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Protein kinase B (PKB) was recently reported to be activated on the phosphorylation of
Thr*® by Ca’*/calmodulin-dependent protein kinase kinase o (CaM-kinase kinase «a),
suggesting that PKB was regulated through not only the phosphoinositide 3-kinase
pathway but also the Ca**/calmodulin protein kinase pathway. The activation of PKB by
CaM-kinase kinase a was as high as 300-fold after incubation for 30 min under the phos-
phorylation conditions, and still increased thereafter, suggesting that the maximal acti-
vation of PKB on phosphorylation of the Thr*® residue is several hundred fold. On the
other hand, the V___ value of CaM-kinase kinase « for the phosphorylation of PKB was
more than two orders of magnitude lower than that for CaM-kinase IV, although the K
values for PKB and CaM-kinase IV were not significantly different, raising the question
of whether or not PKB is a physiological substrate of CaM-kinase kinase a. Besides
CaM-kinase kinase a, CaM-kinase II also remarkably activated PKB. However, the spe-
cific activities of CaM-kinase kinase o and CaM-kinase II as to the activation of PKB
were more than three orders of magnitude lower than that of 3-phosphoinositide-depen-

dent protein kinase 1 (PDK1).

Key words: Ca’*/calmodu]in-deﬁ ndent protein kinase kinase (CaM-kinase kinase), Ca®*/

calmodulin-dependent protein
transduction, upstream protein kinase.

Protein kinase B (PKB), also called Akt, is involved in the
regulation of cell survival in response to a variety of growth
factors such as platelet-derived growth factor (PDGF), epi-
dermal growth factor (EGF), insulin, thrombin, and nerve
growth factor (NGF) (). PKB is activated on the phospho-
rylation of Thr’® located in the “activation-loop” by 3-phos-
phoinositide-dependent protein kinase 1 (PDK1), which is
activated on the binding of phosphatidylinositol-3,4,5-tri-
phosphate to the pleckstrin homology (PH) domain of the
enzyme (I, 2). It was recently demonstrated that PKB is
also activated on the phosphorylation of Thr®® by Ca?®*/
calmodulin-dependent protein kinase kinase o (CaM-ki-
nase kinase a) (3), which has been reported to activate
CaM-kinases IV and I, selectively, through the phosphory-
lation of Thr'® and Thr'”, respectively, located in their
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II (CaM-kinase II), protein kinase B (PKB), signal

“activation-loop” (4). To ascertain the biological significance
of CaM-kinase kinase a in the regulation of the activity of
PKB, detailed analysis of the phosphorylation and activa-
tion of PKB by the CaM-kinase kinase is carried out in the
present study.

EXPERIMENTAL PROCEDURES

Materials—{v-2PJATP (5,000 Ci/mmol), glutathione-Se-
pharose 4B, and Sephadex G-50 (superfine) were from
Amersham Pharmacia Biotech. Microbial protease inhibi-
tors (pepstatin A, leupeptin, antipain, and chymostatin)
were from the Peptide Institute (Osaka). DEAE-cellulose
(DE52), phosphocellulose paper (P81), and 3MM paper
were from Whatman. Akt substrate (RPRAATF) was from
Santa Cruz Biotechnology. PKA inhibitor peptide (TTYAD-
FIASGRTGRRNAIHD) was from Sigma. AIP [CaM-kinase
II inhibitor (5), KKALRRQEAVDAL)] was synthesized by
Takara Biomedicals. Syntide-2 (PLARTLSVAGLPGKK) (6)
was synthesized by the American Peptide Company. The
IMPACT™ T7 system (Intein Mediated Purification with
an Affinity Chitin-binding Tag) was from New England Bio-
labs. All other reagents were of the highest grade commer-
cially available.

Protein Preparations—The GST-PKB [a isoform (7)] and
GST-PKB (K179M) (in which Lys!'™, the ATP-binding site,
was replaced with Met) fusion proteins were expressed in
S cells using the pAcGHLT-A vector (Pharmingen), and
then purified by affinity chromatography on glutathione-
Sepharose 4B (Matsuzaki, H., Konishi, H., and Kikkawa,
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U., unpublished work). The purities of the purified GST-
PKB and GST-PKB (K179M) were estimated to be 74.3 and
32.2%, respectively, on the basis of the results of analysis of
the intensities of the protein bands separated on SDS-
PAGE with a MasterScan image analyzer and a RFLP scan
program (Scanalytics). The major contaminant was endoge-
nous 25-kDa GST (in Sf9 cells): the content of free GST in
the purified GST-PKB (K179M) preparation was estimated
to be 55.2% on MasterScan image analysis, and accordingly
the molar ratio of GST-PKB (K179M) to the contaminating
GST was roughly calculated to be about 0.17 from the
molecular weights of 85,489 for GST-PKB (K179M) and
25,000 for GST, respectively. CaM-kinase kinase o ex-
pressed in E. coli (8) was purified as described previously
(9). CaM-kinase IV (10) expressed in Sf9 cells was purified
as described previously (11). CaM-kinase IV (K71R), in
which Lys™ (ATP-binding site) was replaced with arginine,
expressed in Sf9 cells was purified as described previously
(9). Since the incubation of CaM-kinase IV with calmodulin
in the presence of Ca?* results in a decrease in the enzyme
activity and the resulting less active form is converted to
the original active form on incubation with Mg®* in the
presence of EGTA (11, 12), the purified less active CaM-
kinase IV and CaM-kinase IV (K71R) eluted from the cal-
modulin-Sepharose column were incubated in 40 mM Tris-
HCI buffer (pH 7.5) containing 0.5 mM EDTA, 0.5 mM
EGTA,1 mM dithiothreitol, 0.05% Tween 40, 10% ethylene
glycol, and 5 mM Mg(CH,COO), at 30°C for Smin for con-
version to their active forms, and then frozen in aliquots at
—85°C. CaM-kinase I expressed in Sf9 cells was purified as
described previously (13). A ¢cDNA fragment containing the
entire coding sequence of CaM-kinase Ila (I4) was intro-
duced into a baculovirus, AcNPV, using a Bac-To-Bac Bacu-
lovirus Expression System (Life Technologies). Sf9 cells
infected with the recombinant baculovirus were grown at
27°C for 2 days in Grace’s medium containing 10% fetal
bovine serum, 0.35 g/liter NaHCO,, 100 pg/ml kanamycin,
and 2.6 g/liter Bacto tryptose phosphate broth (Difco) (pH
6.1). The harvested cells (1.07 g) were washed once with
phosphate-buffered saline, suspended in approximately 10
volumes of 50 mM Tris-HCI buffer (pH 7.5 at 4°C) contain-
ing 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 0.1% Tween 40, and 5 pg/ml
of each of the microbial protease inhibitors (pepstatin A,
leupeptin, antipain, and chymostatin), and then disrupted
by sonic oscillation. The supernatant obtained on centrifu-
gation was applied to a column of DE52 (10 ml) equili-
brated with 50 mM Tris-HCI buffer (pH 7.5) containing 0.5
mM EGTA, 0.5 mM EDTA, 1 mM dithiothreitol, and 0.05%
Tween 40. The column was washed extensively with the
equilibration buffer containing 25 mM NaCl and then the
enzyme was eluted with the buffer containing 0.2 M NaCl.
To the eluate was added solid ammonium sulfate to a final
saturation level of 60%, and the resulting precipitate, col-
lected by centrifugation, was dissolved in 10 ml of 50 mM
Tris-HC] buffer (pH 7.5) containing 1 mM dithiothreitol,
0.05% Tween 40, 0.4 mM CaCl,, 0.2 M Na(l, and 10 pg/ml
of each of the microbial protease inhibitors, and then ap-
plied to a column of calmodulin-Sepharose (2 ml), prepared
as described previously (15), equilibrated with the same
buffer. The column was washed extensively with 50 mM
Tris-HCl buffer (pH 7.5) containing 1 mM dithiothreitol,
0.05% Tween 40, 0.2 mM CaCl,, and 2 M NaCl, and then
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with the same buffer with NaCl omitted, and then the en-
zyme was eluted with 50 mM Tris-HCI buffer (pH 7.5) con-
taining 1 mM dithiothreitol, 0.05% Tween 40, 5 mM EGTA,
and 0.2 M NaCl, and dialyzed against 50 mM Tris-HCl
buffer (pH 7.5) containing 1 mM dithiothreitol, 0.05%
Tween 40, and 0.1 mM EDTA. Ethylene glycol was added
to the dialysate to 10% (v/v), and then the dialysate was
stored at —80°C in aliquots. Approximately 0.77 mg of the
purified CaM-kinase IIa, which gave a single protein band
on SDS-PAGE, was obtained. The specific activity of the
final preparation was approximately 14,000 nmol/min/mg
protein, when assayed with 50 pM syntide-2 as a substrate
at 30°C. A cDNA fragment containing the entire coding
sequence of CaM-kinase phosphatase (16) was introduced
into an expression vector, pTYB 1, to create an in-frame
fusion between the C-terminus of the enzyme and the N-
terminus of the gene encoding the intein, to the C-terminus
of which a chitin binding domain had been added, for affin-
ity purification of the enzyme (IMPACT™ T7 system; New
England Biolabs). This construct was transformed into E.
coli strain BL21 (DE3). The bacteria were grown to an Ay,
of 0.6 to 1.0 at 30°C in M9ZB medium containing 200 ug/ml
ampicillin, and then IPTG was added to a final concentra-
tion of 1 mM. After 2.5 h, the harvested bacteria (2.6 g)
were suspended in 10 volumes of 50 mM Tris-HCl buffer
(pH 7.5 at 4°C) containing 10 mM EDTA, 10 mM EGTA, 1
mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and 5 pg/ml of each of the microbial protease inhibitors
(pepstatin A, leupeptin, antipain, and chymostatin), and
then disrupted by sonic oscillation. The supernatant ob-
tained on centrifugation was applied to a column of chitin
beads (2 ml), and the column was washed with 70 ml of 40
mM Tris-HC] buffer (pH 7.5 at 4°C) containing 0.5 mM
EDTA, 0.5 mM EGTA, 0.1% Tween 40, and 0.5 M NaCl,
and then with 6 ml of 40 mM Tris-HCI buffer (pH 8.0 at
4°C) containing 0.5 mM EDTA, 0.5 mM EGTA, 0.05%
Tween 40, 5% ethylene glycol, and 50 mM NaCl. The col-
umn was quickly flushed with 6 ml of the buffer containing
50 mM dithiothreitol, left at 4°C overnight, and then eluted
with 6 ml of the buffer containing 0.5 mM dithiothreitol.
The elution procedure was repeated every day for 18 days.
The active eluate was dialyzed against 40 mM Tris-HCI
buffer (pH 7.5) containing 0.5 mM EDTA, 0.5 mM EGTA,
0.05% Tween 40, 5% ethylene glycol, and 0.5 mM dithio-
threitol, and frozen in aliquots at —85°C. Approximately 2.4
mg of the purified CaM-kinase phosphatase, which gave an
almost single protein band at the position of CaM-kinase
phosphatase purified from rat brain (17) on SDS-PAGE,
was obtained after elution 18-times. PKA (catalytic subunit
of cyclic AMP-dependent protein kinase) was purified from
bovine heart as described previously (18). Calmodulin was
purified from E. coli cells transformed with expression vec-
tor pET11d carrying a ¢cDNA encoding chicken calmodulin
as described previously (11).

Analytical Procedures—SDS-PAGE was performed by
the method of Laemmli (19). The concentration of calmodu-
lin was determined spectrophotometrically using an ab-
sorption coefficient, Az, (1 mg/ml), of 0.21 (20) and a molec-
ular weight of 16,700 (21, 22). Other proteins were deter-
mined by the method of Lowry et al. (23), as modified by
Peterson (24), with bovine serum albumin as a standard.
The molar concentrations of GST-PKB and GST-PKB
(K179M) were calculated using molecular weight values of
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85,486 and 85,489, respectively, which were estimated from
their amino acid sequences (Matsuzaki, H., Konishi, H.,
and Kikkawa, U., unpublished work). The amount of CaM-
kinase IV was corrected for overestimation by a factor of
1.15 by means of Lowry’s method (25). The molar concen-
trations of CaM-kinase kinase a, CaM-kinase I, CaM-
kinase IIa, CaM-kinase IV, CaM-kinase IV (K71R), PKA,
and CaM-kinase phosphatase were calculated using molec-
ular weights values of 55,907 (8), 41,643 (26), 54,111 (27),
53,133 (28, 29), 53,161, 40,862 (30), and 49,165 (16), respec-
tively.

Protein phosphorylation was carried out at 30°C in the
standard phosphorylation mixture comprising 50 mM
Mops-NaOH (pH 7.0 at 30°C), 5 mM Mg(CH,COO),, 0.4
mM ATP, 2 mM dithiothreitol, 0.1 mM CaCl,, 3 uM cal-
modulin, and the indicated amounts of protein substrate
and kinase.

The activity of PKB was determined by measuring the
phosphorylation of Akt substrate at 30°C for 1 min in the
standard assay mixture comprising 50 mM Hepes-NaOH
(pH 7.5 at 30°C), 10 mM Mg(CH,COO0),, 0.1 mM [y-ZP]ATP
(200 cpm/pmol), 1 mM dithiothreitol, 0.2 mM EGTA, 10
wM Akt substrate, and the indicated amounts of PKB. The
incorporation of [ZPlphosphate into the peptide substrate
was determined by the phosphocellulose paper method
(31).
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Fig. 1. Time courses of phosphorylation (A) and activation (B)
of PKB by CaM-kinase kinase a. (A) GST-PKB (K179M) (about
0.95 uM, 81 pg/ml) was incubated at 30°C with CaM-kinase kinase
a (about 1 pM, 56 pg/ml) in the standard phosphorylation mixture
containing [y-*PJATP (1,000 cpm/pmol). At the indicated times, ali-
quots were subjected to SDS-PAGE on a 7.6% acrylamide gel, fol-
lowed by autoradiography. The radioactive region of the gel cor-
responding to GST-PKB was excised, and the radioactivity was de-
termined with a liquid scintillation counter The efficiency of the
counting was estimated to be approximately 82%, on the basis of a
comparison of the **P-radioactivity of autophosphorylated CaM-ki-
nase Ila determined as described above to that determined by the
3MM paper method of Corbin and Reimann (32), except that the fil-
ter papers were washed with ice-cold 10% trichloroacetic acid con-
taining 2 mM ATP. The results are expressed as moles of phosphate
incorporated into 1 mole of GST-PKB. (B) GST-PKB (0.95 uM) was
incubated at 30°C with (@) or without (a) CaM-kinase kinase a (1
pM) in the standard phosphorylation mixture. At the indicated
times, aliquots were assayed for PKB activity as described under
“EXPERIMENTAL PROCEDURES.” The results are presented as
activities/PKB protein in the GST-PKB.
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RESULTS AND DISCUSSION

Phosphorylation and Activation of PKB by CaM-Kinase
Kinase a—1It was recently reported that not only PDK1 but
also CaM-kinase kinase a, which had been reported to
selectively activate CaM-kinases IV and I through the
phosphorylation of threonine residues within their “activa-
tion-loop” (4), can activate PKB on the phosphorylation of
Thr*® located in the activation-loop of PKB (3). Indeed,
PKB was phosphorylated and activated by CaM-kinase ki-
nase a, as shown in Fig. 1. When 81 pg/ml (about 1 pM)
GST-PKB was incubated at 30°C with 56 pg/ml 1 pM)
CaM-kinase kinase a under the Ca%'/calmodulin-depen-
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Fig. 2. Effects of the concentrations of substrates on the
phosphorylation of PKB and CaM-kinase IV by CaM-kinase
kinase a. (A and B) CaM-kinase kinase « (0.1 uM) was incubated
in the standard phosphorylation mixture containing 0.4 mM [y-
2PJATP (1,000 cpm/pmol) and various concentrations of GST-PKB
(K179M) (A), or various concentrations of [y-2PJATP and 0.76 pM
GST-PKB (K179M) (B) at 30°C for 5 min. After reaction, aliquots
were subjected to SDS-PAGE on a 7.5% acrylamide gel, followed by
autoradiography. The radioactive region of the gel corresponding to
GST-PKB was excised, and the radioactivity was determined with a
liquid scintillation counter. (C and D) CaM-kinase kinase « (1 nM)
was incubated in the standard phosphorylation mixture containing
0.4 mM [y-*P]ATP (1,000 cpm/pmol) and various concentrations of
CaM-kinase IV (K71R) (C), or various concentrations of [y-*P]JATP
and 1 puM CaM-kinase IV (K71R) (D) at 30°C for 5 min. After reac-
tion, aliquots were analyzed by SDS-PAGE on a 7.5% acrylamide
gel, followed by autoradiography. The radioactive region of the gel
corresponding to CaM-kinase IV was excised, and the radioactivity
was determined with a liquid scintillation counter. The results are
corrected for the counting efficiency (82%) and plotted as double-re-
ciprocal plots.

TABLE 1. Kinetic parameters of phosphorylation of PKB by
CaM-kinase kinase «. Kinetic parameters were obtained from
the plots presented in Fig. 2. The V_,, values were calculated from
apparent V_,_ values on the basis of the Michaelis equation v = V/
(1 + K_/1SD.

Substrate K, for substrate K for ATP Voas
(uM) (uM) (nmol/min/mg)

PKB 3.1 140 23 (0.6%)

CaM-kinase IV 1.0 120 4,000 (100%)
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dent protein phosphorylation conditions, the PKB activity
increased progressively as the incorporation of phosphate
into the enzyme increased. After incubation for 30 min,
about 1.2 mol of ?Plphosphate was incorporated into 1 mol
of the enzyme and the enzyme was concomitantly activated
about 300-fold. The extent of the activation of PKB by
CaM-kinase kinase a was thus very great, but the rate of
the activation was very slow compared with that of CaM-
kinase IV: CaM-kinase IV (8.7 pg/ml, 0.16 uM) is fully acti-
vated by CaM-kinase kinase « at as little as 2 ug/ml (0.036
pM) instantaneouly (33), but PKB (about 1 uM) was only
gradually activated by CaM-kinase kinase a at as much as
1 pM. In order to address the mechanism by which the
activation of PKB by CaM-kinase kinase a occurred very
slowly, the availability of PKB as a substrate for the CaM-
kinase kinase was examined by kinetic analysis of the rate
of phosphorylation of PKB by the CaM-kinase kinase, com-
pared with that of CaM-kinase IV, as shown in Fig. 2. To
avoid autophosphorylation of the substrates, PKB (K179M)
and CaM-kinase IV (K71R), in which Lys'™ and Lys™
(ATP-binding sites) were replaced with methionine and
arginine, respectively, were used for the experiment. CaM-
kinase kinase a showed normal kinetic behavior with re-
spect to both PKB and CaM-kinase IV. The kinetic parame-
ters obtained from the double-reciprocal plots shown in Fig.
2 are summarized in Table I. The K, value for PKB, ap-
proximately 3 uM, was not significantly different from that
for CaM-kinase IV, 1 pM, but the estimated V_,, value
toward PKB was more than two orders of magnitude lower
than that toward CaM-kinase IV, inconsistent with the
finding that the activation of PKB requires an about 10-fold
higher concentration of CaM-kinase kinase than the activa-
tion of CaM-kinase IV does (3, 34). Thus, the kinetic analy-
sis revealed that the activity of CaM-kinase kinase a
towards PKB is much lower than reported, raising doubts
concerning the physiological significance of CaM-kinase
kinase « in the activation of PKB. The K values for ATP

Activity of PKB (nmo¥min/mg)
i

L]
CaMEK CaMKIl

1]

Fig. 3. Activation of PKB by various protein kinases. GST-PKB
(0.95 pM) was incubated at 30°C for 30 min in the standard phos-
phorylation mixture with CaM-kinase kinase a (1 pM), PKA (1 uM),
CaM-kinase Ia (1 pM), CaM-kinase I (1 uM) activated by preincu-
bation with 0.01 pM CaM-kinase kinase a at 30°C for 5 min, or
CaM-kinase IV (1 pM) activated by 0.01 pM CaM-kinase kinase a,
and aliquots were assayed for PKB activity as described under “EX-
PERIMENTAL PROCEDURES” except that the assays for the en-
zymes incubated with PKA and CaM-kinase II were carried out in
the presence of 2 uM PKA inhibitor peptide and 10 M AIP, respec-
tively. Among the five protein kinases, only CaM-kinase kinase a
and CaM-kinase Ila significantly activated PKB. The results are ex-
pressed as the means and sample standard deviation for three inde-
pendent experiments. The phosphorylation of Akt substrate in the
absence of GST-PKB is subtracted from the experimental data.
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with PKB were almost the same as that with CaM-kinase
IV.

Activation of PKB by Other Protein Kinases—The fact
that CaM-kinase kinase a, besides PDKI1, can activate
PKB led us to examine the possibility that there may be
protein kinases, other than PDK1 and CaM-kinase kinase
a, capable of activating PKB. Our preliminary experiments
suggested that PKA, and multifunctional CaM-kinases
such as CaM-kinases I, II, and IV phosphorylated GST-
PKB (K179M) significantly (data not shown). Among them,
PKA, and CaM-kinases I and IV did not significantly acti-
vate PKB, but CaM-kinase II activated PKB, as shown in

A 1 2 3 4 5 6

GST-PKB —»
CaMKKa —> 9 o 2- -~
CaMKIV —»
GST —>

100
~ 80
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N
g
2 60
=
)
5
£
[=%
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£

20 -
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0 1 10 0 1 10
CaMKPase added (pg/ml)

Fig. 4. Dephosphorylation of phosphorylated PKB by CaM-ki-
nase phosphatase. (A) GST-PKB (K179M) (0.95 uM) (lanes 1-3)
and CaM-kinase IV (K71R) (1 uM) (lanes 4-6) were phosphorylated
at 30°C for 30 min with 1 pM CaM-kinase kinase o in the standard
phosphorylation mixture containing [y-*PJATP (1,000 cpm/pmol),
and then the mixture was applied to a small column of Sephadex G-
50 (superfine) (0.9 ml) equilibrated with 50 mM Hepes-NaOH buffer
(pH 7.0) containing 0.1 mM dithiothreitol, 0.05% Tween 40, 10%
ethylene glycol, and 2 mM MnCl,. The column was eluted with the
same buffer by the spin column method (37), and the radioactive
fractions eluted near the void volume were pooled. Aliquots were in-
cubated at 30°C for 10 min with 0 pg/ml (lanes 1 and 4), 1 pg/ml
(0.02 LM) (lanes 2 and 5), or 10 pg/ml (0.2 pM) (lanes 3 and 6) CaM-
kinase phogphatase in a reaction mixture comprising 50 mM Hepes-
NaOH buffer (pH 7.0) containing 0.1 mM dithiothreitol, 0.05%
Tween 40, 10% ethylene glycol, and 2 mM MnCL. After reaction,
samples were subjected to SDS-PAGE on a 7.56% acrylamide gel, fol-
lowed by autoradiography. (B) The radioactive regions of the gel cor-
responding to GST-PKB (W), CaM-kinase kinase a (%2), and CaM-
kinase IV () were excised, and the radioactivities were deter
mined with a liquid scintillation counter. The results are expressed
as percentages of the radioactivities without CaM-kinase phos-
phatase added.
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Fig. 3. When about 1 pM GST-PKB was incubated at 30°C
for 30 min with 1 pM CaM-kinase II under the Ca?*/cal-
modulin-dependent phosphorylation conditions, PKB was
activated about 140-fold. The extent of the activation by
CaM-kinase II was almost half of that by CaM-kinase ki-
nase a under the experimental conditions used.

Alessi et al. (35) have reported that the specific activity of
PDK1 purified from rabbit skeletal muscle toward GST-
PKBa is about 100,000 unite/mg, when one unit of activity
is defined as the amount required to increase the basal ac-
tivity of GST-PKB by 1 unit of activity in 1 min; 1 unit of
GST-PKB activity is the amount of enzyme required to cat-
alyze the phosphorylation of 1 nmol of the peptide RPR-
AATF in 1 min in an assay mixture containing 0.1 mM RP-
RAATF. CaM-kinase kinase a and CaM-kinase II showed
specific activities of 35.1 and 20.6 units/mg, respectively,
toward GST-PKB under similar assay conditions. Thus, the
activation activities of CaM-kinase kinase a and CaM-
kinase IT toward PKB were more than three orders of mag-
nitude lower than that of PDK1.

Dephosphorylation of Phosphorylated PKB by CaM-Ki-
nase Phosphatase—CaM-kinase kinase « phosphorylated
Thr® located in the activation-loop of PKB (3), although
the activity was very low compared with that toward Thr'®%
in the activation-loop of CaM-kinase IV, resulting in an
increase in the activity of PKB, and this raised the question
of whether or not CaM-kinase phosphatase can dephospho-
rylate Thr*® of PKB phosphorylated by CaM-kinase kinase,
because CaM-kinase kinase is known to particularly effi-
ciently phosphorylate the threonine residues located in the
activation-loops of CaM-kinases I and IV, and both the
phosphorylated residues are efficiently dephosphorylated
by CaM-kinase phosphatase (17, 36). As shown in Fig. 4, 1
pg/ml CaM-kinase phosphatase dephosphorylated about
80% of CaM-kinase IV phosphorylated by CaM-kinase ki-
nase, but as much as 10 pg/ml of the phosphatase was re-
quired to produce the same extent of dephosphorylation of
PKB under the experimental conditions used. Thus, the
threonine residue in the activation-loop of PKB did not
appear to be a good substrate for not only CaM-kinase
kinase but also CaM-kinase phosphatase, compared with
the threonine residue in the activation-loop of CaM-kinases
IVand L

The present study revealed that the rate of phosphoryla-
tion of Thr*® of PKB by CaM-kinase kinase o was more
than two orders of magnitude lower than that of Thr® of
CaM-kinase IV (Table I), and that the specific activity of
CaM-kinase kinase « as to activation of PKB was as low as
0.035% of that of PDK1, raising the question of whether or
not CaM-kinage kinase a is involved in the activation of
PKB. CaM-kinase II, besides CaM-kinase kinase, was
found to remarkably activate PKB, but the specific activity
was also as low as 0.02% of that of PDK1, raising doubts
concerning the involvement of CaM-kinase II in the regula-
tion of PKB. However, in contrast to the low rate of phos-
phorylation, the magnitude of the activation of PKB upon
phosphorylation was as great as several hundred fold (Figs.
1 and 3). CaM-kinase kinase a (I5) and CaM-kinase II (38)
have been purified to apparent homogeneity from brain ex-
tracts by about 2,000- and 700-fold, respectively, while
PDK1 has been purified from skeletal muscle extracts by
about 500,000-fold (39). Thus, the possibility cannot be
ruled out that the low rate of phosphorylation of PKB by
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CaM-kinases such as CaM-kinase II and CaM-kinase ki-
nase « is compensated for by the great magnitude of the ac-
tivation of PKB and the abundant occurrence of the CaM-
kinases.
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