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Biochemical Pathways

Tatyana Adayev,Mo-Chou Chen-Hwang,Noriko Murakamit Jerzy Wegief and Yu-Wen Hwang*

Molecular Biology Department and Delomental Neurobiology Department, New York State Institute for Basic Research in
Developmental Disabilities, Staten Island, New York 10314

Receied March 31, 2006; Resed Manuscript Receed July 6, 2006

ABSTRACT. Minibrain kinase/dual-specificity tyrosine phosphorylation regulated kinase 1A (MNB/
DYRK1A) is a proline/arginine-directed serine/threonine kinase implicated in the learning deficits of Down
syndrome. Epigallocatechin-3-gallate (EGCG), the major tea polyphenolic compound, is a potent MNB/
DYRKZ1A inhibitor. In this study, we investigated the mechanism of EGCG inhibition of MNB/DYRK1A
using a combination of genetic and biochemical approaches. In the testing system using MNB/DYRK1A-
promoted Gli 1-dependent transcription as the readout, NIH3T3 cells expressing EGCG resistant MNB/
DYRK1A mutant R21 were found to acquire EGCG resistance for a wide range of drug concentrations.
Mutant R21 harbors a single K465R substitution, which produces a 3-fold gain in the EGCG resistance
in vitro. However, the gain in the EGCG resistance alone cannot fully interpret the effectiveness of mutant
R21 in suppressing EGCG in cultured cells. Kinetic analysis suggests that EGCG functions as a
noncompetitive inhibitor against ATP. Interestingly, the K465R mutation changes the mode of EGCG
inhibition on MNB/DYRK1A so that it becomes a competitive inhibitor against ATP. This competitive
mode of EGCG inhibition coupled with high intracellular ATP concentrations and an elevated EGCG
resistance are likely to be the basis for the resistant property of mutant R21 in cultured cells. The K465R
mutation apparently transforms the intramolecular interactions required for MNB/DYRK1A catalysis.
This mutant would also be valuable for the elucidation of the mechanisms of MNB/DYRK1A-catalyzed

reaction.
Minibrain kinase (MNB) was first discovered iDroso- S0DFG*®in subdomain VII, a replacement of the conserved
phila as an essential factor involved in post-embryonic arginine in subdomain VIB by cysteine, and tH&r XY 321
neurogenesislj. The homologue dbrosophilaMNB, dual- motif between subdomains VII and VIIR(13). The YXY

specificity tyrosine phosphorylation-regulated kinase 1A motif of MNB/DYRK1A has been postulated to be the
(DYRKZ1A), is highly conserved among different organisms equivalent of the TXY motif (phosphorylation lip) of ERK
(2—4). Despite the name of dual-specificity, MNB/DYRK1A (14, 15). ERK activation requires the phosphorylation of both
functions as a proline/arginine-directed serine/threonine threonine and tyrosine residues in this motif by the upstream
kinase toward exogenous substrates11). This kinase is kinase (6, 17). Active MNB/DYRK1A (expressed either

a member of the DYRK family, which in turn belongs to in Escherichia colior other systems) contains phospho-
the CMGC group of protein kinaseg,(12). tyrosine (PY) in the YXY motif (5 18), and MNB/

In addition to the conserved kinase subdomains (residuesDYRKI1A harboring the tyrosine to phenylalanine substitu-
160-480 for MNB/DYRK1A) shared by all kinases, the tion in the YXY motif has a drastically reduced PY content
DYRK family possesses a number of family-specific char- and kinase activityX5, 18). These observations suggest that
acteristic motifs in the kinase subdomains. These motifs tyrosine phosphorylation (through autophosphorylation) in
include the sequence SSC following the conserved motif the YXY motif is necessary for MNB/DYRK1A activity
(18). Interestingly, for members of the DYRK family,
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We have been searching for a specific means by which to Table 1: EGCG Sensitivity and Mutation Sites of EGCG Resistant
perturb MNB/DYRK1A. Several compounds have been wmutante

shown to inhibit MNB/DYRK1A. These chemicals include

. . - mutant apparent I£ («uM) mutation sites
epigallocatechin-3-gallate (EGCG), purvalanol, roscovitine, WT (il Tenath 0424006 apoiicabl
4,5,6,7-tetrabromobenzotriazole, and oth&ts{34). In the WT (fulllength) 0434 008 e ggglzggblg
surveys conducted with 30kinases and numerous inhibi-  Rog 0.70+ 0.09 D143E; L224M: P380T
tors, EGCG emerged as the most effective (and specific) R21 1.41+0.12 K465R
MNB/DYRKZ1A inhibitor (31, 32). However, EGCG, in R34 0.95+0.16 WA403R; Y415F; L4571

R53 0.74+0.11 A33E; 1101V; I303F;

sufficiently high concentrations, is known to disrupt many
enzymes and cellular processds, 35—38). This complexity
makes it unsuitable for using EGCG alone as a tool to
investigate the function of MNB/DYRKZ1A in any complex
cellular system. Despite this limitation, the elucidation of
the mechanism of EGCG inhibition may provide helpful 100 mM NacCl, and 5 mM MgG), 10—-100uM ATP, 2 uCi
insight into designing a specific means by which to inhibit [7-*P]-ATP, 12-96 uM dynatide 3 (D3), 50 ng kinase, and
MNB/DYRKZ1A. In this report, we describe the properties EGCG if needed. The amounts of EGCG used were-0.2
of a MNB/DYRK1A mutant that confers EGCG resistance 0.6uM for wild-type (WT) and 0.6-2.4uM for mutant R21.

in cultured cells by changing the kinetic mode of inhibition. EGCG (cat. no. E4143) was purchased from Sigma and used
without further purification. Reactions were initiated by the

MATERIALS AND METHODS addition of kinase and were allowed to proceed for 10 min
at 30°C. Under these conditions, less than 10% of D3 was
Clone Construction.The GST fusion full-length clone  phosphorylated. At the end of the incubation, @L5aliquot
(PGEX-Mnb) was described previouslg9). The truncated  of the reaction mixture was withdrawn and spotted on a P81
(at residue 497) MNB/DYRK1A mutant was produced by membrane. The partially dried membranes were washed 4
PCR using the following oligonucleotides: tctcatcgatgcata- times (each for 5 min) with large excess of 0.1 M phosphoric
caggaggagacttcag and cctctcgagctaacggtccatceacttttc as theeid and once with 95% ethanol as describ&f).( The
5 and 3 primers, respectively. A termination codon was radioactivity retained on membrane was then measured in a
introduced at residue 498 of MNB/DYRK1A by the 3  scintillation counter, corrected for the backgrounds, and then
primer. The amplicon was then cloned into the Cla | and ysed for calculating the reaction rate. The data used for
Xho | sites of a modified pGEX vector as describ&3)( plotting and calculation represent the average of at least three
To construct the R21 mammalian expression vector, mutantindependent experiments. The kinetic parameters for the two-
R21 was first restored to full-length in the pRHC-Mnb type substrate kinetics were determined by fitting the data
clone 0) by utilizing the unique Cla | (partially overlaps jteratively to the equation = VimadSal[Sel/(Kas + Kms-
with the start codon) and Pst | (located at around codon 476[S,] 4+ Kma[Sg] + [Sal[Se]) using program Leonorad().
of MNB/DYRK1A) sites in these plasmids. This step K_,was subsequently calculated\&s./[MNB/DYRK1A].
replaces the last 21 amino acids of truncated R21 (containingThe K, for the competitive and the noncompetitive modes
no mutation) with the WT sequence from residue 476 to the of EGCG inhibition were similarly calculated by fitting the
C-terminus. The MNB/DYRKI1A gene in the resulting data to the equation = VimalS)/(Km(1 + [EGCG]K,) +
PRHC-Mnb(R21) was then spliced into the pCMV-Script [S]) and the equation = VimaS)/(Km(1 + [EGCGIK)) +
vector (Stratagene) through the Hind Il and Xho I sites to [S](1 + [EGCG]K))), respectively.
produce. pCMV-Mnb vectors. The mammalian vector for e sensitivity assay was performed in a@&0eaction
expressing human Gli 1 gene, pcGlil, was constructed by mixiyre similarly as described above, except with twice the
inserting the Hind IlI-Xho | Gli fragment from GLIK1240) original amount of kinase. Seven concentrations of EGCG
into the corresponding sites of the pcDNA3 vector. GST yanging from 0.05 to 6.4M were used for each determi-
fusion truncated MNB/DYRKIA containing the KA465R  paiion. Reactions were initiated by the addition of kinase
substitution was constructed by the QuikChange site-directed;ng allowed to proceed for 20 min at 3G. D3 phospho-

mutagenesis system obtained from Stratagene. rylation was then determined by the P81 membrane binding
Protein Purification. All GST fusion proteins were ex-  assay as described above and used as a parameter for kinase
pressed irE. coli strain BL21 by incubating cell culture (at  activity. The activity of MNB/DYRKI1A in the presence of
OD about 1) with 0.5 mM IPTG for 16 h at 28C. The a given EGCG concentration was calculated as the percent
full-length and truncated forms of GST-MNB/DYRK1A  of activity to the control containing no EGCG and then
were first purified by glutathione resin, as previously plotted against log [EGCG]. The approximate EGCG con-
described 39). Proteins were further purified by a batch centration for 50% inhibition of MNB/DYRK1A was
method using Q Sepharose resin. Briefly, GST fusion subsequently estimated from the plots. The data presented
proteins (diluted in 25 mM Tris-HCI, pH 7.4) were adsorbed in Table 1 were the average of at least two independent
to Q Sepharose resin, washed extensively with a buffer trials.

V306A; A364D

aAll MNB/DYRK1As used for analysis were truncated proteins
except indicated otherwise.

containing 25 mM Tris-HCI (pH 7.4) and 100 mM NaCl,  EGCG Resistant Mutants IsolatioRandom mutagenesis
and then eluted with the same buffer Contalnlng 200 mM was performed using the PCR-based GeneMorph Il random
NaCl. mutagenesis kit obtained from Stratagene. The full-length

Kinetic Analysis and EGCG Inhibition Assaifinetic pGEX-Mnb 39) was used as the template, and the oligo-
measurements were performed in a total volume 0fB0 nucleotides pairs used for constructing truncated MNB/
solution consisting of & kinase buffer (25 mM HEPES, DYRK1A mutant at residue 497 (see above) were used as
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Table 2: Kinetic Parameters for WT and R21 MNB/DYRK1A 1-497) MNB/DYRKIA by using dynatide 3 (D3) as the
— substrate 10) (Table 1). The truncated MNB/DYRK1A
Ken (M) Kea(Mind) K (uM) EGCG

contains the entire kinase domain (residues-1480) plus

ATP D3 ATP D3 an additional 160 residues to its N-terminal end. This
WT 55.21+ 10.43 70.72+ 13.02 20.36+ 2.69 0.33+ 0.04 0.41+ 0.08 truncation is known to possess the kinetic activity of the
R2157.08£9.79 6586k 11.51 14.73 2.16 1.03+ 0.09 1.25+ 0.17 intact protein 15), which we subsequently confirmed (see

# Performed with 24«M D3. ® Performed with 5uM ATP. Table 2 for truncated MNB/DYRKZ1A and réf0 for the full-
length protein). The inhibition data indicate that the last 266

the primers for PCR. The protocol was adjusted to produce residues of MNB/DYRK1A are not required for interacting
no more than 45 misincorporations per kilobase of target With EGCG (Table 1). Thus, the truncated MNB/DYRK1A
DNA. The resulting amplicon (about 1500 bp containing Was used as the template for isolating EGCG resistant
codon 1-497) was digested with Cla | and Xho | and then mutants.
recloned into the pGEX vector to create a mutant pool. The ~ Since there was no known method for selecting EGCG
initial pool contained about 180 independent mutants. For resistant mutants, we screened mutants by a direct kinase
mutant screening, each individual candidate was first cultured@ssay. To expedite the process, an assay for testing EGCG
overnight (without shaking), diluted (in 1 mL total), and Sensitivity in crude cell lysate was developed. The use of
induced for MNB/DYRK1A synthesis with 0.5 mM IPTG  crude cell lysate reduces the time for sample preparation.
for 4 h at 37°C. A crude MNB/DYRK1A prepara‘[ion was Briefly, we induced the eXpreSSiOﬂ of truncated GST fusion
obtained by resuspending the cell pellets from 1 mL culture MNB/DYRK1A using IPTG in E. coli, which we then
in 0.1 mL of B-Per (Pierce Chemical Co.) for 10 min at followed with cell lysis in the B-PER reagent. The crude
room temperature followed by centrifugation at 12§®6r lysate was then used as the source of kinase to phosphorylate
5 min. The kinase reaction was performed in a/0mixture D3. As shown in Figure 1A, the IPTG-induced cells clearly
consisting of & kinase buffer, 1L of crude lysate, 50 ~ Produced sufficient kinase to distinguish them from the
uM ATP, 1 ug of dynatide 3, 24Ci of [y-32P]-ATP, and uninduced background (column 1 vs column 2). Most
either with or without 20uM EGCG. The reactions were importantly, the induced activity was inhibited by 20 of
allowed to proceed for 20 min at 3C€. The phosphorylation ~ EGCG (column 2 vs column 4). To generate measurable
of dynatide 3 was measured as described above. A parallelinhibition in crude E. coli lysate, however, EGCG at
experiment with cells harboring the wild-type (WT) construct concentrations much higher than thedCrable 1) must be

was conducted in the group for comparison. A total of 92 used. o _
out of the original pool of 180 clones were screened. Mutants were screened individually via the EGCG assay

Gli 1-Dependent Transcription Assafhe assay was as described in Figure _1 from a pool of random mutants
performed Similarly as described by Othe@)( Briefly, constructed on GST fusion truncated MNB/DYRK1A. Any

NIH3T3 cells were seeded in DMEM plus 10% calf serum Mutant with an EGCG resistance (the ratio of with EGCG
at a density of 4< 10° cells per well in a 24-well plate and VS without EGCG shown as the_ relative activity in Figure
used immediately for transfection using the Lipofectamine 1) of athleast “’VI'C‘? tha'g of the wild-type (WT) was purified
2000 reagent (Invitrogen). Vectors pcGLI (Glil expression [OF further analysis (Figure 1B). Four mutants out of 92
vector) and 38xGli-BS-Luc (luciferase reporter vectod3) screened were further analyzed and found to gain moderately
at 0.1ug each were cotransfected with Q@ of pCMV- in EGCG resistance (Table 1). The mutation sites in all four

Mnb (either WT or mutant R21) and 0.0dg of pRL-TK resistant mutants were mapped, and all but mutant R21
(Renilla Iuciferase internal transfection control vector for contained multiple amino acid substitutions (Table 1).

dual-luciferase reporter assay, obtained from Promega) forlﬂterestingly, TOSt of/the mutation sites V\&gre IocaE;ed in
5 h at 37°C. Gene expression was then allowed to continue € regions of MNB/DYRKIA corresponding to kinase

o Iy . : ins X and Xl2, 12). These subdomains are away
for an additional 24 h and quantified using dual-luciferase subdomains L "
reporter assay system (Promega). Luciferase activity Wasfrom the ATP binding and the catalytic sitets(-49). Mutant

recorded with a manual Turner Designs luminometer TD20/ R21 harbors two base substitutions, one of which leads to

20 set for dual-luciferase reading, where the (second) readingtn® LYS 10 Arg mutation at residue 465 of MNB/DYRKIA.

of Renilla luciferase activity was used as the internal control. Muta.nt R21 was selegtgd for further study begause it contains
The ratio of the two recordings was used for data analysis. W/T-like catalytic activity (see below), the highest EGCG

When needed, transfected cells were treated with the€SiStance, and only a single amino acid substitution.
indicated amounts of EGCG at the end of transfection and _ Property of Mutant R21 in Cultured CellsMNB/
processed for Iuciferase assay as described above. FoPYRKIA has been shown to positively regulate Gli 1-de-
monitoring the level of MNB/DYRK1A expression, 1@y pendent transcriptiord@). Thus, the syste_m was utilized to
of cell lysate prepared for the luciferase assay were probedMeasure the property of the R21 mutant in culture cells. The

with anti-MNB/DYRK1A mAb 7F3 in immunoblotting as ba_lsic assay cqnsists of c;otransfecting host ce_IIs with a
previously described4d). mixture of a Gli 1 expression vectod@ and a luciferase

reporter vector containing Gli 1 binding sequend&)( To
RESULTS perform the cell culture assay, both WT and mutant R21
were first restored to the full-length construct (Materials and
Isolation of EGCG Resistant MutaniSGCG was reported  Methods) in the mammalian expression vector pCMV-Script.
to inhibit MNB/DYRKZ1A with an 1G5 of 0.33uM (at 100 The luciferase output of this system could be drastically
uM ATP) (31). We have obtained similar results for bdgh elevated if MNB/DYRK1A is included in the cotransfection
coli-expressed GST fusion full-length and truncated (residues(42). In NIH 3T3 cells, the inclusion of the WT MNB/
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FIGURE 2: Activity and expression of the full-length mutant R21

in NIH3T3 cells. (A) MNB/DYRK1A activity in cultured cells.
The activity was measured by the Gli 1-dependent luciferase assay.
Briefly, NIH 3T3 cells were transfected with pcGLI (Gli1);@&li-
BS-Luc (Luc), and pRL-TK (renilla luciferase internal transfection
control vector) plasmids together with either pCMV, pCMV-Mnb-
(WT), or pPCMV-Mnb(R21) for 24 h and analyzed as described in
the Materials and Methods. The full-length MNB/DYRK1A
constructs were used for all analysis in cultured cells. After
correcting for the internal control, the luciferase output was
normalized to the reactions promoted by pCMV-Mnb(W=F100%)
before plotting. The data represent the average of three independent
trials. (B) Expression of WT and mutant R21 in transfected cells.
The level of MNB/DYRK1A was detected by immunoblotting using
anti-MNB/DYRKZ1A antibody mAb 7F344) on the same samples
prepared for luciferase assay. A typical result was shown.

Relative Activity

IPTG + +
EGCG - +

Ficure 1: Inhibition of truncated MNB/DYRK1A by EGCG in ; : . . . .
crude lysate. Crude lysate was prepared from IPTG-induced (IPTG during the 24 h incubation period prior to the luciferase assay.

+) and uninduced (IPTG-) E. coli strain BL21 harboring the 1 he presence of EGCG (24.00uM) caused a concentra-
truncated MNB/DYRK1A vector as described in the Materials and tion-dependent inhibition of lucifrase output promoted by
Methods. The crude lysate was then subjected to kinase assay byt T MNB/DYRK1A (Figure 3). The EGCG concentration

measuring D3 phosphorylation in the preseneg ¢r absence-) required for inhibiting MNB/DYRK1A activity (luciferase
of 20uM EGCG. The data were the average from two independent - . - S
trials and were normalized to the samples of the IPTG-induced Oquut) in cultured cells is much higher than t.hat In vitro.
control (without EGCG) before plotting. (A) WT. (B) mutant R21.  1his may be because the effective concentration of EGCG

is reduced by various cellular components. Furthermore,
DYRKZ1A vector, pCMV-Mnb(WT), in the cotransfection EGCG is known to metabolize readily under cell culture
enhanced the luciferase output to about 6 times that of theconditions B0). In contrast to the WT-driven expression,
vector control (pCMV) (Figure 2A). Under the same EGCG exhibited no apparent inhibitory effect when the Gli
experimental conditions, mutant R21 was found to display 1-dependent transcription activity was promoted by mutant
about 75% of WT'’s activity (Figure 2A) while the expression R21 (Figure 3). In fact, a small but consistent increase in
level was comparable to that of WT (Figure 2B). Gli 1-dependent output was observed in R21 transfected cells
We then examined whether the expression of exogenousfor concentrations of up to 1QoM EGCG. Under our assay
mutant R21 could confer EGCG resistance to the recipient conditions, EGCG produced no visible growth retardation
cells in the same Gli 1-dependent transcription system. Theon NIH 3T3 cells until its concentration reached about-200
experiments were performed similarly as described in Figure 250uM (measured after 24 h of treatment). At these EGCG
2, except that the transfected cells were exposed to EGCGconcentrations, both the cell viability and the Gli 1-dependent
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Ficure 3: EGCG sensitivity of Gli 1-dependent transcription. The 0.1 005 0 0.05 01
assays were performed similarly as described in Figure 2 except ,
that transfected cells were treated with EGCG {00uM) at the 1/IATP] (uM~7)

end of transfection and continued for 24 h. The luciferase output
from the transfected cells treated with EGCG was normalized to
that of each respective untreated control (set at 100% for both WT
and R21) before plotting. Figure 2A shows the typical results for
the starting point of normalization. Gli 1-transcription promoted
by WT (@) and mutant R21M) MNB/DYRK1A. The average from
three independent trials was presented.
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transcription were severely reduced regardless of whether
WT or R21 was expressed in these cells (data not shown)

Kinetic Analysis of Mutant R22\With only a moderate
gain in EGCG resistance, the effectiveness of suppressing
EGCG by mutant R21 in cultured cells is surprising.
Therefore, we sought a possible kinetic explanation for this
property of mutant R21 in cultured cells. All the kinetic
assays were performed with truncated proteins because the
quality of protein preparation is consistently much better for
the truncated protein than for the full-length MNB/DYRK1A.
This may be due to the removal of a PEST sequence from
the C-terminal domain of MNB/DYRK1A by truncation.

MNB/DYRK1A uses both ATP and D3 as substrates. First, -01 Toss 0 oo o1
we examined whether the kinetics of MNB/DYRKZ1A follow 1/ID3] (uM-)

the. sequential or.th(_e pIng-pong me(_:hanljsﬂ)( Dpuble- FiGure 4. Two-substrate kinetic profile of the phosphorylation
reciprocal plots of initial rate data obtained with varied [ATP] aaction catalyzed by truncated MNB/DYRK1A. (A) Effects of
and several constant [D3] produced a set of lines intersectingincreasing D3 concentrations on reaction rate. The reaction was
to the left of they-axis (Figure 4A). Similar results were performed with varied ATP concentrations (1000 xM) at four
obtained when experiments were performed with varied [D3] constant D3 concentrations (386 uM) as described in the

- Materials and Methods. The initial rates and ATP concentration
and constant [ATP] (Figure 4B). These results suggest thatwere then plotted as Xt/vs 1/[ATP]. D3 concentrations used in

MNB/DYRKI1A catalysis follows the sequential kinetic the reaction: ) 12uM, (&) 24 uM, (W) 48 uM, (@) 96 uM. (B)
mechanism by forming ternary kinase-ATP-D3 complexes Effects of increasing ATP concentrations on reaction rate. The data
rather than by the ping-pong mechanisii)( The kinetic obtained in Figure 1A was rearranged and replotted &svs/
parameters for these two substrates were subsequently detef/[P3]- ATP concentrations used in the reactiond”) (0uM, ()
mined to be 55.2t 10.43uM, 70.72+ 13.02uM, and  20#M: (W) S04M, (@) 100uM.

20.36+ 2.69 mint for Ki,(ATP), Kin(D3), andKa, respec-
tively (Table 2). We then determined the kinetics of EGCG
inhibition. EGCG inhibition experiments with a constant [D3]

1/V (min/pmole)

or D3. The kinetic mechanism of EGCG inhibition is
consistent with the finding that most EGCG resistance

: - - .~ mutations are mapped at sites distal to the substrate binding
(24 uM) and varied [ATP] produced a set of lines intersecting . L
at the x-axis in the double-reciprocal plot (Figure 5A). Sites (Table 1). Thés for the ATP and D3 competition

Similarly, experiments performed with a constant [ATP] (50 2SSays were subsequently determined to be-8.894uM
«M) and varied [D3] also generated a set of lines intersecting 2nd 0-41% 0.084M, respectively (Table 2).

at thex-axis (Figure 5B). These results suggest that EGCG  Analysis of mutant R21 revealed that the K465R mutation
functions as a noncompetitive inhibitor against either ATP did not significantly alter MNB/DYRK1A’'s kinetic
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FIGURE 6: Inhibition of truncated MNB/DYRK1A mutant R21 by

FIGURE 5: Inhibition of truncated WT MNB/DYRK1A by EGCG. EGCG. (A) Competition of EGCG against ATP. The reaction was
(A) Competition of EGCG against ATP. The reaction was performed exactly as described in Figure 5 except with different
performed with varied ATP concentrations (1000 xM) at four EGCG concentrations. (B) Competition of EGCG against D3. The
constant EGCG concentrations—0.8 uM) as described in the reaction was performed exactly as described in Figure 1B except
Materials and Methods. D3 at a constant concentrationu. (4% with different EGCG concentrations. EGCG concentrations used
was used for all reactions. The initial rates and ATP concentration in the experiments: &) O, (@) 0.6 uM, (a) 1.2 uM, (@) 2.4 uM.

were then plotted as Xt/vs 1/[ATP]. (B) Competition of EGCG

against D3. The reaction was performed with varied D3 concentra- determined the kinetic mechanism of EGCG inhibition for
tions (12-96 uM) at four constant EGCG concentrations{@.8 mutant R21 by using the protocol described in Figure 5.

M) similarly as described above. ATP at a constant concentration . S ) :
/(lSO),uM) wa)g used for all reactions. The initial rates and ATp Interestingly, EGCG inhibition experiments with a constant

concentration were then plotted a¥ 15 1/[D3]. EGCG concentra-  [D3] (24 M) and varied [ATP] produced a set of lines
tions used in the reactions®) 0, (M) 0.2 uM, (A) 0.4 uM, (®) intersecting at (or very close to) theaxis in the double-
0.8 uM. reciprocal plot (Figure 6A). The pattern of inhibition is
consistent with EGCG as a competitive inhibitor against
properties. Th&r, for ATP and D3 was basically unchanged ATP. On the other hand, experiments performed with a
while the K¢y for D3 was only moderately reduced (Table constant [ATP] (5Q:M) and varied [D3] produced a pattern
2). The K465 residue, which is localized near the highly of inhibition (Figure 6B) similar to that of the WT (Figure
conserved Arg residue (R467 in MNB/DYRK1A) in kinase 5B). These observations indicate that the K465R mutation
subdomain XI, is apparently not directly involved in catalysis. changes the mode of EGCG inhibition with ATP but not
This result is in parallel with the activity of mutant R21  with D3. TheKs for the ATP and D3 competition assays
measured in cultured cells (Figure 2A). We subsequently were subsequently determined to be 1683.09 uM and
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1.25 + 0.17 uM, respectively (Table 2). The change in
EGCG inhibition from a noncompetitive mode to a competi-
tive mode against ATP offers a reasonable explanation for

Biochemistry, Vol. 45, No. 39, 2006.2017

The catalysis of MNB/DYRK1A goes through a ternary
complex (the sequential two-substrate kinetics) consisting
of MNB/DYRK1A and both substrates (Figure 4). With its

the increased suppression of EGCG found in mutant R21 in mode of noncompetitive inhibition against both substrates,

NIH 3T3 cells (see Discussion).

DISCUSSION

EGCG, the major tea polyphenolic compourk®)( is a
potent MNB/DYRKZ1A inhibitor 31). To help to understand
the effects of EGCG on MNB/DYRK1A, we have investi-
gated the mechanism of EGCG inhibition using a combina-
tion of genetic and biochemical approaches.

Accordingly, we have isolated several MNB/DYRK1A
mutants resistant to EGCG (Table 1). Mutant R21 was

it suggests that EGCG inactivates MNB/DYRK1A by
binding to a distinct site on MNB/DYRKZ1A, which prevents
the ternary complex from completing the catalytic cycle. The
existence of a distinct EGCG binding site as suggested by
kinetic analysis is consistent with the findings of the
mutagenesis study. The majority of the mutations identified
in EGCG resistant mutants are located in kinase subdomain
X and beyond. In fact, the two mutants (R21 and R34) with
the most EGCG resistance contain exclusively mutations
located in either subdomains X or XI. Although the crystal

pursued because it has the highest EGCG resistance (Tablstructures of MNB/DYRK1A are not yet available, kinase

1) and a catalytic activity similar to WT in vitro (Table 2).
Mutant R21 contains a single K465R mutation (Table 1),
and this mutation largely preserves the kinetic properties of
MNB/DYRKZ1A in vitro (Table 2). Consistent with the
activity in vitro, mutant R21 was also shown to display
comparable enzymatic activity in NIH3T3 cells in enhancing
Gli 1-dependent transcription (Figure 2A). Using the same
assay system, we further showed that the output of the Gli

subdomains X and Xl are located distal to the ATP binding
site and the catalytic pocket in many kinases with known
structures45—49). The comparison is especially significant
between MNB/DYRK1A and ERK2 because these two
proteins share considerable homologues in the kinase domain
(2, 12). Therefore, we postulate that EGCG binds to a site
infaround kinase subdomain>XI and inhibits the catalysis

of MNB/DYRK1A. The ability of the K465R mutation to

1-dependent system is sensitive to EGCG treatment if it wasalter the mode of EGCG inhibition is intriguing. K465 is

promoted by WT MNB/DYRKZ1A, but not if it was promoted
by mutant R21 (Figure 3). This result confirms that mutant

only a residue away from the highly conserved R467 of
MNB/DYRKZ1A. Although the K465 residue is not directly

R21 is capable of conferring EGCG resistance to the recipientinvolved in catalysis, it appears to play an essential accessory

cells. If MNB/DYRK1A were not previously known to

role for the kinase reaction as a mutation at this residue alters

regulate the Gli 1-dependent transcription system, the resultsthe intramolecular interactions of MNB/DYRK1A. The

shown in Figure 3 would have inferred the involvement of
MNB/DYRKZ1A in this particular system. A similar ap-
proach, using drug resistant p38MAPK, has been applied
successfully to validate the specificity of SB 203580 in vivo
(53). Since mutant R21 confers a dominant trait, it is

elucidation of this mutant is likely to yield valuable informa-
tion for understanding the molecular mechanisms of EGCG
inhibition as well as the MNB/DYRK1A-catalyzed phos-
phorylation.
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