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Kaempferol is a potent inhibitor of recombinant human

protein kinase CK2 holoenzyme in vitro

LIN Xiao-Cong', LIU Xin-Guang'* , CHEN Wei-Zhu', CHEN Xiao-Wen'?, LIANG Nian-Ci'
(1. Institute of Biochemistry and Molecular Biology , Guangdong Medical College , Zhanjiang 524023, China;

2. Pediatrics Institute of Shenzhen Children's Hospital , Shenzhen

Abstract: AIM
kinase CK2,
kaempferol on recombinant human protein kinase CK2
METHODS

Cloning, prokaryotic expression and purification of human

In order to search inhibitors of protein
we observed the inhibitory effects of
holoenzyme and its kinetics in witro.
protein kinase CK2 o' and [ subunits by gene engineer-
ing, the two subunits were mixed at equal molar ratio to
reconstitute CK2 holoenzyme and identify its biological
properties. The CK2 activity was assayed by detecting in-
corporation of 2P of [v-2P]ATP into the substrate. The
inhibitory effect of kaempferol on CK2 was assayed in the
presence of different concentrations of kaempferol . Kinetic
analysis of kaempferol-induced inhibition was carried out
in the condition that casein concentration was fixed at 2
g*L™" and ATP was changed at various concentrations
(10, 20, 40, 80 pmol'L_l), or ATP was fixed at 10
pmol - L™ ! and casein was changed at different concentra-
tions (1, 2, 4, 8 g'L’]). RESULTS Kaempferol was
shown to strongly inhibit the holoenzyme activity of recom-
binant human protein kinase CK2 with 1Csy of 1.9 pmol *
L~!, which was more effective than chrysin, morin and
genistein which are both known as CK2 special inhibitors.
Kinetic studies of kaempferol on recombinant human CK2
showed that kaempferol acted as a noncompetitive in-
hibitor with substrate ATP(K; = 1.1 pmol L") and
casein ( K; = 3. 1 pmol - L-'). CONCLUSION
Kaempferol is a novel potent inhibitor of protein kinase
CK2 in witro.
inhibitors of CK2 may adopt different orientations in the

Discussions indicate that flavonoid
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active site of CK2 and that these are determined by the
number and position of their hydroxyl groups.
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Protein kinase CK2 is a ubiquitous and
pleiotropic Ser/Thr protein kinase composed of two
catalytic (a and/or ') and two regulatory ({3)
subunits generally combined to form apf3;,a’sf3; or
aa'B, heterotetramers' 3. Over 300 well-charac-
terized substrates of CK2 are currently known.
Among them are nuclear and cytoplasmic enzymes
and structural proteins which play important roles
in transcription, translation, signal transduction,
cell-cycle regulation, etc'¥ . CK2 has some fea-
tures unusual among the eukaryotic protein kinas-
es: (D CK2 recognizes phosphoacceptor sites
specified by several acidic determinants; 2) CK2
can use both ATP and GTP as phosphoryl donors;
and @ the regulatory properties of CK2 are poorly
understood. It is insensitive to any known second
messemgelrs[1 -3,

Many reports support the view that CK2 is in-
volved in proliferation and tumorigenesism_gj .
CK2 a or o' gene is a protooncogenem . CK2 ac-
tivity has been enhanced in transformed cell lines,
solid tumors and rapidly proliferated tissues> ¢! |
Several studies have shown that CK2 is correlated
to a more aggressive behavior such as invasion and
-7 In addition,
CK2 seems to play an essential role in drug-in-

On the other
hand, CK2 is exploited by viruses to phosphorylate

metastasis of the tumor cells'

duced apoptosis in cancer cell®.
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proteins essential to their life cycle, and may play

109-10] Recently,

a role in viral infections as wel
it was pointed out that CK2 is a potential target

for anti-neoplastic and  anti-infectious  com-

pounds[2’3’9’ 10]

3,4',5,7-Tetrahydroxyflavone (kaempferol)
is a flavonoid extracted from Kaempferia galanga ,
Diphylleia sinensis, Thesium chinense, etc. It
has been well established in traditional herbal
medicine for a wide range of beneficial effects
such as antiphlogistic, cough-relieving and anti-

1T Some investigations showed

histamine, etc
that kaempferol is a specific inhibitor of cyclin-de-
pendent protein kinase(CDK)!'> . Since CK2 has
closely relationship with CDK, the inhibition of
CDK may affect the activity of CK2. Thus, we
used kaempferol as the subject to investigate
whether kaempferol could modulate the activity of

CK2 and its kinetics in vitro .

1 MATERIALS AND METHODS

1.1 Reagents

Kaempferol, heparin, spermine, and ATP
were from Sigma. 5, 6-Dichloro-1-3- D-ribofura-
nosylbenzimidzole ( DRB ) were from CalBiochem.
P81 phosphocellulose filter paper was the product
of Whatman. [v-*P]ATP (370 GBq- L~ H specific
activity > 185 PBq+mol ') were purchased from
Furui Biochemical Technology Co. Lid., Beijing.
All other chemicals were of analytical grade.
1.2 Cloning and sequencing of cDNA encod-
ing human protein kinase CK2 o’ and B sub-
unit

Methods were carried out as described previ-
ously[13’14] .
1.3 Prokaryotic expression, purification and
characterization of recombinant human pro-
tein kinase CK2 o’ and P subunit

Human CK2 o' and [ subunits were ex-
pressed in a bacterial expression system [ pT7-7/
BL21(DE3) ] and purified to homogeneity as de-

13:151 © after equal molar subunit

scribed previously[
were mixed, CK2 holoenzyme was spontaneously

reconstituted .

1.4 Protein quantitation''*’

Protein concentration in the samples was de-
termined by the method of staining with Coomassie
Brilliant blue G-250, using bovine serum albumin
(BSA) as the standard.

1.5 Protein kinase CK2 activity assay "~

Partially dephosphorylated casein was pre-
pared by incubating 5 g casein in 50 mlL of 50
mmol* .7 ! Tris-HCI(pH 9.5) at 100°C for 10 min
and dialyzing against buffer containing 50 mmol
L~ ! Tris-HCl (pH 7.5) and 50 mmol * ™! edetic
acid(pH 7.5) . The standard assay for CK2 activity
was conducted in a reaction mixture containing 50
mmol* L™ Tris-HCl (pH 7.2), 150 mmol - L~
KCl, 10 mmol *+ L.7! MgCl,, 50 ‘umol'L_1 ATP,
18.5 kBq[ v-*PJATP and 2 g+ L~ dephosphory-
lated casein in a total volume of 35 pL at 30°C.
Reactions were started by the addition of 15 pL re-
combinant CK2 holoenzyme and terminated after 10
min by spotting 30 L of the reaction mixture onto
3 pieces of 2 em diameter P81 phosphocellulose pa-
per. After the filter papers were washed thoroughly
with 85 mmol-L~" phosphoric acid with occasional
stirring, washed one time with acetone finally and
dried at 80°C, the radioactivity was measured in a
1.S6000C (Beckman) scintillation counter. Protein
kinase CK2 activity is defined as the amount of
transferred phosphate from [Y-?P]ATP to casein
per min per gram of enzyme protein at 30°C, which
is shown as pgmol*min~'+g~ ',

1.6 Enzyme Kkinetics

In the condition that casein was fixed at con-
centration (2 g - L~!') and ATP was changed at
various concentrations ( 10, 20, 40, 80 pmol
L=1), or ATP was fixed at 10 wnol'L_1 and ca-
sein was changed at different concentrations (1,
2,4, 8¢ I.-'), the kinetics of protein kinase
CK2 activity was assayed. Two kaempferol con-
centrations (1.5, 6 pmol- L~ 1) were used for in-
hibitory kinetics experiment. Each sample was si-
multaneously performed three parallel tubes. The
kinetic parameters, apparent K, and apparent
Vimax» were calculated according to Lineweaver-
Burk plot, and the types of inhibitory effect of
kaempferol on recombinant human protein kinase
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CK2 holoenzyme were identified. Then, inhibitory
constant K; was calculated by using above data,
the calculation method may refer the monograph
“Essentials of Applied Enzymology” written by Yo',
1.7 Statistics analysis

All values were expressed as ¥ + s. Data
were analyzed by one-way analysis of variance
(ANOVA) followed by the Dunnett’s ¢ test for
multiple comparisons. All statistics were per-
formed using the SPSS 11.0 software .

2 RESULTS

2.1 Characterization of recombinant human
CK2 holoenzyme

The results (Tab 1) indicated that reconsti-
tuted CK2 holoenzyme possessed the same proper-
ties as natural CK2: casein was its substrate. If
basic protein histon [l S or poly (Glu:Tyr) 4:1
(the substrate of PTK) was used to replace casein
as its substrate, its activity was much lower than
casein itself as substrate. CK2 activity was de-
pressed with heparin and its specific inhibitor
DRB, stimulated by spermine. The second mes-
senger molecules cAMP, ¢GMP and Ca’* had no
effect on its activity.

Tab 1. Characterization of recombinant human
CK2 holoenzyme

CK2 activity/

Substrate pamol*min~ !+ g~! protein
Casein 2.99+0.15
Histone [l S (0.5 g-L™1) 0.34+0.01" "
Poly(Glu:Tyr)4:1 (0.4 g-L™!) 0.05+0.03" "
Casein + heparin (8 mg-L~") 1.36+0.13"*
Casein + DRB (40 pmol-1.71) 1.26+0.04" %
Casein + spermine (2.5 pmol -1~ ") 4.22+0.13""
Casein + Ca>* (5 pmol+L~") 2.91+0.14
Casein + cAMP (10 pmol-1.71) 3.15£0.09
Casein + cGMP (10 pmol-L~") 2.98+0.18

DRB: 5, 6-dichloro-1-3- D-ribofuranosylbenzimidzole. Assay of
CK2 holoenzyme activity was described in materials and methods us-
ing equimolar amounts (14 pmol) of CK2 o' and 8 subunits. x + s,

n=3. """ P<0.0l, compared with casein group.

2.2 Direct effect of kaempferol on recombi-
nant human CK2 holoenzyme

The inhibitory effect of kaempferol on CK2
was assayed in the presence of different concentra-
tions of kaempferol (0, 1, 2, 4, 8, 16 pmol -
L="). It was found that kaempferol had stronger
inhibition on recombinant human CK2 holoenzyme
in a concentration-dependent manner ( Tab 2).
Calculation of ICsy was performed according to
semi-effect-probit method!'® . Using logarithm of
kaempferol concentration as horizontal coordinate,
probit of inhibitory rate of corresponding
kaempferol concentration as vertical coordinate,
the equation of linear regression was elicited,

which was Y=2.1169 X - 1. 8613, r*> was
0.9435, ICsy was 1.9 pmol-L~".

Tab 2. Effect of kaempferol on recombinant human
CK2 holoenzyme

Kaempferol

CK2 activity/ Inhibition rate

pmol+ =1 log value pmol*min™'+g™ " protein ¢, probjt
0 4.43+0.21
1 3.000 3.24+0.39" " 26.7 4.3567
2 3.301 2.19+£0.06" " 50.5 5.0251
4 3.602 0.68+0.17" " 84.7 6.0364
8 3.903 0.22+0.4" " 95.1 6.6449
16 4.204 0.17+0.02" ~ 96.2 6.7507

¥+s, n=3. **P<0.01, compared with O ymol+L~" group.

2.3 Inhibitory kinetics of kaempferol in the
presence of different concentrations of ATP

In the condition of fixed casein concentration
2 g L.~ ! and various ATP concentrations( 10, 20,
40, 80 pmol L), protein kinase CK2 kinetics
was studied. In three kaempferol concentrations
(0, 1.5, 6 umol - L.~ "), the regression equation
of dual-reciprocal plot was Y = 2. 5484X +
0.105, Y=5.8403X +0.23 and Y =16.338X +
0.596, respectively. The corresponding apparent

K,, was 24.3, 25.4 and 27.4 pmol-L™"'; appar-

ent V.. was 9.5, 4.4, 1.7 pmo]'min_l'g_l,

respectively . It indicated that with increasing con-
centration of kaempferol, the K, value of CK2
was unchanged fundamentally, the V,,, value was
diminished increasingly and these straight lines
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intersected on the negative abscissa. All these
showed that the inhibitory effect of kaempferol on
recombinant human CK2 holoenzyme was noncom-
petitive with ATP (Fig 1). According to the ki-
netic parameters, an inhibitory constant K; of 1.1

pmol * L™ ! could be calculated for kaempferol .

24
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Fig 1. Lineweaver-Burk plot for kinetic analysis of
kaempferol inhibitory effect on recombinant human
CK2 holoenzyme in the presence of different concen-
trations of ATP. Casein was at fixed concentration (2 gL~ R

ATP was at indicated concentrations. Each value represented the

mean of the three separate tubes. ¥ + s, n=3.

2.4 Inhibitory kinetics of kaempferol in the
presence of different concentrations of casein
In the condition of fixed ATP 10 pmol + L™
and different casein concentrations (1, 2, 4, 8 g*
L=, protein kinase CK2 kinetics was studied. In
three kaempferol concentrations, the regression e-
quation of dual-reciprocal plot was Y =0.2162X +
0.205(0 pmol - L ™" kaempferol), ¥ = 0.4513X +
0.385(1.5 pmol - ! kaempferol ) and Y =
2.1056X + 1.7985 (6 pmol L~} kaempferol ),
respectively. The corresponding apparent K, was
1.1, 1.2 and 1.2 g+ L™"'; apparent V,,, was
4.9,2.6,0.6 ;lmol'min_1 ‘g
It indicated that with increasing concentration of

', respectively.

kaempferol, the K, value of CK2 was unchanged
fundamentally, the V,,, value was diminished in-
creasingly and these straight lines intersected on
the negative abscissa. Thus, the result of enzyme
kinetics of kaempferol on recombinant human CK2
holoenzyme showed that the inhibition was also
noncompetitive with casein(Fig 2). Using these
kinetic parameters, an inhibitory constant K; val-
ue of CK2 was calculated to be 3.1 pmol-L™".

= 40
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Fig 2. Lineweaver-Burk plot for kinetic analysis of
kaempferol inhibitory effect on recombinant human
CK2 holoenzyme in the presence of different concen-
trations of casein. ATP was at fixed concentration (10 pmol *

L), but casein was changed at indicated concentrations. Each val-

ue represented the mean of the three separate tubes. x s, n=3.

3 DISCUSSION

Protein kinase CK2 is a ubiquitous Ser/Thr
protein kinase. Unlike the great majority of protein
kinases, CK2 exists at low concentration in tissue
and cell, and it is very difficult to gain enough nat-
ural human CK2 holoenzyme for laboratory research
in vitro . Moreover, CK2 is a tetrameter in eukary-
otic cells and holoenzyme can only be disssociated
into its subunit under denaturing conditions. Thus,
through cloning, prokaryotic expression and purifi-
cation of human protein kinase CK2 o’ and 3 sub-
units by gene engineering, then mixed at equal
molar ratio with these two subunits, we can get the
same biological properties of human CK2 as the
natural holoenzyme (Tab 1).

In contrast to most other kinases, CK2 is
characterized by an exceptional ability to utilize as
phosphate donors both ATP and GTP!' 3. The
ATP-binding site of CK2 is a site for ribose and
triphosphate binding and for the generation of a
hydrophobic adenine-binding pocketm. The most
promising inhibitors of CK2 are acted on ATP-
binding site, despite the fact that this site, which
is highly conserved among protein kinase, dis-
plays in CK2 much fewer distinctive features than
the GTP-binding site®. So we use ATP as phos-
phate donors to assay the activity of CK2.

It is proposed that CK2 is an attractive target
molecule for tumor and acquired immune deficien-



PEBE TS AW F L 2005 4E 4 A5 19(2)

- 85 -

cy syndrome ( AIDS) therapy, the inhibitors of
CK2 have anti-neoplasic and anti-immunodeficien-
cy virus ( HIV-1) clinical therapeutic poten-
tiall>192] " Several flavonoid compounds such
as quercetin, myricetin, morin, apigenin, chrysin
and fisetin, etc have been reported to act as in-
hibitors of CK2. Among these compounds, the
most effective inhibitors of CK2 are fisetin (ICsy =
0.35 pmol - L") and quercetin (ICsy = 0. 55
pmol * L™ 1), whose difference is only the hydroxyl
group at position 5 of quercetin. While apigenin,
myricetin and 4, 7, 8-trihydroxyisoflavone which
ICsp was 0.80, 0.92 and 1.5 pmol L™ ! respec-
tively, were more potent CK2 inhibitors. Howev-
er, chrysin (ICsp = 9.0 pmol - L"), morin
(ICso=10.0 pmol* L") and genistein (ICsy =
20.0 pmol * L™') undergo a drop in inhibitory
efficiency[g’zﬂ .

In our preliminary study, we first demon-
strated that kaempferol was able to inhibit more
strongly the holoenzyme activity of recombinant
human protein kinase CK2 with ICsy of 1.9 pmol *
L-'(Tab 2). The results of enzyme kinetics clari-
fied the action mechanism of kaempferol on CK2,
displayed that inhibition of kaempferol on CK2
was noncompetition with ATP(Fig 1) which K is
1.1 pmol* L~ ', Since the K,, of recombinant hu-
man CK2 holoenzyme for ATP had been previously
determined to be about 4.7 pmol - Lot
might be inferred that kaempferol exhibited an
affinity for CK2 holoenzyme is higher than that of
ATP. Also, kaempferol displayed a noncompeti-
tive inhibition with casein(Fig 2), the inhibitory
constant K; was calculated to be 3.1 pmol-L™".
These results clewed that the affinity of kaempferol
on CK2 in presence of ATP was about 2.8 times
higher than that of casein. In contrast to the other
flavonoid inhibitors of CK2, kaempferol is appre-
ciably less effective than myricetin, apigenin and
4',7, 8-trihydroxyisoflavone and more potent than
chrysin, morin and genistein. So, kaempferol is a
novel potent inhibitor of protein kinase CK2 in
vitro .

Through a preliminary comparison of com-

pound structure, we found that kaempferol(3,4’,
5, 7-tetrahydroxyflavone ) undergoes a substantial
drop in inhibitory efficiency, if 1 hydroxyl group
is added at position 2’ to give the pentahydroxyl
flavone morin (2', 3, 4’, 5, 7-pentahydroxy-
flavone) . In addition, The modification of api-
genin(4’, 5, 7-trihydroxyflavone ) by addition of 1
hydroxyl group at position 3 to give kaempferol is
also effective. So it is possible that a hydroxyl
group at the 2" and 3 positions is detrimental per
se for their inhibitory effect on CK2. This conclu-
sion is also in accord with the observation that ad-
dition of 2 hydroxy groups at position 2’ and 3 to
give morin reduce the inhibitory effect of api-
genin[g] . On the other hand, when apigenin’s 4’
hydroxyl group is eliminated to give the dihydroxy-
flavone chrysin (5, 7-dihydroxyflavone ) , the ICs

value increases about 10-fold®). These results

suggest that flavonoid inhibitors adopt different
orientations in the active site of CK2 and that
these be determined by the number and position of
their hydroxyl groups.
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