
Plant Physiol. (1983) 71, 489-495
0032-0889/83/7 1/0489/07/$00.50/0

Purification and Properties of a High Specific Activity Protein
Kinase from Wheat Germ'

Received for publication May 25, 1982 and in revised form September 30, 1982

JEFFREY R. DAVIES AND GIDEON M. POLYA
Department of Biochemistry, La Trobe University, Bundoora, Victoria 3083 Australia

ABSTRACT

A protein kinase was extensively purified to near-homogeneity from
wheat germ by a procedure involving affinity chromatography on casein-
Sepharose 4B, gel filtration, and repeated chromatography on carboxy-
methyl-Sepharose CL-6B. The protein kinase preparations have the highest
specific activities (up to 656 nanomoles phosphate incorporated per minute
per mill of protein) yet reported for plant protein kinases. The major
polypeptides in purified preparations were revealed as two barely-resolved
bands (molecular weight 31,000) on polyacrylamide gel electrophoresis in
subunit-dissociating conditions. The molecular size of the protein kinase
as determined from gel filtration is 30,000. The protein kinase catalyzes
the phosphorylation of casein, phosvitin, and the wheat germ cyclic AMP-
binding protein cABPII but not of bovine serum albumin and histones nor
of the wheat germ cytokinin-binding protein CBP. The protein kinase has
a pH optimum of 7.9 and a K. value for ATP of 10 micromolar. The
protein kinase differs from wheat germ CBP kinase in molecular weight,
differential sensitivity to inhibitors, and in substrate specificity.

Protein phosphorylation-dephosphorylation represents an im-
portant means of enzyme regulation in eukaryote cells and a key
process involved in hormone action in animal cells through the
modulation of specific protein kinases by cyclic AMP, cyclic
GMP, or Ca2' (7). Proteins known to be phosphorylated in higher
plants include chromosomal proteins (13; see 27), thylakoid pro-
teins (1, 26), ribosome-associated proteins (21, 24, 25; see 27),
RNA polymerase (10), and pyruvate dehydrogenase (18). Phos-
phorylation of pyruvate dehydrogenase results in inactivation of
the enzyme complex (18), and phosphorylation of wheat embryo
protein synthesis initiation factor eIF-2 causes inactivation of the
factor and inhibition of translation (19, 24). The phosphorylation
of the chloroplast light-harvesting Chl a/b-binding protein ap-
pears to be involved in regulation of the distribution of absorbed
excitation energy between the two photosystems, and the phos-
phorylation of this protein is light dependent (1). The mechanism
of regulation of other plant protein phosphorylation reactions is
unknown.

Protein kinases have been resolved from higher plants (2, 5, 6,
8, 10, 12, 16, 17, 22) but no cyclic nucleotide-dependent or Ca2+_
calmodulin-activated plant protein kinases have been reported.
Highly purified plant protein kinase preparations have been iso-
lated with specific activities in the range of approximately 10 to
200 nmol phosphate transferred/min mg of protein (5, 6, 8, 10,
12, 16, 22). Two casein-phosphorylating protein kinases (mol wt
39,000 and 120,000) have been purified to apparent homogeneity
from soybean cotyledons (6), and electrophoretic homogeneity has

' Supported by a grant from the Australian Research Grants Committee.

also been obtained for a wheat germ protein kinase (22). This
latter enzyme preparation phosphorylates casein and phosvitin,
contains an approximately 20,000 D subunit, and has a specific
activity of 215 nmol/min-mg protein (22). This enzyme differs
from another wheat germ casein-phosphorylating protein kinase,
CBP kinase, in not phosphorylating the wheat germ cytokinin-
binding protein CBP (16). The present paper describes the puri-
fication and properties of a further wheat germ casein-phospho-
rylating kinase that differs in many properties from the protein
kinase purified by Rychlik and Zagorski (22) and is distinct from
CBP kinase (16) in not phosphorylating CBP.

MATERIALS AND METHODS

Protein and Protein Kinase Assays and Electrophoresis. Protein
kinase was assayed routinely with 100 ,ug dephosphorylated casein
as substrate as described previously (16). Protein was determined
by the Folin procedure (9) using crystalline BSA as a standard or
by measuring Amo. Electrophoresis in 0.1% SDS-10%o (or 15%)
polyacrylamide slab gels, hydrolysis of 32P-labeled protein, and
high-voltage electrophoresis of phosphorylated amino acids were
conducted as described previously (16).

Plant Material and Chemicals. Raw wheat germ and chemicals
were obtained as described previously (16). CM-Sepharose CL-6B
was obtained from Pharmacia Fine Chemicals AB. cABPII was
purified to homogeneity as described previously (15). BSA, de-
phosphorylated casein (partially hydrolyzed and dephosphoryl-
ated for protein kinase studies), calf thymus histones (Sigma type
II-A), wheat seed a-amylase inhibitor, and wheat germ lectin were
obtained from Sigma Chemical Co. CBP and CBP kinase were
purified, and casein was coupled to cyanogenbromide-activated
Sepharose 4B as described in the accompanying paper (16).

Purification of Casein Kinase. All purification steps were con-
ducted at 0 to 4°C. Wheat germ (500 g) was suspended in 1.8 L of
50 mM Tris (Cl-, pH 8.0) (buffer A) containing 0.1 M NaCl and
homogenized for 5 min at top speed with an Ultra-Turrax blender
(Janke and Kunkel, Staufen, West Germany). The homogenate
was filtered through muslin, and the filtered homogenate was
centrifuged at 16,000g for 45 min. The resulting supernatant was
filtered through Miracloth, and the filtered supernatant was added
to about 200 ml bed volume of casein-Sepharose 4B (3.5-4.4 mg
casein bound/g wet weight of gel) in 0.1 M NaCl-buffer A. The
suspension was stirred intermittently over 15 min and then washed
on a sintered glass funnel with about 2 L 0.1 M NaCl-buffer A.
The washed gel was resuspended in 0.1 M NaCl-buffer A and
packed in a column (16 cm2 x 12 cm). The column was eluted
stepwise with about 1 L 0.2 M NaCl-buffer A followed by about
200 ml 0.5 M NaCl-buffer A to elute the casein kinase. The protein

2Abbreviations: CBP kinase, wheat germ protein kinase phosphorylat-
ing CBP; CBP, wheat germ cytokinin-binding protein; cABPII, wheat
germ 3',5'-cyclic AMP-binding protein II.
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kinase solution was concentrated to 6 ml by ultrafiltration using
an Amicon UM1O filter. The concentrated protein kinase solution
was applied to a column (4.9 cm2 x 70 cm) of Ultrogel AcA 34
equilibrated with 0.25 M NaCl-buffer A, and the protein kinase
was eluted with the same buffer. The high specific activity protein
kinase fractions from gel-filtration on Ultrogel AcA 34 were
pooled. The pooled protein kinase solution was diluted 2.5-fold
with buffer A (to give 0.1 M NaCl, final concentration), made 2
,UM with respect to ATP, and then was applied to a column (5 cm2
x 6 cm) of CM-Sepharose CL-6B equilibrated with 0.1 M NaCl-
bufferA containing 2 Mm ATP. The CM-Sepharose CL-6B column
was washed with about 100 ml of 0.1 M NaCl-buffer A-2 ,UM ATP
and then eluted with a linear gradient of increasing NaCl concen-
tration (from 0.1-0.4 M in buffer A-2 UM ATP). High specific
activity protein kinase fractions were pooled. In some prepara-
tions, a second chromatography on CM-Sepharose CL-6B was
carried out in order to achieve specific protein kinase activities of
greater than 500 nmol phosphate incorporated/min * mg ofprotein.

RESULTS

Purification of Wheat Germ Casein Kinase. The wheat germ
protein kinase purified in this study catalyzes the phosphorylation
of casein but not of CBP. Accordingly, we will refer below to this
protein kinase as 'casein kinase' and to the distinct wheat germ
protein kinase that catalyzes the phosphorylation of CBP and
casein as 'CBP kinase.'

Table I summaizes the purification of casein kinase from wheat
germ. The key step in the purification protocol involves chroma-
tography of the initial high speed supernatant through a casein-
Sepharose 4B column-of47,000 mg of protein (from 500 g wheat
germ) in the supernatant applied to the column, only 52 mg are
retained in the casein kinase fraction (Table I). Because of the
presence in the starting supernatant ofmany potentially interfering
agents (and a multiplicity of protein kinases), one cannot deter-
mine the yield of the casein kinase from this initial affinity
chromatography step. Indeed, there is an apparent 2-fold increase
in casein kinase activity after this step (Table I). However, a
maximum estimate of the purification achieved (assuming no loss
of casein kinase activity at this stage) is about 1,000-fold. The bulk
ofthe casein kinase is eluted from the casein-Sepharose 4B column
by 0.5 M NaCl-buffer A; only about 20o of the total retained
casein phosphorylating activity is eluted in the prior 0.2 M NaCl-
buffer A washing. Extensive washing of the column with 0.2 M
NaCl-buffer A was required to achieve high specific activities of
the bulk casein kinase and to remove a large proportion (80%o of
total) of CBP kinase. When a 0.2 M NaCl-buffer A wash of the

Table I. Purfifcation of Wheat Germ Casein Kinase
Wheat germ (500 g) was extracted; the yields at each stage have been

corrected for losses due to sampling for analysis. Protein kinase activity
was determined as described in "Materials and Methods". Protein was
determined from A2s0 taking E°20 - 0.61 for the purified casein kinase.

Fractionation . . . Protein Kinase
Stage Specific Activity

nmolphosphate incor-nmol/min -mg pro-
mg porated/min tein

High-speed su- 47,000 743 0.016
pernatant

Casein-Sepha- 52 1,600 31
rose 4B

Ultrogel AcA 34 10.5 823 78
CM-Sepharose 2.3 580 245
CL-6B (1)

CM-Sepharose 0.5 220 478
CL-6B (2)

casein-Sepharose 4B column was not employed, the specific activ-
ity of the casein kinase eluted in 0.5 M NaCl-buffer A was only
about 7 nmol/min .mg protein as opposed to 29 ± 5 nmol/min.
mg protein (mean ± SD from five preparations) obtained after
extensive washing in 0.2 M NaCl-buffer A. After affinity chro-
matography on casein-Sepharose 4B, the active bulk casein kinase
fractions were concentrated by ultrafiltration prior to gel filtration.
Concentration by ultrafiltration resulted in yields of greater than
50%1o. Subsequent gel filtration on Ultrogel AcA 34 in 0.25 M NaCI-
buffer A resolved one major peak of casein kinase activity (Fig.
1). ATP (2 Mm) was included in the buffers from this gel fitration
step onwards since high specific activity preparations of wheat
germ casein kinase resolved by Rychlik and Zag6rski (22) were
stabilized by inclusion of ATP. The present casein kinase prepa-
ration loses all activity in 1 week at 4°C in the absence of ATP.
In the final purification step, the casein kinase was eluted from
CM-Sepharose CL-6B with a linear gradient of increasing NaCl
concentration. At pH 8.0, the peak casein kinase is eluted with a
major peak of Amso at about 0.2 M NaCl concentration; constant
specific protein kinase activity is obtained on the trailing edge of
the peak (Fig. 2). In some preparations, a second gradient elution
from CM-Sepharose CL-6B was required to achieve specific activ-
ities of about 500 nmol/min .mg of protein (Table I). The maxi-
mum specific activity observed for a final preparation of casein
kinase was 656 nmol/min.mg protein. The E2AV for the purified
casein kinase is 0.61 ± 0.02 (mean ± SD from six determinations).
The purification protocol consistently yielded final preparations
with specific activities of about 500 nmol phosphate incorporated/
min .mg protein as measured in the standard assay with dephos-
phorylated casein as the protein substrate. Final preparations were
devoid of significant CBP kinase activity-this was largely re-
moved at the casein-Sepharose 4B stage with further traces eluting
just prior to the peak of casein kinase on both gel filtration on
Ultrogel AcA 34 and gradient elution from CM-Sepharose 4B.
These preparations lose 29%o of activity in 1 week at 40C.

Molecular Size and Subunit Composition of Casein Kinase. The
apparent molecular size of casein kinase is 30,000 ± 3,000 (mean
± SD from three determinations) as determined from gel filtration
on an Ultrogel AcA 34 column (4.0 cm2 x 70 cm) in 0.25 M NaCl-
buffer A. The Ultrogel AcA 34 column was eluted with buffer A
containing 0.25 M NaCl to avoid possible protein aggregation and
was calibrated by determining the elution volumes of proteins of
known mol wt including pyruvate kinase, fumarase, aldolase,
BSA, ovalbumin, myoglobin, and Cyt c. Typically, SDS-poly-
acrylamide gel electrophoresis revealed one major band (mol wt
31,000 ± 1,000) (Fig. 3B) as well as traces of higher mol wt
polypeptides (e.g. Fig. 3C). In many electrophoretic resolutions,
the 31,000 D polypeptide zone was composed of two barely
resolved bands (mol wt difference <500) (Fig. 3C). The intensity
of the 31,000 D polypeptide band on SDS-polyacrylamide gels
correlates with casein kinase activity when samples through the
enzyme peak from CM-Sepharose CL-6B are subjected to electro-
phoresis (Fig. 3, A and B). This is consistent with the 31,000 D
polypeptide being the casein kinase subunit. In addition, the
31,000 D polypeptide is the major polypeptide present in purified
preparations and has a mol wt the same as the mol wt ofthe native
casein kinase (as determined from gel filtration). The present
evidence therefore suggests that the casein kinase has a mol wt of
about 30,000 and is composed of one subunit.

Effects of pH, Dlvalent Cations, and Ionic Strength on Casein
Kinase Activity. The casein kinase shows maximal activity at pH
7.9 and 50%1o of maximum activity at pH values of 4.4 and 9.4
(Fig. 4). The casein kinase activity is largely dependent upon
added Mg2+, with maximal activity being obtained at 15 mM
MgCl2 concentration; higher concentrations of MgCl2 are inhibi-
tory (Fig. 5). The casein kinase is not activated by CaCl2, MnCl2,
nor by zinc acetate when these salts are included in assays at
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FIG. 1. Gel filtration of casein kinase on an Ultrogel AcA 34 column. Casein kinase eluted from casein-Sepharose 4B was concentrated and
chromatographed on Ultrogel AcA 34 as described in "Materials and Methods." (A), A280, (A), protein kinase activity determined in the standard assay
conditions.
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FIG. 2. Resolution of the casein kinase by chromatography on CM-Sepharose CL-6B. Casein kinase fractions from gel filtration (see Fig. 1) were

applied to a column of CM-Sepharose CL-6B which was eluted with a gradient of increasing NaCl concentration as described in "Materials and
Methods." (A), A2m0; (0), protein kinase activity determined in the standard assay conditions; (0), NaCl concentration.

concentrations from 0.25 to 50 mm. When included in the standard
assay (containing 10 mM MgCl2), 1 mM CaCl2, CuC12, and BaCl2
cause only 27%, 21%, and 16% inhibition, respectively; inclusion
of 1 mM CoCl2 and 1 mM MnCl2 inhibits 62% and 74%, respec-
tively. Zn2+ and Hg2+ are potent inhibitors of the casein kinase-
inclusion of 1 mm zinc acetate or 1 mM HgCl2 in the standard
assay causes 98% and 100%o inhibition, respectively, ofthe enzyme.
At 1 mm concentration, none of the divalent cations tested cause
precipitation with casein as substrate in the assay.
The casein kinase is inhibited by elevated salt concentrations

(Fig. 6). The casein kinase is inhibited 50%lo by 25 mM (NH4)2SO4,
70 mm potassium phosphate, and by 190 mm NaCl, NH4CL or
KCI. Neither K-acetate nor Na-acetate are inhibitory when in-
cluded in the assays at concentrations up to 200mm in the presence

of 5 mm initial NaCl concentration (Fig. 6). In contrast, CBP
kinase is inhibited 55% by 100 mm Na- or K-acetate in these
conditions in the presence of75 mm NaCl (see Ref. 16); in identical
assay conditions at 75 mm NaCl concentration, 100 mm Na-acetate
inhibited casein kinase by only 12%.

Substrate Specificity of Casein Kinase. Table II shows the
substrate specificity of the casein kinase. Casein, phosvitin, and
cABPII are phosphorylated by the purified casein kinase, which
has absolute dependence on added protein substrate for activity
(Table II). Neither BSA nor a preparation of calf thymus histones
are phosphorylated by the casein kinase (Table II). Neither puri-
fied wheat seed a-amylase inhibitor (at 0.1 mg/ml) nor wheat
germ lectin (at 0.4 mg/ml) are substrates for the casein kinase.
The Km values of the casein kinase for dephosphorylated casein
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FIG. 3. SDS-polyacrylamide gel electrophoresis of purified casein kinase. A, Casein kinase fractions resolved on CM-Sepharose CL-6B. (O), A2;
(5), protein kinase (nmol/min ml). B, Electrophoresis in 0.1% SDS-12.5% polyacrylamide gel of fractions from (A). Protein in 2-ml samples of each
fraction was precipitated by addition of 0.2 ml 66% TCA in the presence of 20 jg BSA (as carrier protein), and the pellets were washed with ethanol-
ether (1:1, v/v) before electrophoresis. The numbers refer to the fraction numbers in (A); the major lower mobility band corresponds to BSA; (0),
origin. C, Electrophoresis of a highly purified casein kinase preparation in a 0.1% SDS-15% polyacrylamide gel. Ten ,ug of protein was applied.

and phosvitin in the standard assay conditions at pH 8.0 are 0.9
and 0.8 mg/ml, respectively. The Km for ATP in the standard
assay conditions with 2 mg/ml casein as substrate is 10 am as
determined from Lineweaver-Burk analysis. While inclusion of
CTP, UTP, or ITP at 0.1 or 1.0 mm causes less than 15% inhibition
of32P incorporation from [y-nP]ATP (25 AM) in the standard assay
conditions, inclusion of 0.1 or 1.0 mm GTP causes 20% and 60o
inhibition, respectively. In the same conditions, inclusion of 0.1 or
1.0mm unlabeled ATP inhibits by 87% and over 99%, respectively.

32P-1abeled casein from reactions catalyzed by casein kinase was
hydrolyzed in 6 N HCl at 100°C for 1 to 4 h, and the hydrolysates
were subjected to high-voltage electrophoresis as described pre-
viously (15). Peaks of radioactivity corresponding to phosphothre-
onine (6% of total) and to phosphoserine (17%) were found, in
addition to lower mobility material near the point of application

(37%) and a higher mobility anodic peak corresponding to Pi (24%
of total).

Effects of Various Compounds on Casein Kinase Activity. No
activation ofthe casein kinase by 3',5'-cyclic AMP (100WUM), NfBA
(100 ,UM), nor by kinetin (50 jM) was observed. Included at 0.1 mM
in the standard assay, 5'-AMP, 2',3'-cyclic AMP, 3',5'-cyclic AMP,
3',5'-cyclic GMP, and 2',3'-cyclic GMP have no effect on casein
kinase. At I mm concentration, 3',5'-cyclic GMP and 2',3'-cycic
GMP have no effect, while at I mM 5'-AMP, 2',3'-cycic AMP,
and 3',5'-cyclic AMP are slightly inhibitory, causing 14%, 20%,
and 26% inhibition, respectively. Ten mm 3',5'-cycic AMP causes
84% inhibition. At 0.1 mm concentration, ADP, adenosine, and
adenine cause 64%, 45%, and 20% inhibition of the casein kinase,
respectively; at I mm, 5'-ADP and adenosine cause 94% and 89%o
inhibition, respectively.

492 Plant Physiol. Vol. 71, 1983
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FIG. 4. Casein kinase activity as a function of assay pH. Standard reaction mixtures were buffered employing final concentrations of 50 mm acetate
(Nae, pH 4.9-5.6), 50 mM bis(2-hydroxyethyl)imino-tris(hydroxymethyl)methane (Cl-, pH 5.9-7.2), 50 mM N-tris(hydroxymethyl)methylglycine (K+,
pH 7.5-8.6), and 50 mM glycine (K+, pH 9.0-9.7). Values given represent the means of triplicate determinations, and the vertical bars indicate the SD.
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FIG. 5. Activation of casein kinase by MgCl2. Casein kinase was measured as described in "Materials and Methods" in assays buffered with 20 mM

Hepes (K+, pH 8.1). Each point represents the mean of triplicate determinations, and the vertical bars indicate SD. Results are presented as percentage
of maximum activity (obtained with 15 mM MgCl2 in the assay).

The protein inhibitor of animal cyclic AMP-dependent protein
kinase (4) does not inhibit the casein kinase when included in the
standard assay at I mg/ml. In contrast, hemin, which inhibits
cyclic AMP-dependent protein kinase and the phosphorylation of
eukaryote initiation factor 2 (14, 23), completely inhibits the casein
kinase when present at I mg/ml. In experiments involving 5 mi
preincubation before assay, 10 mM DTT, 10 mM 2-mercaptoetha-
nol, and I mm iodoacetamide have no significant effect on the
casein kinase activity, but 0.1 and 1.0 mM concentrations of N-
ethylmaleimide inhibit by 31% and 79%, respectively.
A search was made for compounds that might differentially

inhibit the casein kinase and CBP kinase from wheat germ. Table
III shows that CBP kinase activity with ATP as phosphoryl donor
and casein as substrate is more sensitive to inclusion of other
nucleoside 5'-triphosphates, guanosine, and of ferrocyanide or
ferricyanide than is the casein kinase in the same conditions. The
concentrations for 50% inhibition of CBP kinase by ferricyanide
and ferrocyanide are 0.4 and 0.17 mm, respectively. Conversely,
casein kinase is more sensitive to inhibition by hemin (50%
inhibition at 0.12 mM) than is CBP kinase (50% inhibition at 0.25

mM hemin). Casein kinase is more sensitive to inclusion in the
assay of 5'-ADP or adenosine (Table III). The concentration for
50% inhibition of casein kinase by adenosine is 100 IM at which
concentration there is no inhibition of CBP kinase (Table III).

DISCUSSION

The affinity chromatography-based purification procedure for
the casein kinase described here yields the highest specific activity
plant protein kinase preparations yet reported. The specific activ-
ities obtained approach the value of approximately 1 umol/min.
mg protein obtained with homogeneous preparations of the cata-
lytic subunit ofmammalian cyclic AMP-dependent protein kinase
(20). The best specific activity of the casein kinase obtained here
(656 nmol/min-mg protein) is less than the specific activities of
homogeneous calf thymus casein kinases I and II (847 and 1220
units, respectively) (3) but greater than the specific activities of
apparently pure soybean casein kinases I and II (332 and 347
units, respectively) (6) or ofthe wheat germ protein kinase purified
by Rychlik and Zag6rski (215 units) (22). The yield of purified
kinase from the present affinity-based purification procedure (44
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FIG. 6. Inhibition of casein kinase by salts. Casein kinase was assayed as described in "Materials and Methods" with 20 mM Hepes (K+, pH 8.1), 5

mm NaCl, and 20 mm MgCl2 in all assays. Activities in the presence of added salts were determined in triplicate and are presented as percentage of
control activity (with no added salt): (A), (NH4)2SO4 added; (x), K-phosphate; (0), NaCl; (U), KCI; (0), NH4CL; (A), sodium acetate; (0), potassium
acetate.

Table II. Protein Substrate Specricity of Casein Kinase
Casein kinase was assayed in triplicate as described in "Materials and

Methods" with 20 mM Hepes (K+, pH 8.1), 20 mm magnesium acetate, 50
mm NaCl, and the indicated amounts of test substrate proteins in the
assays. Means ± SD from triplicate determinations are shown. Assays with
the various substrates were corrected by subtraction of control assays
conducted in the absence of added casein kinase.

Added Protein Protein Kinase Activity with Casein

,ug pmol incorporated/JO min %
None 0 0
Dephosphorylated 519 ± 22 100

casein (100)
CBP (80) 0 0
cABP II (25) 23 ± 6 4
Phosvitin (100) 230 ± 10 44
Calf thymus his- 0 0

tones (100)
BSA (100) 0 0

nmol/min. 100 g fresh weight of starting material) (Table I) is 3
times better than yields obtained for the protein kinase prepara-
tions purified from soybean (6) or purified from wheat germ by
Rychlik and Zag6rski (22). Our casein kinase preparations are
near-homogeneous on the basis of high specific activities (lying
between those of apparently pure preparations of casein-phospho-
rylating animal and plant enzymes), the near-identity of subunit
and native mol wt estimates of approximately 30,000, and the
correlation of the major 31,000 subunit resolved on SDS-poly-
acrylanide gel electrophoresis with protein kinase activity (Fig. 3,
A and B). The 31,000 D doublet band observed in many prepa-
rations (Fig. 3C) could derive from covalent modification of the
protein, e.g. by specific terminal proteolysis or phosphorylation
(3).
The purification procedure resolves the casein kinase from CBP

kinase. The casein kinase is clearly distiguished from CBP kinase
by its inability to bind to CBP Sepharose or to phosphorylate CBP
(cf Ref. 16). The casein kinase differs further from CBP kinase
(see Ref. 16) in lack of activation by Mn2+ (at concentrations from
0.25-50 mM), in apparent mol wt and in differential sensitivity to

Table III. Dfferential Inhibition of Casein Kinase and CBP Kinase
CBP kinase and casein kinase were assayed in the standard assay

conditions with dephosphorylated casein as substrate in the presence or
absence of the indicated compounds. Assays were conducted in triplicate,
and assay values (±sD) were expressed as per cent of control activities
(with no inhibitor added).

Addition Casein Kinase CBP Kinase

mM % control
None 100 100
GTP (0.1) 80 ± 5 27 ± I
GTP (1.0) 40 ± 2 2 ± I
CTP (0.1) 103 ± 2 100± 5
CTP (1.0) 104 ± 4 92 ± 5
UTP (0.1) 98 ± 3 96 ± 4
UTP (1.0) 85 ± 2 50 ± 2
ITP(0.l) 106±6 56±1
ITP(1.0) 97±5 12±1
ADP (0.1) 36 ± 3 76 ± 4
ADP (1.0) 6 ± 1 26 ± I
Adenosine (0.1) 50 ± 8 103 ± 4
Adenosine (1.0) 11 ± 1 73 ± 7
K4Fe(CN)6 (1.0) 75 ± 6 9± 3
K3Fe(CN)e (1.0) 105 ± 6 25 ± 3

a variety of inhibitors (Table III; Fig. 6). The casein kinase, like
CBP kinase (16), is inhibited by elevated salt concentrations, but
differs from CBP kinase in insensitivity to high sodium or potas-
sium acetate concentrations (Fig. 6; see Ref. 16). Thus, the inhi-
bition of the casein kinase by high salt concentrations is anion
specific. The differential inhibition of the casein kinase and CBP
kinase by ferrocyanide, ferricyanide, adenosine, and other com-
pounds (Table III) may be useful in distinguiing between these
(and related) protein kinases in future studies.
The casein kinase described here differs in subunit mol wt,

inhibition by high NaCI and KCI concentrations, and lack of
activation by Mn2+ or Cae from another cyclic nucleotide-inde-
pendent, casein-phosphorylating protein kinase isolated from
wheat germ by Rychlik and Zag6rski (22). Apparently, homoge-
neous preparations of the latter enzyme contain a 20,000 D
polypeptide (22); preparations of the casein kinase described in
the present paper contain a predominant 31,000 D polypeptide
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(Fig. 3). The present casein kinase is inhibited by very high
(nonphysiological) concentrations of cyclic AMP as is CBP kinase
(16) and a protein kinase activity in wheat germ that catalyzes the
phosphorylation of protein synthesis initiation factor eIF-2 (19).
However, the latter enzyme, unlike CBP kinase (16) and the casein
kinase, is insensitive to N-ethylmaleimide (19). We have previ-
ously reported the phosphorylation of casein and cABPII by three
wheat germ protein kinase fractions (15). However, these fractions
were very impure (specific activities, 0.2-3.0 nmol/min-mg) and
were isolated in low yield (2 nmol/min. 100 g as compared to 44
nmol/min. 100 g for the present purified casein kinase) i.e. the
present casein kinase would have been largely eliminated in the
isolation procedure. Further, these protein kinase fractions, unlike
the present casein kinase, catalyze the phosphorylation of CBP
(16).
The wheat germ casein kinase described here has an apparent

native mol wt of 30,000 as compared to a mol wt of 55,000 for a
chromatin-associated casein kinase from soybean (1 1) and 39,000
for a casein kinase from cauliflower nuclei (12). The latter en-
zymes, unlike the wheat germ casein kinase, are activated by low
concentrations of Mn24 (11, 12). Hemin gives 50%o inhibition of
the casein kinase at 120 um and 50%o inhibition of the catalytic
subunit of beef heart cyclic AMP-dependent protein kinase at
35/IM (23). However, the protein inhibitor of the latter enzyme (4)
does not inhibit the wheat germ kinase. The wheat germ casein
kinase, like all protein kinases isolated from plants to date, is not
activated by cyclic AMP. The wheat germ casein kinase is distinct
in native mol wt (30,000) from casein kinases NI (23,000) and NII
(85,000) from tobacco leaves (5) and from casein kinase I (mol wt
39,000) and casein kinase II (mol wt 120,000) from soybean
cotyledons (6).
The only endogenous substrate for the wheat germ casein kinase

that we have purified to date is the cyclic AMP-binding protein
cABPII (15). The relatively low rates of phosphorylation of
cABPII catalyzed by the purified casein kinase cannot be due to
contaminating CBP kinase-for which enzyme cABPII is a good
substrate (16)-since casein kinase preparations phosphorylating
cABPII had no detectable activity with CBP as substrate (Table
II). Although it is not known whether cABPII or CBP are phos-
phoproteins in nature, both these proteins are phosphorylated in
vitro by CBP kinase (16), and cABPII is phosphorylated by both
the casein kinase and CBP kinase. We are currently employing
purified casein kinase in attempts to resolve further endogenous
substrates and to search for possible endogenous regulators of this
enzyme.
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