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ABSTRACT: Serine/threonine/tyrosine (STY) protein kinase from peanut is developmentally regulated and
is induced by abiotic stresses. In addition, STY protein kinase activity is regulated by tyrosine
phosphorylation. Kinetic mechanism of plant dual specificity protein kinases is not studied so far.
Recombinant STY protein kinase occurs as a monomer in solution as shown by gel filtration
chromatography. The relative phosphorylation rate of kinase against increasing enzyme concentrations
follows a first-order kinetics indicating an intramolecular phosphorylation mechanism. Moreover, the active
recombinant STY protein kinase could not transphosphorylate a kinase-deficient mutant of STY protein
kinase. Molecular docking studies revealed that the tyrosine kinase inhibitors bind the protein kinase at
the same region as ATP. STY protein kinase activity was inhibited by the tyrosine kinase inhibitors, and
the inhibitor potency series against the recombinant STY protein kinase was tyrphostin> genistein>
staurosporine. The inhibition constant (Ki), and the IC50 value of STY protein kinase for tyrosine kinase
inhibitors with ATP and histone are discussed. All the inhibitors competed with ATP. Genistein was an
uncompetitive inhibitor with histone, whereas staurosporine and tyrphostin were linear mixed type
noncompetitive inhibitors with histone. Molecular docking and kinetic analysis revealed that Y148F mutant
of the “ATP-binding loop” and Y297F mutant of the “activation loop” showed a dramatic increase inKi

values for genistein and tyrphostin with respect to wild-type STY protein kinase. Data presented here
provide the direct evidence on the mechanism of inhibition of plant protein kinases by tyrosine kinase
inhibitors. This study also suggests that tyrosine kinase inhibitors may be useful in unraveling the plant
tyrosine phosphorylation signaling cascades.

Tyrosine phosphorylation plays an important role in the
regulation of many cellular processes. Tyrosine kinases are
enzymes within the cell that function to transfer a phosphate
group to the amino acid tyrosine. This process of phospho-
rylation serves two primary roles: as a molecular on-off
switch and as a connector that binds proteins to one another.
In these roles, tyrosine kinases can trigger a cascade of
cellular events when phosphorylation stimulates additional
enzymes, or when it prompts proteins to change their
location. Tyrosine phosphorylation is therefore an early event
in a complex signaling system that transfers information from
outside the cell into the nucleus. On the basis of this
incoming information, cells respond in many ways, the most
basic of which is to live or die (1). No classical tyrosine
kinase has hitherto been cloned from plants. We have
recently reported that the stress responsive peanut dual
specificity kinase is regulated by tyrosine phosphorylation
(2, 3).

Specific inhibitors of protein tyrosine kinases (PTKs)1

provide a useful means to examine the role of tyrosine
phosphorylation in a variety of cellular events. Enhanced
PTK activity due to activating mutations or overexpression
has been implicated in many human cancers (4). Thus,

selective inhibitors of PTKs have considerable therapeutic
value (5). Although a number of compounds have been
identified as effective inhibitors of specific PTKs, the precise
molecular mechanism by which these agents inhibit PTK
activity has not been elucidated.

Tyrosine kinase inhibitors act by competing with ATP for
binding to the kinase. This is possible because of structural
similarities between ATP and the inhibitors. Kinases use ATP
as the source of phosphate, but if an inhibitor binds to the
enzyme instead of ATP, then the kinase cannot phosphorylate
proteins and therefore the signaling halts. There are several
different kinds of inhibitors that function in this manner, but
the most commonly used are genistein, staurosporine, and
tyrphostins. Genistein, 4′,5,7-trihydroxyisoflavone, is a potent
specific inhibitor of tyrosine-dependent protein kinases,
including the EGF (epidermal growth factor) receptor kinase
and pp60 v-src kinase, with almost no inhibition observed
for serine- and threonine-dependent protein kinases (6).
Tyrphostin 25, [(3,4,5-trihydroxyphenyl)-methylene]-pro-
panedinitrile, is a potent inhibitor of EGF receptor protein
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tyrosine kinase activity (7). Staurosporine has been shown
to inhibit Ser/Thr as well as Tyr kinases (8, 9). The effect
of these inhibitors on animal tyrosine kinases has been well
understood.

Staurosporine is shown to inhibit plant serine/threonine
kinases (10); however, the effect of tyrphostin and genistein
on plant protein kinases is not reported so far. As peanut
STY protein kinase is regulated by tyrosine phosphorylation,
we were interested to observe the mechanism of inhibition
of this kinase by potent tyrosine kinase inhibitors. In this
study, we show that recombinant STY protein kinase is
inhibited by tyrphostin and genistein at nanomolar concentra-
tions as observed for animal tyrosine kinases. STY protein
kinase is phosphorylated at multiple sites, Tyr148 of ATP
binding motif, Tyr213 of Thr-Glu-Tyr (TEY) domain, Tyr297

of activation loop (A-loop), and Tyr317 of C-terminal domain
(3). Molecular docking and kinetic analysis of the tyrosine
mutants of STY protein kinase revealed that Tyr148, Tyr213,
and Tyr297 are involved in binding to the inhibitors.

EXPERIMENTAL PROCEDURES

Materials. Histone H1 (Type-IIIS) was purchased from
Sigma Chemical Company, St. Louis. [γ-32P]ATP (3000 Ci/
mmol) was obtained from Perkin-Elmer Lifesciences, Boston,
MA. Restriction endonucleases were from MBI Fermentas,
St. Leon-Rot, Germany. Ni-NTA agarose was obtained from
Qiagen, Hilden, Germany. Genistein (AG1478), tyrphostin
(AG213), and staurosporine were obtained from CalBiochem,
La Jolla, CA.

Expression and Purification of Fusion Proteins.The
cDNA spanning for coding region of STY protein kinase
was subcloned into the histidine-tagged fusion protein
expression vector, pRSET C atBglII and Kpn1 restriction
sites. The resultant construct was expressed inEscherichia
coli BL21 (pLysS). The fusion protein was induced with 0.4
mM isopropyl-1-thio-â-D-galactopyranoside for 4 h. The
recombinant protein was induced in large scale (500 mL)
and purified by Ni-NTA agarose chromatography. Site-
specific mutagenesis of K160R, Y148F, Y213F, Y297F, and
Y317F of STY protein kinase were performed as described
earlier (3). Expression and purification of histidine fusion
proteins of mutant STY protein kinase were performed
similar to wild type. The STY protein kinase-deficient form
STY(K160R) was fused in frame to the C-terminus of the
maltose-binding protein (MBP). MBP fusion was expressed
in the E. coli strain PR745 (New England Biolabs) and
affinity-purified by using amylose resin. Protein concentra-
tions were determined by the Bradford method (11). Purified
fractions containing the eluted protein were analyzed by 12%
SDS-PAGE followed by Coomassie blue staining (12).

Size Exclusion Chromatography.Purified His6-STY pro-
tein kinase (0.5 mg) was subjected to Superdex 200 HR 10/
30 FPLC column. The column was equilibrated with buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl. The
column was eluted with 24 mL of the same buffer, and 0.4
mL fractions were collected. Protein concentration in the
fractions was determined by absorbance at 280 nm. Molec-
ular mass markers (all about 0.5 mg) used for calibrating
column were as follows: thyroglobulin (669 kDa), ferritin
(440 kDa), catalase (232 kDa), aldolase (158 kDa), BSA (67
kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa),

and ribonuclease A (13.7 kDa). The elution volumes (Ve) of
marker proteins and STY protein kinase were determined.
The molecular mass of STY protein kinase was calculated
from the plot ofVe/Vo versus log of molecular mass.

Homology Modeling.Modeling of the structure of STY
family protein kinase was performed based on the X-ray
structures of the protein structures that produced the best E
value when using BLAST against the protein in the protein
data bank (PDB) database using the SwissPDB Viewer
package (13; http://www.expasy.ch/swissmod/SWISS-MOD-
EL.html). The molecular modeling method used was ProMod
II (13). Three-dimensional models of STY protein kinase
were predicted using the coordinates of chicken Src tyrosine
kinase (PDB code 2PTK, determined at 2.35 Å;14), human
Src (code 2SRC, 1.5 Å;15), mouse c-ABL kinase in complex
with the inhibitor STI-571 (code 1IEPA, 2.1 Å;16), and
mouse ABL tyrosine kinase with small molecule inhibitor
(code 1FPU, 2.4 Å;17) protein kinase domains. The
sequence of the kinase domain of STY protein kinase
sequences were aligned with the sequence of the homologous
tyrosine kinases using the advanced BLAST program (http://
www.ncbi.nlm.nih.gov/BLAST/). Refinement of side chains
and terminal chains was done using the Molecular Operation
Environment (MOE) software package (Version 2001.01,
Chemical Computing Group, Montreal, Canada). The gener-
ated model was then energy minimized in SYBYL (Tripos
Associates, St. Louis, MO) using a three-stage protocol
involving simplex, conjugate-gradient, and Powell minimiza-
tion methods, by moving side chains alone, to relieve short
contacts at the interprotomer interfaces. The quality of the
three-dimensional model was evaluated using PROCHECK
and Prosa II version 3.0 (18). Improvements in the model
were obtained by an iterative sequence-structure alignment
procedure, yielding the final sequence alignment between
the STY protein kinase domain and homologous structures.
The modeled structure was stable at room temperature during
a 140 ps unconstrained full protein molecular dynamics
simulations. Three-dimensional models were visualized by
RasMol (19). Calculations were performed on Silicon
Graphics IRIS 4D/25 workstations (http://www.sgi.com).

Computational Docking and Molecular Dynamics Simula-
tions. Docking was performed in SGI FUEL machine (Single
700 MHz MIPS R16000, 512MB-4GB synchronous double-
data RAM), using unbiased docking software AutoDock
3.0.3. This program allows for flexibility in the ligand
structure but uses a rigid body protein approximation to speed
up the calculation. AutoDock combines Monte Carlo-
simulated annealing for conformational searching with a
rapid, atomic resolution, grid-based method of energy
evaluation utilizing the AMBER force field (20). The
inhibitor coordinates were obtained from Cambridge struc-
tural database. Polar hydrogen atoms were added to the
protein using the SYBYL modeling package (Tripos As-
sociates, Inc.). Gasteiger charges were computed by SYBYL
for each molecule individually. The header information
(HEADER), Water (HOH), Ligands (HETATM), ions (IONS),
records were removed from the receptor PDB coordinate file,
and only the atom records were retained. Essential hydrogens
were added; KOLLUA charges were computed, by BIO-
POLYMER option in SYBYL. The modified files of
inhibitors and STY protein kinase were saved as mol2 file.
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Nonpolar hydrogens were removed from each inhibitor, and
their partial atomic charges were united with the bonded
carbon atoms. Docking computations were performed using
the Lamarkian genetic algorithm with grid sizes 40× 40 ×
40 (grid spacing 0.375 Å), yielding 10 docked conformations
per frame. Autotors3 was used to define the torsions for the
inhibitors. The program deftors is used to define the torsion
for small ligands. The number of individual population was
set to 250 000, the maximum number of generation was set
as 27 000, run was set to 10, and all other options were set
as default. Typically, the 10 lowest energy coordinate sets
were extracted for each inhibitor type and used for visualiza-
tion in WebLab Viewer 5.0 (Molecular Simulation Inc.).

In Vitro Kinase Assays and Inhibitor Studies.Toward
autophosphorylation assays, 400 ng of (His)6-STY protein
kinase fusion protein was preincubated with varying con-
centrations of inhibitors (0-50 nM) for 10 min. Then the
incubation was continued with 0.1-500µM ATP containing
2.5µCi of [γ-32P]ATP (3000 Ci/mmol) in a total volume of
20 µL of kinase buffer (10 mM MgC12, 50 mM Tris-HCl)
and stopped at 20 min by adding 10µL of Laemmli loading
buffer (3×). The reaction products were separated by 12%
SDS-PAGE followed by autoradiography. The Coomassie
blue-stained protein bands were recovered and then measured
using a liquid scintillation counter.

The kinetic experiments with histone as the substrate with
varying concentrations were performed with the prephos-
phorylated STY protein kinase that was prepared by prein-
cubating 300 ng of (His)6-STY protein kinase, 10 mM
MgC12, and 50µM ATP in 50 mM Tris-HCl (pH 7.5). The
inhibitors (genistein, tyrphostin, and staurosporine), at the
indicated concentration (0-1000 nM), were then added to
the mixture, and the incubation was allowed to continue for
10 min. The reaction was initiated by adding 1µCi of [γ-32P]-
ATP (3000 Ci/mmol), and variable histone concentrations
as indicated and reaction mixtures were immediately trans-
ferred to 30°C for 20 min. The complete reaction mixture
(30 L) was spotted onto a 2-cm square Whatman 3MM paper
and immediately dropping the paper into a beaker of cold
10% trichloroacetic acid containing 0.01 M sodium pyro-
phosphate. Following four subsequent washes, 20 min each,
the filter papers were washed extensively with pyrophos-
phate-containing 10% trichloroacetic acid at room temper-
ature and extracted with alcohol, and the radioactivity was
determined by liquid scintillation counting in 5 mL of
toluene-based scintillation fluid using a Beckman model LS
5801 liquid scintillation counter (21). Assay of histone
phosphorylation using the trichloroacetic acid precipitation
method for determining the phosphate transfer performed
either in the absence of STY protein kinase or in the absence
of histone were used as controls. In addition, the histone
phosphorylation performed at zero time was used as a
control. However, the experiments were also performed by
separating the histone phosphorylation reaction mix using
12% SDS-PAGE followed by autoradiography. The bands
of histone were excised from the gel, and the radioactivity
was counted in liquid scintillation counter and similar results
were obtained.

Lineweaver-Burk double-reciprocal plots were generated
by linear least-squares fits of the data. Data from inhibition
experiments were fitted to either a linear competitive model

(eq 1) or a noncompetitive (or mixed) model (eq 2) or
uncompetitive model (eq 3).

Accordingly, secondary plots were generated by replotting
the slopes, thex intercepts, and they intercepts of the lines
as a function of inhibitor concentration. The values ofKi

were determined from the secondary plots (22). The values
of Kii andKis can be determined from the secondary plots.
Kis is the apparentKi value that accounts for the change of
the slope.Kii is the apparentKi value that accounts for the
change of they intercept.

RESULTS

Determination of Oligomeric Nature of (His)6-STY Protein
Kinase.Gel filtration analysis was performed to determine
the oligomeric nature of (His)6-STY protein kinase in
solution. STY protein kinase was chromatographed on a
Superdex 200 column equilibrated with 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl. Reference proteins were used to
generate a standard curve (Figure 1). STY protein kinase
was eluted as a symmetric peak between the elution profile
of bovine serum albumin and ovalbumin, with a molecular
mass of 55 kDa, suggesting that the enzyme exists as
monomer under native conditions.

Autophosphorylation Mechanism of (His)6-STY Protein
Kinase.Autophosphorylation of protein kinases might pro-
ceed by intra- or intermolecular mechanisms. To test whether
the autophosphorylation of recombinant STY protein kinase

FIGURE 1: Determination of the molecular mass of STY protein
kinase by gel filtration chromatography. Purified (His)6-STY protein
kinase (0.5 mg) was subjected to Superdex 200 HR 10/30 FPLC
column. The standard curve,Ve/Vo versus log molecular mass was
derived from the elution profiles of standard molecular mass
markers withVe corresponding to the peak elution volume of the
protein. The flow rate was 0.3 mL/min, and the protein was
monitored by the absorbance at 280 nm. STY protein kinase was
eluted between BSA and ovalbumin. The peak position of STY
protein kinase is indicated by a line. Inset shows the elution profile
of STY protein kinase.

1/V ) Km/Vmax(1 + I/Ki)1/S+ 1/Vmax (1)

1/V ) Km/Vmax(1 + [I]/ Kis)1/[S] + 1/Vmax (1 + [I]/ Kii )
(2)

1/V ) Km/Vmax(1)/[S] + 1/Vmax (1 + [I]/ Ki) (3)
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occurs via an intramolecular (first order with respect to
enzyme concentration) mechanism, or an intermolecular
(second order with respect to enzyme concentration) mech-
anism, autophosphorylation reaction was carried out in the
presence of increasing concentrations of STY protein kinase.
As shown in Figure 2A, the relative phosphorylation rate
increases linearly with enzyme concentration, suggesting that
the autophosphorylation follows first-order reaction kinetics.
The van’t Hoff analysis of autophosphorylation (logarithm

of phosphorylation rate versus logarithm of enzyme con-
centration) illustrated a slope of 1.01( 0.08 and a correlation
coefficient of 0.99 for linear regression (Figure 2B). To
provide further evidence for intramolecular autophosphory-
lation by STY protein kinase, we tested if an active (His)6-
STY fusion protein can phosphorylate an inactive MBP-
STY molecule in which the invariant lysine residue in kinase
subdomain II was substituted by a arginine. As shown in
Figure 2C,D, the (His)6-STY fusion protein failed to phos-
phorylate the inactive mutant protein MBP-STY(K160R),
strongly supporting the notion that STY autophosphorylation
occurs through an intramolecular rather than intermolecular
mechanism.

Molecular Docking of STY Protein Kinase with Tyrosine
Kinase Inhibitors.A model for the molecular interaction of
STY protein kinase with staurosporine and genistein is
proposed. The use of molecular modeling and docking of
small compounds into the target sites of molecular models
derived directly from resolved crystal structures has proven
valuable for studies on binding of inhibitors to protein kinases
(23). Moreover, this approach has also been successful for
molecular models based on homology to a protein of known
structure (24). A three-dimensional model of STY protein
kinase was predicted using the coordinates of chicken Src
tyrosine kinase (PDB code 2PTK, determined at 2.35 Å;13),
human Src (code 2SRC, 1.5 Å;14), mouse c-ABL kinase in
complex with the inhibitor STI-571 (code 1IEPA, 2.1 Å;15),
and mouse ABL tyrosine kinase with small molecule
inhibitor (code 1FPU, 2.4 Å;16) protein kinase domains.
The resulting model was energy minimized to convergence
with SYBYL using a three-stage protocol involving simplex,
conjugate-gradient, and Powell minimization methods. The
Z-score of STY protein kinase three-dimensional model as
determined by Prosa II implied that the model according to
the quality assessment criteria developed by Sanchez and
Sali (25) was very reliable (p(GOOD)/Q-SCORE)) 0.99).
The PROCHECK evaluation of the model showed that 99%
of the residues are inφ/ψ most favored/additionally allowed
regions of the Ramachandran plot. In addition, the side chain
parametersx-1 andx-2 determined by PROCHECK are better
than protein X-ray crystal structures of model with 2.0 Å
resolution. The modeled STY protein kinase domain has the
expected protein kinase fold with the catalytic site in the
center dividing the kinase domain into two lobes. It is
composed of a smaller N-terminal lobe connected by a
flexible hinge to a larger C-terminal lobe. The N-terminal
lobe is rich inâ-strands, whereas the C-terminal region is
mostly helical. The catalytic site is defined by a loop that
forms an interface at the cleft between the two lobes. It is in
this catalytic region where the small molecule inhibitors can
bind. The catalytic loop is the most conserved region. The
nucleotide binding motif is contained in the small lobe
(glycine-rich loop, Lys160) (Figure 3A). The A-loop that spans
between Asp277 and Glu303 packs between N-terminal and
C-terminal lobes and sequesters Tyr297. The modeled struc-
ture of STY protein kinase compared with the template
tyrosine kinases showed strict similarity. This notion is
further strengthened when the glycine loop, TEY domain,
A-loop and C-terminal domain are examined in more detail
(Figure 3A). The structure-based multiple sequence align-
ment of STY protein kinase with the tyrosine kinase

FIGURE 2: Intramolecular mechanism of phosphorylation of STY
protein kinase. Autophosphorylation of recombinant STY protein
kinase was tested at different enzyme concentrations in an in vitro
kinase assay. The enzyme concentration varied from 0.5 to 10µM.
(A) Plot of phosphate incorporation rate versus STY protein kinase
concentration in the assay. (B) van’t Hoff plot of the algorithm of
velocity versus the logarithm of STY protein concentration. Linear
regression of the data in B estimated a slope of 1.01( 0.08 and a
correlation coefficient of 0.99. In A and B, data are the mean(
SE (n ) 4). (C) Intramolecular autophosphorylation assay of (His)6-
STY kinase and kinase-deficient MBP-STY kinase. Enzyme
activities were tested in reactions containing the following combina-
tions of fusion proteins: lane 1, the inactive MBP-STY(K160R)
alone; lane 2, (His)6-STY and the inactive MBP-STY(K160R);
lane 3, (His)6-STY kinase alone. Proteins were analyzed by SDS-
PAGE and visualized by Coomassie staining. The autoradiography
(D) shows the proteins phosphorylated in each assay. Sizes of the
molecular mass markers are indicated on the left.
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templates used in this study revealed that the TEY motif,
and the tyrosine kinase consensus CW(X)6RPXF are con-

served (Figure 3A). These findings justified building a
molecular model of STY protein kinase based on homology.

FIGURE 3: Molecular structure of the STY-ATP, STY-staurosporine, and STY-genistein complexes. Three-dimensional structure of the
STY protein kinase catalytic domain from residues 138 to 382 was predicted with the Swiss-model program (13; http://www.expasy.ch/
swissmod/SWISS-MODEL.html), using the coordinates for chicken Src tyrosine kinase (PDB code 2PTK, determined at 2.35 Å14), human
Src (code 2SRC, 1.5 Å;15), mouse c-ABL kinase in complex with the inhibitor STI-571 (code 1IEPA, 2.1 Å;16), and mouse ABL tyrosine
kinase with small molecule inhibitor (code 1FPU, 2.4 Å;17) protein kinase domains. (A) STY protein kinase nucleotide binding loop
(yellow), TEY domain (orange), A-loop (pink), conserved Trp370 (blue) are shown in modeled and minimized STY kinase molecule.R-Helices
andâ-strands are in red and blue, respectively. The complex structures of STY-ATP (B, C, and D), STY-staurosporine (E and F) and
STY-genistein (G and H) were obtained from docking calculation using the AutoDock 3.0.3 program. Ball and stick representation of
ATP, blue (B, C, and D), staurosporine, green (E and F) and genistein, blue (G and H), are positioned in the optimal docked orientation
as determined from our computational results. Superposition of the Tyr148 of the P-loop (yellow), Tyr213 of TEY domain (orange), and
Tyr297 of A-loop (purple) of the STY protein kinase model and modeled minimized ATP, staurosporine, and genistein are depicted. The
tyrosine residues, Tyr148 (yellow), Tyr213 (orange), and Tyr297 (pink) are represented in ball-and-stick. Dashed green lines represent hydrogen
bonds. These experiments were performed using the modified autogrid program and an additional “polar hydrogen” atom type. The complex
structure above was generated in 7 out of 12 docking runs and had the best relative binding energy. The figures were prepared using
WebLab ViewerLite.
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We applied the in silico macromolecular docking program,
AutoDock 3.0.3, to dock the protein kinase domain with ATP
and protein tyrosine kinase inhibitors. Application of Au-
toDock generated 10 docked structures per frame to give a
total of 10 000 docked structures for each antagonist. The
most frequent orientation produced by AutoDock has been
shown for many protein-ligand complexes to agree well
with the bound orientation observed in X-ray structures of
the complexes. ATP binding sites in the crystal structures
of basal state PTKs display various degrees of accessibility.
STY protein kinase is phosphorylated at multiple sites such
as Tyr148 of ATP binding domain, Tyr213 of TEY domain,
Tyr297 of A-loop, and Tyr317 of C-terminal domain (3).
Docking ATP into the STY protein kinase model yielded
the expected good score (the more negative the value, the
better the fit) with a fit close to the proposed ATP binding
pocket (data not shown). ATP is sandwiched between Tyr213

of TEY domain and Tyr148 of nucleotide binding domain
(Figure 3B). Docking studies also revealed a confirmation,
where ATP is bound mainly to Tyr213 of TEY domain of
STY protein kinase molecule (Figure 3C). There is a single
tyrosine in the A-loop of STY protein kinase. The interaction
of Tyr297 of the A-loop of STY protein kinase with ATP is
shown in the Figure 3D. When we applied AutoDock to dock
staurosporine with STY protein kinase, we observed that the
staurosporine is sandwiched between Tyr213 of TEY domain
and Tyr148 of ATP-binding loop (Figure 3E). The interaction
of staurosporine with Tyr148 of P-loop and Tyr297 of A-loop
is shown in Figure 3F. Docking studies revealed that
genistein interacts with Tyr148 of ATP binding motif (Figure
3G). The binding of Tyr297 residue of A-loop of STY kinase
with genistein is shown in Figure 3H. These results suggest
that the tyrosine kinase inhibitors bind the protein kinase at
the same region as ATP. In addition, docking studies revealed
the interaction of protein kinase inhibitors with the tyrosine
residues.

SensitiVity of the Kinase ActiVity of the STY Kinase to
Genistein, Tyrphostin, and Staurosporine.As (His)6-STY
protein kinase predominantly autophosphorylated on tyrosine,
we tested the enzyme with a panel of tyrosine kinase
inhibitors. STY protein kinase was inhibited by the tyrphos-
tin, genistein, and staurosporine in a dose-dependent manner,
with the apparent IC50 (the concentration of inhibitor which
causes 50% inhibition) values of 50.07( 3.9, 64.45( 4.7,
and 98.69( 7.8 nM, for ATP-dependent autophosphoryla-
tion, respectively (Figure 4A). Inhibitor potency series against
STY protein kinase was tyrphostin> genistein> stauro-
sporine (Figure 4A). The histone kinase activity of STY
protein kinase was inhibited by tyrphostin, genistein, and
staurosporine in a dose-dependent manner with the apparent
IC50 values of 429.71( 31.1, 571.23( 43.5, and 946.54(
71.2 nM, for histone phosphorylation, respectively (Figure
4B). These results support the finding that STY protein
kinase phosphorylates on tyrosine.

Staurosporine, Tyrphostin, and Genistein Are ATP-
CompetitiVe Inhibitors of STY Protein Kinase.Double-
reciprocal plot of 1/V versus 1/[ATP] at different concen-
trations of tyrphostin intersect on the ordinate, indicating that
the inhibitor is competitive with ATP (Figure 5A). Replot
of slope of the double reciprocal plot with inhibitor concen-
tration was used to determine theKi of the inhibitor. Such a
plot for STY protein kinase inhibition by tyrphostin is shown

in Figure 5B. Similar plots were obtained for genistein and
staurosporine inhibition of STY protein kinase (plot not
shown). All the inhibitors competed with ATP. TheKi values
of tyrphostin, genistein, and staurosporine were determined
to be 18.31( 1.5, 20.43( 1.3, and 69.12( 4.6 nM,
respectively. The kinetic data corroborated well with docking
analysis, suggesting a competitive inhibition of these inhibi-
tors with ATP.

Histone Phosphorylation Kinetics of STY Protein Kinase
Inhibition by Tyrphostin, Genistein, and Staurosporine.STY
protein kinase activities were measured as a function of
varying concentrations of histone at several different fixed
concentrations of inhibitors (Figure 6). The Lineweaver-
Burk plots of the data for STY protein kinase with tyrphostin
and staurosporine indicated a linear mixed type noncompeti-
tive inhibition pattern with the maximum velocity (Vmax)
reduced, and the apparent Michaelis constant (Km) increased
(Figure 6A,C). Replots of slope (Kis) and intercept (Kii ) of
the double reciprocal plot with inhibitor concentration yielded

FIGURE 4: Inhibition of STY protein kinase activity by tyrosine
kinase inhibitors. (His)6-STY protein kinase was subjected to in
vitro 32P-autophosphorylation in the presence of tyrosine kinase
inhibitors. Tyrosine autophosphorylation of STY kinase was
evaluated either in the absence (100%) or in the presence of
increasing concentrations of indicated inhibitors. The concentration
of ATP used in the assay was 50µM, and the concentration of
STY kinase used was 500 ng. (A) IC50 plot of STY kinase in the
presence of tyrphostin (b), genistein (O), and staurosporine (1).
(B) IC50 plot of histone phosphorylation of STY kinase in the
presence of tyrphostin (b), genistein (O), and staurosporine (1).
The concentration of histone used in the assay was 10µM. The
error bars represent the SD of three different experiments. The IC50
curves were generated by SigmaPlot regression fitting using the
equation: y ) 100 (Imaxxn/(IC50

n + xn)) (x ) [compound],y ) %
activity, andImax is the maximum percentage of inhibition).
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linear plots, suggesting a linear mixed-type inhibition. The
replots of slope andy intercept of the double reciprocal plot
with tyrphostin concentration yielded aKis value of 201.55
( 19.1 nM and aKii value of 539.17( 43.2 nM. The replot
of slope andy intercept of the double reciprocal plot with
staurosporine concentration yielded aKis value of 455.39(
34.7 nM anda Kii value of 997.12( 81.3 nM (plot not
shown). Kinetic analysis of inhibitors by Dixon plots
indicated a mixed inhibition pattern with the reduced
maximum velocity (Vmax), and the increased apparent Michae-
lis constant (Km). TheKi was also calculated from the Dixon
secondary plot where the slopes at each substrate concentra-
tion of primary plots were plotted against the reciprocal
substrate concentration (data not shown). The Lineweaver-
Burk plots of the data for STY protein kinase with genistein
yielded a series of linear and parallel straight lines to the
left side of the ordinate, indicating an uncompetitive inhibi-
tion (Figure 6B). The replot of they intercept of the double
reciprocal plot with inhibitor concentration yielded aKi value
of 426.33( 32.3 nM for genistein (Table 1).

Kinetic Analysis of Tyrosine Mutants of STY Protein
Kinase.We have reported earlier that the tyrosine mutant
proteins, Y148F of ATP binding motif, Y297F of A-loop,
and Y317F of C-terminal kinase domain of STY protein
kinase resulted in a drastic reduction in the protein kinase
activity with respect to wild type (3). On the other hand,
Y213F mutant protein of TEY domain is involved in

autoinhibition (3). The inhibition constants of Y148F, Y213F,
Y297F, and Y317F were determined for both ATP and
histone to study the role of these residues in binding to the
inhibitor.

Competitive inhibition was observed with ATP for all the
mutant proteins with inhibitors. Y148F and Y297F mutant
proteins resulted in dramatic increase in theKi value by 10-
fold for genistein and tyrphostin toward ATP. TheKi value
of Y148F and Y297F mutant proteins is increased by 8- and
7-fold, respectively, for staurosporine toward ATP. TheKi

FIGURE 5: The kinetics of inhibition of STY protein kinase
autophosphorylation by tyrphostin. (A) Double-reciprocal plot of
1/V versus 1/[ATP] was generated at fixed tyrphostin concentration.
Reaction was performed at 30°C for 15 min with 400 ng of (His)6-
STY protein kinase, 2.5 Ci of [γ-32P]ATP, and varying concentra-
tions of ATP as indicated. The error bars represent the SD of four
different experiments. (B) The slopes of the plots in (A) were
replotted versus [tyrphostin].

FIGURE 6: Kinetics of inhibition of histone phosphorylation by
tyrphostin, genistein, and staurosporine. Double-reciprocal plots of
1/V versus 1/[histone] were generated at fixed concentrations of
tyrosine kinase inhibitors. Reactions were performed at 30°C for
15 min with 300 ng of (His)6-STY protein kinase, 1µCi of [γ-32P]-
ATP, 50 µM of ATP, and varying concentrations of histone as
indicated. Panels A-C represent the double-reciprocal plots of 1/V
versus 1/[histone] at fixed concentrations of tyrphostin, genistein,
and staurosporine, respectively. The error bars represent the SD of
four different experiments.
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for tyrphostin and genistein toward ATP is increased by
3-fold for Y317F mutant (Table 1). On the other hand,
Y213F led to the slight decrease inKi value for ATP toward
all the three inhibitors, suggesting a higher affinity for the
inhibitor. The K160R mutant protein of STY protein kinase
was inactive. The relativeKi values of the mutants at fixed
ATP concentrations are summarized in Table 2.

We have observed linear mixed type noncompetitive
inhibition for all the mutant proteins with histone when
tyrphostin and staurosporine used. Mutant proteins showed
uncompetitive inhibition for genistein with histone (plots not
shown). There was no significant difference in the inhibition
constants of the tyrosine mutant proteins with respect to wild-
type for histone. However,Ki value is increased by 2-fold
for Y148F and Y297F mutant proteins for genistein and
tyrphostin, and 1.5-fold for staurosporine. There was 1.5-
2-fold increase in theKi of Y317F mutant protein for all the
inhibitors. The relativeKi values of the mutations at fixed
histone concentrations are summarized in Table 2. These
results suggest that Tyr148 and Tyr297 residues of STY protein
kinase play a significant role in the inhibition of autophos-
phorylation.

DISCUSSION

Tyrosine phosphorylation plays an important role in
growth, development, and oncogenesis in animals (1). On
the other hand, no tyrosine kinase has hitherto been cloned
in plants. Peanut STY protein kinase is shown to be regulated
by tyrosine phosphorylation (3). To gain insights into the
mechanism of tyrosine phosphorylation of recombinant STY
protein kinase, we have performed molecular docking and
kinetic analysis with tyrosine kinase inhibitors. Here, we
report that autophosphorylation of STY protein kinase occurs
through an intramolecular mechanism. Furthermore, we were
unable to detect in vitro intermolecular phosphorylation of
the K160R mutant protein by the recombinant STY protein
kinase. In many cases, autophosphorylation of a protein
kinase has been shown to proceed by an intermolecular
mechanism (26) in which the catalytic domains and phos-
phorylation sites reside on separate molecules. Occurrence

of intramolecular autophosphorylation mechanism has been
reported for a cytoplasmic tyrosine kinase, Src (27). Auto-
phosphorylation of serine/threonine protein kinases in plants
has been shown to occur intermolecularly or intramolecularly,
but neither of the two mechanisms has been related to a
specific form of regulation of activity (28-30). Arabidopsis
SOS2, an intracellular serine/threonine protein kinase (31)
and tomato protein kinases, Pto and Pti1 undergo autophos-
phorylation via an intramolecular mechanism (32).

STY protein kinase has a two-lobe architecture typical of
protein kinases. In general, ATP binds in the cleft between
the two lobes of protein kinases (33, 34). Crystal structures
of the serine/threonine kinases, cyclin-dependent kinase 2
(35), casein kinase (CK) 1 (36), and PKA (37) in complex
with various inhibitors have been reported. These structures
show that the ATP-binding pocket, although relatively well
conserved in the protein kinase family, will accommodate
molecules of different chemical structure, which can selec-
tively inhibit protein kinases. Our molecular docking studies
revealed that the protein kinase inhibitors bind in the same
region as ATP, suggesting a similar mode of regulation for
plant protein kinases.

Staurosporine is a potent inhibitor of protein kinases, with
an IC50 value of 2.7 nM for protein kinase C, 8.2 nM for
PKA, 6.4 nM for PTK of p60v-src, and 630 nM for PTK of
EGF receptor. Staurosporine was originally thought to be
an ATP-competitive inhibitor specific for PKC. More recent
studies showed that it is a broad, potent inhibitor of various
kinases, including tyrosine kinases, and does not compete
with ATP (38-40). The binding site of staurosporine is likely
to overlap with the ATP-binding pocket. Genistein shows
inhibitory activity against tyrosine kinases such as the EGF
receptor, pp60src, and pp110gag-fes in vitro. Genistein
inhibits protein kinases by competing at the ATP-binding
site (41). Our kinetic analysis revealed that staurosporine and
genistein competed with ATP. Tyrphostins are a series of
protein tyrosine kinase inhibitors that were originally mod-
eled after the microbial inhibitor erbstatin (42). Tyrphostins
against EGF inhibited EGF-dependent phosphorylation of
exogenous substrates and cellular proliferation (42-44) as

Table 1: Summary of Kinetic Parameters and Mode of Inhibition of STY Protein Kinase with Tyrosine Kinase Inhibitors

ATP a histoneb

inhibitor C50
c (nM) Ki

d (nM) inhibition IC50
c (nM) Ki

d (nM) inhibition

tyrphostin 50.07( 3.9 18.31( 1.5 competitive 429.71( 31.1 201.55( 19.1 mixede

genistein 64.45( 4.7 20.43( 1.3 competitive 571.23( 43.5 426.33( 32.3 uncompetitive
staurosporine 98.69( 7.8 69.12( 4.6 competitive 946.54( 71.2 455. 39( 34.7 mixede

a ATP-dependent autophosphorylation.b Histone phosphorylation.c The IC50 curves were generated by SigmaPlot regression fitting using the
equation: y ) 100. (Imaxxn/(IC50

n + xn)) (x ) [compound],y ) % activity, andImax is the maximum percentage of inhibition).d Ki was determined
from Lineweaver-Burk plot. e Kis value is shown for mixed inhibition.

Table 2: Comparison of Kinetic Parameters of Wild-Type and Mutant STY Protein Kinase for Tyrosine Kinase Inhibitors

ATPa Ki
c (nM) histoneb

protein tyrphostin genistein staurosporine tyrphostind genistein staurosporined

WT 18.31( 1.4 20.43( 1.9 69.12( 8.7 201.55( 19.1 426.33( 39.4 455.39( 34.7
Y148F 187.37( 15.3 191.34( 16.5 571.01( 54.7 396.04( 45.1 819.37( 76.2 621.32( 67.1
Y213F 14.33( 1.1 16.97( 1.2 56.23( 6.9 251.23( 21.2 411.89( 31.2 549.27( 72.8
Y297F 186.14( 14.2 194.23( 1.4 464. 21( 45.2 411.87( 79.1 855.43( 78.2 694.22( 73.1
Y317F 54.51( 2.9 59.41( 3.2 112.23( 10.9 355.12( 29.2 809.23( 76.4 599.32( 43.1
a ATP-dependent autophosphorylation.b Histone phosphorylation.c Ki was determined from Lineweaver-Burk plot. d Kis value is shown for

mixed inhibition.
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well as EGF-dependent activation of Src-family kinases (45),
with IC50 values in the micromolar range. STY protein kinase
is the first plant kinase shown to be inhibited by tyrphostin.

The inhibitory kinetics with staurosporine and tyrphostin
indicated the reduced apparent affinity and maximum veloc-
ity of histone for STY protein kinase, suggesting a noncom-
petitive mixed inhibition pattern. In mixed inhibition kinetics,
the binding of substrate or inhibitor induces the conforma-
tional change in the enzyme structure interfering with the
binding of other molecule. Noncompetitive inhibitors can
bind to a form of enzyme that still has substrate bound. In
the histone phosphorylation assay, binding of histone to the
enzyme might precede binding of staurosporine or tyrphostin.
A similar kind of mechanism was seen with protein kinases,
namely, PKA, CK1, CK2, MAP kinase (ERK-1), c-Fgr, Lyn,
CSK, and TPK-IIB/p38Syk, wherein staurosporine inhibition
was competitive with respect to ATP. In contrast, either
uncompetitive or noncompetitive kinetics of inhibition with
respect to the phosphoacceptor substrate was exhibited by
Ser/Thr and Tyr-specific protein kinases (46). Kinetic
analysis revealed that protein kinase C (PKC) inhibition by
Go 6976 was competitive with ATP and noncompetitive with
histone (47). Levendustin-A (48) olomoucine (49), sangi-
vamycin (50), and quercetin (51) competed with ATP and
exhibited noncompetitive inhibition with histone. Two-
substrate enzyme-catalyzed reactions may proceed by a
variety of mechanisms, including the ping-pong bi-bi,
compulsory-order ternary complex and random-order ternary
complex mechanisms (24). It might be possible that stau-
rosporine and tyrphostin bind to the STY protein kinase at
multiple places in the reaction pathway and consequently
exhibit noncompetitive mixed inhibition kinetics with respect
to phosphate acceptor. Differential inhibition of protein
kinases is a general phenomenon of staurosporine and related
compounds.

Inhibition kinetics of STY protein kinase were uncom-
petitive with respect to histone, suggesting that the binding
of histone at the active site precedes the binding of genistein
to the enzyme. Uncompetitive inhibition is rare in one
substrate reactions, but common in bisubstrate reactions.
Amiloride acts as a competitive inhibitor with ATP and
uncompetitive inhibitor with histone (52). The kinetics of
inhibition of PKC-gamma using staurosporine (38) and UCN-
01 (53) were competitive with ATP and uncompetitive with
histone. Under the bisubstrate reaction conditions, genistein
might bind to a complex of enzyme, MgATP and histone,
and thereby forming a complex that cannot be broken down
to products. A detailed understanding of the molecular basis
of STY protein kinase inhibition will require crystal structure
analysis of the STY kinase-inhibitor complex. Genistein
bears no structural relationship to ATP, inhibition of STY
protein kinase by genistein may not be due to the true
competition for exactly the same site as utilized by ATP.
Because of the competitive nature of inhibition with ATP
and uncompetitive nature with substrate, the concentrations
of these substrates can have dramatically different effects
on the degree of inhibition observed.

Ki value is drastically less than theKm value of ATP for
all the inhibitors, suggesting the strong binding. Thus, these
inhibitors could be good tools to elucidate the plant cellular
processes that are mediated by tyrosine phosphorylation.

Protein kinase inhibitors bind to the ATP-binding site, a
highly conserved nucleotide-binding pocket within the kinase
domain of protein tyrosine kinases, thereby blocking access
of ATP. P-loop and A-loop are the two main targets for
binding of the inhibitor to the kinases (26). In protein kinases,
residues in both the N- and C-terminal lobes bind and thus
position ATP for phosphoryl transfer (34). The ATP-binding
sites in the crystal structures of basal state PTKs also display
various degrees of accessibility. The A-loop in the structures
of basal state PTKs, including insulin receptor kinase D (54),
the fibroblast growth factor receptor tyrosine kinase (14),
Src (15), Hck (55), and Abl (17), exhibit a wide range of
conformations. Y148F mutant of ATP-binding loop and
Y297F mutant of A-loop resulted in increasedKi value of
autophosphorylation toward the inhibitors, suggesting the
strong binding of ATP and inhibitors. The response of the
kinase proteins could be due to regulatory state of kinase
and by tyrosine phosphorylation. We did not observe any
significant change in the inhibition constant of the mutant
enzymes with respect to wild-type for histone phosphory-
lation.

In conclusion, this study forms the first report on the
inhibition of protein kinases by tyrosine kinase inhibitors in
plants. The observation that STY protein kinase is inhibited
by tyrosine kinase inhibitors suggests that plant protein
kinases are also regulated in a similar manner as mammalian
tyrosine kinases. The present study helps in gaining more
insights into the mechanism of tyrosine phosphorylation in
plants, an otherwise poorly understood area of plant biology.
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