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Abstract

Solar UV (sUV) is an important environmental carcinogen. Recent studies have shown that sUV is 

associated with numerous human skin disorders, such as wrinkle formation and inflammation. In 

this study, we found that the isoflavone, biochanin A, inhibited the expression of sUV-induced 

COX-2, which is a well-characterized sUV-induced enzyme, in both human HaCaT keratinocytes 

and JB6 P+ mouse skin epidermal cells. Several studies have demonstrated the beneficial effects 

of biochanin A. However, its direct molecular target is unknown. We found that biochanin A 

inhibited sUV-induced phosphorylation of MKK4/JNK/c-Jun and MKK3/6/p38/MSK1. Mixed-

lineage kinase 3 (MLK3) is an upstream kinase of MKK4 and MKK3/6. Thus, we evaluated the 

effect of biochanin A on MLK3. We found that sUV-induced MLK3 phosphorylation was not 

affected, whereas MLK3 kinase activity was significantly suppressed by biochanin A. 

Furthermore, direct binding of biochanin A in the MLK3 ATP-binding pocket was detected using 

pull-down assays. Computer modeling supported our observation that MLK3 is a novel target of 

biochanin A. These results suggest that biochanin A exerts chemopreventive effects by 

suppressing sUV-induced COX-2 expression mediated through MLK3 inhibition.
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1. Introduction

Human skin is constantly exposed to various environmental factors, such as solar UV (sUV). 

Many previous studies have reported that repetitive exposure of skin to sUV causes 

physiological changes such as sunburn [1], wrinkle formation [2], and inflammation [3]. 

sUV comprises three subtypes, UVA (320– 400 nm), UVB (280–320 nm), and UVC (200–

280 nm). UVC is blocked by the ozone layer, whereas human skin is exposed to UVA and 

UVB. sUV comprises approximately 95% UVA and 5% UVB. Accordingly, sUV is a 

suitable model for studies of physiological skin conditions.

Chronic inflammation is closely associated with several diseases, including cancer [4,5]. 

Thus, suppression of inflammation may be applicable as an anticancer strategy. 

Cyclooxygenases (COXs) are the rate-limiting enzymes for prostaglandin production from 

arachidonic acid and have two isoforms, COX-1 and COX-2. COX-1 is constitutively 

expressed, whereas COX-2 is an inducible isoform [6], which plays a critical role in 

carcinogenesis. Aberrant expression of COX-2 promotes cellular processes, including 

proliferation, angiogenesis, and differentiation [7,8]. In the skin, COX-2 is associated with 

skin homeostasis, but overexpression of COX-2 can result in pre-neoplastic skin phenotypes 

[9,10].

Previous studies indicated that COX-2 expression is regulated by inflammatory signaling 

pathways, such as the mitogen-activated protein kinase (MAPK) family of signaling proteins 

[11–13]. MAPK kinase kinase (MAP3K) phosphorylates MAP2K and subsequently 

activates MAPK [14]. Among the MAP3K family, mixed-lineage kinase 3 (MLK3) is well 

characterized and involved in many inflammatory signaling cascades, as well as cancer [15–

18]. Tibbles et al. reported that MLK3 directly phosphorylates SEK1 and MKK3/6, and 

subsequently activates the JNKs and p38 signaling pathways, respectively [19]. 

Additionally, Gallo and Johnson demonstrated that MLK3 regulates the JNKs and p38 

signaling pathways [20].

Isoflavones are major components of soy. Recent studies reported that isoflavones exert 

chemopreventive and anticancer effects [21–24], primarily due to their antioxidative 

activities [25,26]. However, reports have also suggested that isoflavones have phyto-

estrogenic effects [27] and function as small molecule inhibitors in cancer [28]. Biochanin A 

(Fig. 1A, upper) is an isoflavone found in red clover. Although biochanin A is known to 

have beneficial effects, its direct molecular target remains unknown [29–31].

Overall, we found that biochanin A inhibited sUV-induced COX-2 expression by directly 

targeting MLK3. Based on kinase assay data, we confirmed that biochaninA suppressed 

MLK3 kinase activity, and pull-down assays revealed an interaction between biochanin A 

and MLK3. Because several studies have indicated that MLK3 regulates the JNKs and p38 

signaling pathways by phosphorylating MKK4 and MKK3/6 [17,19,20,32], we hypothesized 

that attenuation of the MKK4/JNK/c-Jun and MKK3/6/p38/ MSK signaling pathways is 

caused by direct inhibition of MLK3 by biochanin A.
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2. Materials and methods

2.1. Materials

Biochanin A, phosphorylated MLK3 (Thr277/Ser281) and the β-actin antibody were 

purchased from Sigma–Aldrich (St. Louis, MO). The COX-2 primary antibody was obtained 

from Cayman Chemical (Ann Arbor, MI), and primary antibodies recognizing 

phosphorylated p38 (Tyr180/Tyr182), total p38, phosphorylated MEK (Ser217/221), total 

MEK, phosphorylated SEK1/MKK4 (MKK4, Ser257/Thr261), phosphorylated MKK3 

(Ser189)/6 (Ser207), total MKK3, phosphorylated c-Jun (Ser63), total c-Jun, phosphorylated 

MSK (Ser376), total MSK1, phosphorylated p90RSK (Thr359/Ser363), total p90RSK, 

phosphorylated MLK3, and total MLK3 were obtained from Cell Signaling Biotechnology 

(Beverly, MA). Antibodies to detect phosphorylated ERKs (Tyr204), total ERKs, total 

MKK4, phosphorylated JNKs, and total JNKs were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). G418 sulfate was obtained from Mediatech (Herndon, 

VA) and fetal bovine serum (FBS) was purchased from Gemini Bio-Products (West 

Sacramento, CA). CNBr-Sepharose 4B beads, [γ-32P]-ATP, and the chemiluminescence 

detection kit were obtained from GE Health-care (Piscataway, NJ). Dulbecco's Modified 

Eagle's Medium (DMEM) was purchased from Hyclone (San Diego, CA). The protein assay 

kit was obtained from Bio-Rad Laboratories (Hercules, CA).

2.2. Cell culture

Human HaCaT cells were cultured in DMEM supplemented with 10% FBS and 0.1% 

penicillin/streptomycin at 37 °C in a humidified atmosphere of 5% CO2. The JB6 P+ cell 

line was cultured in MEM supplemented with 5% FBS and 0.1% penicillin/streptomycin at 

37 °C in a humidified atmosphere of 5% CO2.

2.3. Cell cytotoxicity

To evaluate the cytotoxicity of biochanin A, HaCaT and JB6 P+ cells were cultured to 

confluence in 96-well plates. Then, the cells were treated with biochanin A for 24 h. Cell 

viability was analyzed using Cell Titer96 Aqueous One Solution (Promega, Madison, WI) 

by incubating with 20 μl of MTS solution for 1 h at 37 °C in a 5% CO2 incubator. The 

absorbance was read at 492 nm.

2.4. sUV irradiation systems

The source of solar UV was UVA-340 lamps purchased from QLab Corporation (Cleveland, 

OH). The UVA-340 lamps provide the best possible simulation of sunlight in the critical 

short wavelength region from 365 nm down to the solar cutoff of 295 nm with a peak 

emission of 340 nm. The percentage of UVA and UVB of UVA-340 lamps was measured 

by a UV meter and was 94.5% and 5.5% respectively. The dose of sUV used in this study 

was 90 kJ/m2.

2.5. Western blot analysis

HaCaT cells were cultured to 100% confluency and starved in serum-free DMEM for 24 h 

to eliminate FBS-mediated activation of protein kinases. Biochanin A was added to cells at 
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various concentrations (0, 10, 20 or 40 μM). After 1 h of biochanin A treatment, the cells 

were exposed to sUV (90 kJ/m2). The cells were harvested using lysis buffer [10 mM Tris 

(pH 7.5), 150 mM NaCl, 5 mM ethylene diamine tetraacetic acid (EDTA), 1% Triton X-100, 

1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol 

and protease inhibitor cocktail tablet]. Equal amounts of proteins were separated on 10% 

SDS-polyacrylamide gels. Subsequently, the proteins were transferred to Immobilon P 

membranes (Millipore, Billerica, MA). The membranes were blocked with 5% fat-free milk 

for 1 h, and incubated with specific primary antibodies at 4 °C overnight. Next, the proteins 

were hybridized with HRP-conjugated secondary antibodies and detected using a 

chemiluminescence detection kit (GE Healthcare, Pittsburgh, PA). The quantification of 

protein expression and phosphorylation in each band was analyzed using the Image J 

software program.

2.6. Luciferase assay for AP-1 transactivation

HaCaT cells were stably transfected with an AP-1 luciferase reporter plasmid. The cells 

were maintained in 10% FBS-DMEM containing 200 μg/ml of G418. After starvation for 24 

h in serum-free DMEM, biochanin A was added at various concentrations (0, 10, 20 and 40 

μM) for 1 h before sUV irradiation. At 1 h after sUV exposure, the cells were harvested 

using lysis buffer [0.1 M potassium phosphate buffer (pH 7.8), 1% Triton X-100, 1 mM 

DTT and 2 mM EDTA]. Luciferase activity was evaluated using a luminometer 

(Luminoskan Ascent; Thermo Electron, Helsinki, Finland). The results are shown as a 

comparison to untreated control cells exposed to sUV irradiation (100%).

2.7. MLK3, TAK1, and JNK1 kinase assays

Kinase activities of MLK3, TAK1, and JNK1 were measured according to the 

manufacturer's instructions (Millipore, Bedford, MA). Briefly, the specific enzymes were 

incubated with biochanin A (0, 10, 20 or 40 μM) at 30 °C for 20 min in assay buffer [20 mM 

MOPS (pH 7.2), 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate 

and 1 mM DTT]. Myelin basic protein (MBP) and a [γ-32P]-ATP solution were added to the 

mixture and incubated at 30 °C for 20 min in magnesium acetate–ATP cocktail buffer 

(Upstate Biotechnology Inc., Lake Placid, NY). Each sample (15 μl) was transferred onto 

p81 paper and the paper was then washed with 0.75% phosphoric acid and acetone for 5 

min. The specific kinase activities were estimated using a scintillation counter.

2.8. KinaseProfiler™ service

KinaseProfiler™ analysis was conducted by the Kinase Profiler™ service (MERCK 

Millipore) according to the protocols detailed at http://www.millipore.com/techpublications/

tech1/pf3036.

2.9. Preparation of biochanin A-CNBr-activated Sepharose 4B beads

CNBr-activated Sepharose 4B freeze-dried powder (GE Health-care, Pittsburgh, PA) was 

suspended in 30 mL of 1 mM HCl. Biochanin A (2 mg) was added to activated Sepharose 

4B in coupling buffer (0.1 M NaHCO3 [pH 8.3] and 0.5 M NaCl) and rotated at 4 °C 

overnight. The mixture was transferred to 0.1 M Tris–HCl buffer (pH 8.0) and rotated again 
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at 4 °C overnight. Uncoupled biochanin A was removed by washing with 0.1 M acetate 

buffer (pH 4.0) and 0.1 M Tris–HCl buffer (pH 8.0) containing 0.5 M NaCl.

2.10. Cell-based pull-down assays

HaCaT cell lysate (500 μg) was mixed with biochanin A–Sepharose 4B beads (100 μL) or 

Sepharose 4B beads alone and incubated in reaction buffer (50 mM Tris [pH 7.5], 5 mM 

EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40, 2 μg/ml bovine serum albumin, 

0.02 μM PMSF, and 1 × protease inhibitor mixture) overnight. Then the mixture was washed 

with washing buffer (50 mM Tris [pH 7.5], 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 

0.01% Nonidet P-40, and 0.02 mM PMSF) and the proteins were detected by 

immunoblotting. Briefly, the mixture was separated on 10% SDS-polyacrylamide gels and 

the proteins were transferred to Immobilon P membranes (Millipore, Billerica, MA). The 

membranes were blocked with 5% fat-free milk for 1 h, and incubated with a specific MLK3 

antibody at 4 °C overnight. Next, the proteins were hybridized with an HRP-conjugated 

secondary antibody and detected using a chemiluminescence detection kit (GE Healthcare, 

Pittsburgh, PA).

2.11. Computer modeling

The MLK3 (MAP3K11) structure was modeled by comparative modeling based on the 

MLK1 (MAP3K9) crystal structure. MLK1 and MLK3 have a high sequence similarity 

(77%). The MLK1 crystal structure was obtained from the RCSB Protein Data Bank (PDB 

entry: 3DTC). Alignment of the MLK1 and MLK3 sequences was performed using BLAST 

and edited in Prime v3.0. The secondary structure of MLK3 was predicted using SSpro. The 

3-D structure of MLK3 was built using Prime v3.0 and the loops in the binding site were 

refined and minimized. Glide v5.7 was used for the docking of MLK3 and biochanin A. 

Biochanin A was prepared using LigPrep v2.5, and then assigned AMSOL partial atom 

charges. Flexible docking was performed in the extra precision (XP) mode. The number of 

poses per ligand was set to 10 in the post-docking minimization. The default settings were 

used for all other parameters.

3. Results

3.1. Biochanin A suppresses sUV-induced COX-2 expression and AP-1 transactivation in 
HaCaT cells

Aberrant expression of COX-2 promotes skin inflammation [5,9,10]. We examined the 

effect of biochanin A on sUV-induced COX-2 expression in HaCaT and JB6 P+ cells. The 

concentrations of biochanin in the current study did not affect the viability of HaCaT or JB6 

P+ cells (Fig. 1A, lower). In agreement with a previous study [33], sUV exposure increased 

COX-2 expression, and pretreatment with biochanin A (10, 20 or 40 μM) reduced sUV-

induced COX-2 expression (Fig. 1B, C). AP-1 is a transcription factor for several 

inflammatory cytokines and cox-2 is a target gene of AP-1 [34]. Thus, we evaluated the 

effect of biochanin A on sUV-induced AP-1 transactivation using HaCaT cells stably 

transfected with a luciferase reporter plasmid bearing AP-1. We found that biochanin A (10, 

20 and 40 μM) significantly inhibited sUV-induced AP-1 transactivation (Fig. 1D). Thus, we 

Lim et al. Page 5

Biochem Pharmacol. Author manuscript; available in PMC 2014 November 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



concluded that biochanin A attenuated sUV-induced COX-2 expression at the transcriptional 

level.

3.2. Biochanin A inhibits sUV-induced MKK4/JNKs/c-Jun and MKK3/6/ p38/MSK, but not 
the MEK/ERKs/p90RSK, signaling pathway

Environmental sUV irradiation increases MAPK signaling [35] and subsequently induces 

COX-2 expression [36]. Thus, we evaluated the effect of biochanin A on the sUV-induced 

MAPK signaling pathway. While sUV exposure induced all MAPK signaling pathways 

(Fig. 2), pretreatment with biochanin A (0, 10, 20 and 40 μM) inhibited MKK4/JNKs/c-Jun 

and MKK3/6/p38/MSK phosphorylation (Fig. 2A, B). However, MEK/ERKs/p90RSK (Fig. 

2C) signaling was not affected by biochanin A. These results suggest that the biochanin A 

target is upstream of MKK4/JNKs/c-Jun and MKK3/ 6/p38/MSK.

3.3. MLK3 is a direct target of biochanin A in an in vitro sUV model

Because biochanin A inhibited MKK4/JNKs/c-Jun and MKK3/6/ p38/MSK signaling (Fig. 

2), we investigated its effect on MLK3 phosphorylation. Several reports have shown that 

MLK3 plays a role in the JNKs and p38 signaling pathways by directly phosphorylating 

MKK4 and MKK3/6 [19,20] and is associated with inflammation [37,38]. MLK3 was highly 

phosphorylated after sUV exposure; however, this phosphorylation was not inhibited by 

biochanin A (10, 20 and 40 μM) (Fig. 3A). Next, we evaluated the effect of biochanin A on 

MLK3 kinase activity in vitro. The in vitro kinase assay showed that biochanin A (10, 20 or 

40 μM) directly inhibited MLK3 kinase activity (Fig. 3B). To investigate whether biochanin 

A selectively suppresses MLK3 kinase activity, we examined its effect on TAK1 and JNK1 

kinase activities using an in vitro kinase assay. Results indicated that the kinase activity of 

TAK1 (Fig. 3C) or JNK1 (Fig. 3D) was not affected by biochanin A (10, 20 or 40 μM). The 

results of MERCK Millipore's KinaseProfiler™ service indicated that biochanin A did not 

inhibit any additional kinase tested (including ASK1, TAK1, TAO1, TAO2 and c-Raf) 

(Table 1). Overall, these results suggest that biochanin A selectively inhibits MLK3 kinase 

activity.

3.4. Biochanin A directly binds to the MLK3 ATP-binding pocket

In order for biochanin A to suppress kinase activity, it should bind to MLK3 directly. Thus, 

we examined MLK3 and biochanin A binding using in vitro and ex vivo binding assays. We 

found that biochanin A binds the MLK3 protein both in vitro (Fig. 4A) and in a cell lysate 

(Fig. 4B). If biochanin A binds to the MLK3 ATP-binding pocket, the binding should be 

reduced by the addition of ATP and results indicated that the binding between biochanin A 

and MLK3 was reduced by ATP in a dose-dependent manner (Fig. 4C). Based on these 

results, we conclude that biochanin A binds directly to the ATP-binding pocket of MLK3. 

Computer modeling provided supporting evidence that biochanin A occupies the ATP-

binding pocket of MLK3 (Fig. 5, left) and suggested that it forms hydrogen bonds with 

Ala83 and Arg90 (Fig. 5, right).
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4. Discussion

Biochanin A is an isoflavone and a major constituent of red clover [39,40]. Although many 

groups have demonstrated the beneficial effects of biochanin A, including an anti-

proliferation effect on squamous cell carcinoma [41], anti-inflammatory, immune 

suppressive [42], and LDL cholesterol-lowering effects [43], the direct mechanisms of 

action of biochanin A are not fully understood. Several proteins and signaling pathways 

have been suggested to mediate the mechanism of biochanin A's actions. Johnson et al. 

reported that biochanin A inhibited cell proliferation by suppressing ERKs and Akt 

phosphorylation [41]. However, to the best of our knowledge, no one has reported that 

MLK3 is a direct target of biochanin A.

In the present study, biochanin A inhibited sUV-induced COX-2 expression by targeting 

MLK3. MLK3 is an MAP3K protein, which mediates JNKs and p38 signaling pathways by 

phosphorylating MKK4 and MKK3/6, respectively [19,20]. Some studies have reported that 

MLK3 is associated with cancer development [17,44] and metabolic stress [16]. In the 

present study, biochanin A inhibited sUV-induced MKK4/JNKs/c-Jun and MKK3/6/p38/

MSK, but not MEK/ERKs/p90RSK signaling. Furthermore, we found that biochanin A 

reduces MLK3 kinase activity and directly binds in the MLK3 ATP-binding pocket. In 

contrast, biochanin A did not significantly affect TAK1 and JNK1 kinase activities. This 

suggests that biochanin A selectively inhibits MLK3. However, several studies have also 

reported the regulation of isoflavones on NF-kB signaling [45,46]. Thus, to confirm whether 

biochanin A affects sUV-induced NF-kB activation, further study is necessary for 

supporting the effect of biochanin A on COX-2 expression.

Recent studies have shown that the MEK/ERKs signaling pathway is also regulated by 

MLK3 [32,47,48]. However, in the present study, biochanin A suppressed MLK3 kinase 

activity, whereas the sUV-induced MEK/ERKs/p90RSK signaling pathway was unaffected. 

Thus, we concluded that MLK3 regulates MKK4/ JNKs/c-Jun and MKK3/6/p38/MSK, but 

not MEK/ERKs/p90RSK, signaling in a sUV-induced HaCaT cell-COX-2 expression 

model. To confirm this hypothesis, further studies using MLK3 knockdown or knockout 

models are required. Because the current study is the first to identify a direct target of 

biochanin A, additional in vivo and clinical studies will be helpful for explaining these 

findings.

Previous studies have shown that isoflavones exhibit phytoestrogenic activity [27]. 

However, Shemesh, et al. found that biochanin A did not have a high binding affinity to the 

estrogen receptor in vivo [49]. Thus, the effects of biochanin A on sUV-induced COX-2 

expression are not likely due to phyto-estrogenic activity. Although several groups have 

reported the biological activities of biochanin A, including apoptotic [31], anti-

hyperglycemic [50] and pytotoxic [51] effects, a direct target of biochanin A was not 

identified.

These results indicate that biochanin A directly suppresses MLK3 kinase activity by binding 

to its ATP pocket in HaCaT cells. Subsequent sUV-induced COX-2 expression was 

decreased, which resulted from suppression of MKK/JNKs/c-Jun and MKK3/6/p38/ MSK 
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signaling pathway. This study demonstrates a potential target of sUV-induced skin 

inflammation. Because a previous study indicated that biochanin A inhibits the NF-κB 

signaling pathway [52], the effect of biochanin A on sUV-induced NF-κB pathway should 

be investigated. To expand on the importance of this finding, in vivo or clinical studies will 

be required.
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Fig. 1. 
Effects of biochanin A on solar UV (sUV) induced cyclooxygenase (COX)-2 expression. 

(A) Chemical structure of biochanin (upper) and cytotoxicity of biochanin A against HaCaT 

and JB6 P+ cells (lower). The procedure for evaluating cytotoxicity is described in Section 

2. (B) and (C) Biochanin A inhibits sUV-induced COX-2 expression in human HaCaT (B) 

and mouse JB6 P+ (C) cells. After treatment with biochanin A (0, 10, 20, or 40 μM) for 1 h, 

2 the cells were irradiated with solar UV (sUV; 90 kJ/m2) and harvested after 1 h. The 

protein levels of COX-2 and β-actin were measured by Western blotting. Data are 
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representative of 3 independent experiments that provided similar results. The level of β-

actin was detected to verify equal loading of proteins. COX-2 expression was quantified 

using the Image J software program. (D) Biochanin A inhibits sUV-induced AP-1 

transactivation in HaCaT cells. After treatment with biochanin A (0, 10, 20, or 40 μM) for 1 

h, HaCaT cells transfected with an AP-1 luciferase plasmid were irradiated with sUV. Data 

are normalized to the transactivation of sUV-irradiated HaCaT cells (100%). The pound (# 

and ##) signs indicate significant differences at p < 0.01 and 0.001, respectively, compared 

to the sUV-treated group. The asterisks (**) indicate a significant induction of COX-2 (B, 

C) and AP-1 activity (D) induced by sUV. Representative blots from triplicate experiments 

with similar results are shown.

Lim et al. Page 13

Biochem Pharmacol. Author manuscript; available in PMC 2014 November 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. 
Effects of biochanin A on sUV-induced cellular signaling. (A)–(C) Biochanin A reduces 

sUV-induced MKK4/JNKs/c-Jun (A) and MKK3/6/p38/MSK (B) signaling, but not MEK/

ERKs/p90RSK (C) signaling, in HaCaT cells. Cells were treated with biochanin A for 1 h, 

and then exposed to sUV. At 30 min after sUV irradiation, cells were collected and the 

phosphorylated and non-phosphorylated protein levels were determined by Western blotting. 

Representative blots from duplicate experiments with similar results are shown.
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Fig. 3. 
Biochanin A inhibits MLK3 kinase activity. (A) After treatment with biochanin A for 1 h, 

HaCaT cells were treated with sUV. The protein levels of phosphorylated and total MLK3 

were measured by Western blotting. Phosphorylated MLK3 and total MLK3 were quantified 

using the Image J software program. (B) Biochanin A inhibits MLK3 kinase activity. Active 

MLK3 was incubated with biochanin A at the indicated concentrations for 15 min at 30 °C. 

MLK3 activity was measured as described in Section 2. (C) and (D) biochanin A does not 

affect TAK1 (C) or JNK1 (D) kinase activity. Active TAK1 or JNK1 (B) was incubated 

with biochanin A at the indicated concentrations for 15 min at 30 °C. Kinase activity was 

measured as described in Section 2. The asterisks (**) indicate a significant difference (p < 

0.001) compared to untreated kinase control, and the pound symbols (##) indicate a 

significant difference (p < 0.001) compared to the untreated kinase control group.
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Fig 4. 
Biochanin A directly binds to MLK3 in an ATP-competitive manner. (A) the MLK3-

biochanin A binding in vitro was confirmed by immunoblotting using an antibody against 

MLK3; first lane (input control), MLK3 protein standards; second lane (control), Sepharose 

4B used to pull down MLK3 as described in Section 2; third lane, MLK3 pulled down using 

biochanin A–Sepharose 4B affinity beads. (B) the MLK3-biochanin A binding ex vivo was 

investigated by immunoblotting using an antibody against MLK3; first lane (input control), 

whole-cell lysate from HaCaT cells; second lane (control), a lysate of HaCaT cells 

precipitated with Sepharose 4B beads as described in Section 2; third lane, whole-cell lysate 

from HaCaT cells precipitated by biochanin A–Sepharose 4B affinity beads as described in 

Section 2. (C) ATP at concentrations of 1, 10, or 100 μM was incubated with the MLK3 

active protein for 1 h. Then the MLK3 protein was precipitated with biochanin A– 

Sepharose 4B affinity beads as described in Section 2. Representative blots from duplicate 

experiments with similar results are shown.
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Fig. 5. 
Binding mode of biochanin A with MLK3. Biochanin A is docked into the ATP-binding site 

of MLK3. Interaction of biochanin A with MLK3 (enlarged view). MLK3 is shown as a 

cartoon and side chains are shown as sticks. Biochanin A is shown in stick.

Lim et al. Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2014 November 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Lim et al. Page 18

Table 1

Specificity of biochanin A against mitogen-activated kinase related kinases.

Kinase Relative kinase activity (% of untreated control)

ASK1 (h) 103 ± 0

c-RAF (h) 86 ± 10

JNK1α1 (h) 98 ± 2

MAPK1 (h) 89 ± 4

MEK1 (h) 75 ± 7

MKK4 (m) 104 ± 3

MKK6 (h) 109 ± 5

MKK7β (h) 89 ± 6

MSK1 (h) 85 ± 5

PKBα (h) 101 ± 8

Rsk2 (h) 80 ± 5

SAPK2a (h) 88 ± 3

TAK1 (h) 91 ± 6

TAO1 (h) 80 ± 1

TAO2 (h) 84 ± 5
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