplate reader from BMG Labtech. The excitation and emission wavelengths were
485 nm with a bandwidth of 20 nm and 530 nm with a bandwidth of 25 nm, respectively.

Docking simulations
To further evaluate the binding affinity of quercetagetin in comparison with other
flavonoids, a series of docking simulations were performed. A set of 5 inhibitors (the
flavonoids quercetagetin, quercetin, myricetin, and kaempferol and the commercially
available inhibitor SP600126) was docked in the ATP-binding sites of two JNK1 structures:
1) JNK1 in complex with quercetagetin (reported in this manuscript) and 2) the apo-protein
structure (PDB ID 1UKH). A 25 Å simulation box was defined around the binding pocket.
The geometric center of the docking box was chosen to coincide with the molecule’s center
of mass. The docking procedure consisted of 3 stages: 1) inhibitor-receptor pose generation;
2) pose minimization; and 3) scoring of the final pose. After the first stage, 400 poses were
selected for energy minimization (100 steps of Steepest Descendant). The XP-scoring
function of Glide version 5.6 was used to evaluate the final pose. No constraints were
imposed on the system.

Molecular modeling and docking
Insight II (Accelrys, Inc., San Diego, CA) was used for docking studies and structure
analysis with the crystal coordinates of PI3-K in complex with quercetin (accession code
1E8W), available from the Protein Data Bank (http://www.rcsb.org/pdb/).Docking was
subsequently performed using the XP-scoring function of Glide version 5.6 (Schrödinger,
LLC, New York, NY, 2010). No constraints were imposed on the system. For each ligand,
400 poses were selected for energy minimization (100 steps Steepest Descent) and scoring.

In vitro JNK1 kinase assays
The in vitro kinase assay was conducted in accordance with the instructions provided by
Upstate Biotechnology. Briefly, each reaction contained 20 μL of assay dilution buffer [20
mmol/L MOPS (pH 7.2), 25 mM β-glycerophosphate, 5 mM EGTA, 1 mM sodium
orthovanadate (Na3VO4), 1 mM DTT] and a magnesium-ATP cocktail buffer. For JNK1,
the activating transcription factor 2 substrate peptide was included at a concentration of 3
μM. Active JNK1 protein (20 ng) and 10 μL of diluted [γ-32P]ATP solution were incubated
at 30°C for 10 min with the above assay buffer and substrate peptide, and then 15 μL
aliquots were transferred onto p81 paper, and washed three times with 0.75% phosphoric
acid (5 min per wash) and once with acetone (5 min). The incorporation of radioactivity was
determined using a scintillation counter (LS6500, Beckman Coulter). Each experiment was
performed in triplicate.

In vitro PI3-K kinase assay
Active PI3-K protein (100 ng) was incubated with quercetagetin for 10 min at 30°C. The
mixture was then incubated with 20 μL of 0.5 mg/ml phosphatidylinositol (Avanti Polar
Lipids, Alablaster, AC) for 5 min at room temperature and then incubated in reaction buffer
[100 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (pH 7.6), 50 mM MgCl2,
250 μM ATP] containing 10 μCi of [γ-32P]ATP for an additional 10 min at 30°C. The
reaction was stopped by adding 15 μL of 4 N HCl and 130 μL of chloroform:methanol
(1:1). After vortexing, 30 μL of the lower chloroform phase were spotted onto a 1%
potassium oxalate-coated silica gel plate, which had previously been activated through
incubation for 1 h at 110°C. The resulting 32P-labeled phosphatidylinositol-3-phosphate was
separated by thin-layer chromatography, and the radiolabeled spots were visualized by
autoradiography.
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Statistical analysis
As necessary, data are expressed as means ± S.D. or S.E., and significant differences were
determined using one-way ANOVA. A probability value of p < 0.05 was used as the
criterion for statistical significance. All analyses were performed using Statistical Analysis
Software (SAS, Inc.).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Quercetagetin is a direct ligand for the ATP-binding pocket of JNK1.

• Quercetagetin is also an ATP-competitive inhibitor of PI3-K.

• Quercetagetin inhibits JNK1 and PI3K activities, and suppresses cell
transformation.

• Quercetagetin delayed the development of tumors in an SKH-1 hairless mice
model.

• We report the potential use of quercetagetin in the prevention or therapy of
cancer.
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Figure 1.
Crystal structure of the ternary JNK1-pepJIP1-quercetagetin complex. A, chemical structure
of quercetagetin. B, structures of apo-JNK1 alone (blue) and in complex with quercetagetin
(green), presented as stereo ribbon plots. In the complex, the N-terminal lobe is shifted
substantially toward the C-terminal lobe and Lys55 assumes a different conformation to
form a hydrogen bond with the ligand. The glycine-rich loop (Gly33-Gly38) relocates to
cover the binding site. C, molecular interactions between quercetagetin and JNK1. Residues
involved in hydrophobic interactions are highlighted in bold, and those involved in hydrogen
bonding in italics. All hydrogen bonds are marked as dashed yellow lines. D, 2Fo-Fc omit-
map of quercetagetin electron density contoured at 1σ. The map was created without
quercetagetin in the starting model. The density data allowed unambiguous building of the
ligand molecule. The hydrogen bond formed with Lys55 is shown. E, enlarged view of the
Lys30-Ala42 region of the N-terminal lobe. Apo-JNK1 is shown in blue, and the complex
with quercetagetin in green. The region loses its beta-strand configuration upon binding, and
folds over and caps the binding site. The glycine-rich loop Gly33-Gly38 is substantially
shifted in this region, with the Gly35 moving by 6 Å toward the C-terminal lobe from its
position in the apo-structure.
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Figure 2.
Effects of quercetagetin on JNK1 activity. A, comparison of the effects of various
flavonoids and SP600125 on JNK1 activity. JNK1 kinase assays were performed as
described in Materials and Methods. Kinase activity is presented as percent inhibition
relative to the corresponding untreated control. Average 32P count was determined from the
results of three independent experiments. Data are presented as means ± S.D. Asterisks (*)
indicate significant differences in kinase activity between active JNK1 and individual
compounds and active JNK1 alone (kinase assays; P < 0.05). B, inhibition of JNK1 by
quercetagetin and SP600125 and comparison of the IC50 values in an IMAP-based FP assay.
An IMAP assay was performed as described in Materials and Methods. Each experiment
was performed in triplicate. The data point for quercetagetin titration above 100 μM is
affected by limited solubility and not included in the calculation and curve fitting. C, JNK1-
quercetagetin binding in vitro and ex vivo was confirmed by Western blotting using an
antibody against JNK1. Lane 1 (input control), JNK1 protein standard or lysate; lane 2
(control), JNK1 or lysate pulled down using Sepharose 4B beads; lane 3, JNK1 or lysate
pulled down using quercetagetin-Sepharose 4B affinity beads. D, quercetagetin competes
with ATP for binding to JNK1. Lane 1, input control; lane 2, negative control, indicating
that JNK1 cannot bind to Sepharose 4B; lane 3, positive control, indicating that JNK1 can
bind to quercetagetin-Sepharose 4B. Each experiment was performed three times.
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Figure 3.
Effects of quercetagetin on PI3-K activity. A, hypothetical model of PI3-K in complex with
quercetagetin. The N-terminal lobe, C-terminal lobe, and hinge region of the catalytic
domain are shown in yellow, cyan, and white, respectively. Quercetagetin (atomic color)
binds to the ATP-binding site in the catalytic domain of PI3-K. In the close-up view, the
hydrogen bonds are depicted as dashed lines, and the residues in gray ellipses are
hydrophobic residues interacting with quercetagetin. B, quercetagetin inhibits PI3-K activity
in vitro. The resulting 32P-labeled phosphatidylinositol-3-phosphate was measured as
described in Materials and Methods. C, quercetagetin specifically binds to the p110 subunit
of PI3-K in vitro and ex vivo, as confirmed by Western blotting with an antibody directed
against the p110 subunit. Lane 1, PI3-K protein standard or whole-cell lysate (input control);
lane 2, PI3-K or lysate precipitated with Sepharose 4B beads (control); lane 3, PI3-K or
whole-cell lysate pulled down using quercetagetin–Sepharose 4B affinity beads. D,
quercetagetin binds to PI3-K in an ATP-competitive manner. Lane 1, input control; lane 2,
negative control showing lack of binding of PI3-K to Sepharose 4B beads; lane 3, binding of
PI3-K to quercetagetin–Sepharose 4B (positive control); lanes 4 and 5, increasing
concentrations of ATP alter the binding of quercetagetin to PI3-K. Each experiment was
performed three times.
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Figure 4.
Effects of quercetagetin on UVB-induced JNKs and PI3-K signaling. A and B, quercetagetin
inhibits UVB-induced phosphorylation of c-Jun, AKT, and GSK3β, but not JNKs, ERKs,
p90RSK, p38, or MSK1. The data are representative of three independent experiments that
gave similar results. C, quercetagetin inhibits UVB-induced AP-1 and NF-κB
transactivation. Luciferase activity was assayed and AP-1 and NF-κB activities calculated
relative to the values for control cells (without UVB). Data are presented as means ± S.D. of
AP-1 and NF-κB luciferase activities obtained from three independent experiments. D,
quercetagetin inhibits RasG12V-induced focus formation. The data are representative of three
independent experiments that gave similar results. The graph shows the average number of
foci. E, effects of quercetagetin on H-Ras-induced cell transformation in untreated control
cells (a), and cells treated with quercetagetin at a concentration of 5 μM (b), 10 μM (c), or
20 μM (d). Data are presented as means ± S.D. of three independent experiments. The
asterisk (*) indicates a significant difference (p < 0.05) between groups untreated or treated
with quercetagetin. For D and E, cell colonies were counted under a microscope with the aid
of Image-Pro Plus software (v. 4).
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Figure 5.
Effect of quercetagetin on UVB-induced skin carcinogenesis and COX-2 expression in
SKH-1 hairless mice. A, external appearance of UVB-induced tumors. B, quercetagetin
strongly reduces the incidence of UVB-induced tumors in SKH-1 hairless mice. A tumor
was defined as an outgrowth of > 1 mm in diameter that persisted for 2 weeks or longer.
Tumor incidence and multiplicity were recorded each week until the end of the experiment.
C, quercetagetin strongly reduces UVB-induced tumor volume in mice. At the end of the
study, the dimensions of each tumor in each mouse were recorded. Tumor volume was
calculated using the hemiellipsoid model formula: Tumor volume = 1/2 (4π/3) (l/2) (w/2) h,
where l is the length, w is the width, and h is the height. The data were analyzed using SAS
software (SAS Institute, Cary, NC).

Baek et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2014 January 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Baek et al. Page 17

Table 1

Data Collection and refinement statistics

Data collection

Space group I422

Cell constants (Å) a=b= 172.37
c= 86.04

Resolution range (Å) 50 - 2.7

Wavelength (Å) 1.0

Observed reflections 138356

Unique reflections 13950

Whole range

 Completeness (%) 77.0*

 Rmerge 3.9

 I/σ(I) 26.33

Last shell

 Resolution range (Å) 2.7 – 2.8

 Completeness (%) 43.6

 Rmerge 15.5

 I/σ(I) 2.98

Refinement

No. of reflections 13278

Resolution (Å) 20 - 2.7

R-factor (%) 22.6

Rfree (%) 26.5

Average B (A2) 63.6

R.m.s. bond length (Å) 0.013

R.m.s. angles (°) 1.458

Content of asymmetric unit

No. of protein-ligand complexes 1

No. of protein residues/atoms 362/2898

No. of solvent molecules 27

*
The data statistics are reported with signal to noise cutoff equal to 2. Using this cutoff, the data are 77% complete. Without cutoff, the data are

99% complete.
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