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We have recently reported a novel protein phospha-
tase which dephosphorylates and thereby deactivates
Ca21/calmodulin-dependent protein kinase II (CaMKII)
activated through autophosphorylation (Ishida, A.,
Kameshita, I., and Fujisawa, H. (1998) J. Biol. Chem.
273, 1904–1910). In the present study, we show that
this protein phosphatase also catalyzed dephosphory-
lation of Ca21/calmodulin-dependent protein kinases I
(CaMKI) and IV (CaMKIV) which had been phosphor-
ylated and activated by Ca21/calmodulin-dependent
protein kinase kinase a, resulting in reversible deac-
tivation of the enzymes. The fairly high degree of the
substrate specificity of this protein phosphatase sug-
gests that the physiological significance of the phos-
phatase may be the regulation of the three multifunc-
tional Ca21/calmodulin-dependent protein kinases,
CaMKI, CaMKII, and CaMKIV, which are the key en-
zymes in a Ca21-signaling system in the cell. © 1998

Academic Press

Ca21/calmodulin-dependent protein kinase II (CaMKII),
a Ca21-responsive multifunctional protein kinase oc-
curring abundantly in the brain (1), is thought to be
involved in a variety of neuronal functions mediated by
Ca21 (reviewed in Refs. 2–4), and the regulation of its
activity is therefore very important. The fact that
CaMKII activity increases upon autophosphorylation
of Thr286 suggested that to define the mechanism for
dephosphorylation of the autophosphorylated CaMKII

was necessary to understanding the regulatory mech-
anism of CaMKII. With a novel in-gel protein phos-
phatase assay, we detected three distinct protein phos-
phatases capable of dephosphorylating the residue cor-
responding to Thr286 of CaMKII in the rat brain extract
(5), and purified one of the three phosphatases (6). The
purified enzyme is a calyculin A-insensitive, Mn21-
dependent, and poly-L-lysine (poly(Lys))-stimulated
protein phosphatase with an apparent molecular
weight of 54,000 (6). This phosphatase dephosphory-
lates autophosphorylated CaMKII with the concomi-
tant deactivation of the enzyme, but cannot dephos-
phorylate phosphorylase kinase, mixed histones,
myelin basic protein, a-casein (phosphorylated by
PKA), and phosphorylase (phosphorylated by phos-
phorylase kinase), suggesting a strict substrate speci-
ficity of the enzyme (6).

Ca21/calmodulin-dependent protein kinases I (CaMKI)
and IV (CaMKIV) are also multifunctional protein ki-
nases (2, 7, 8), and therefore thought to play various
roles in a Ca21-signaling system, along with CaMKII.
CaMKI (9, 10) and CaMKIV (11–13) are activated by
Ca21/calmodulin-dependent protein kinase kinase
(CaMKK) through phosphorylation at the threonine
residues located within their activation loop (Thr177 of
CaMKI and Thr196 of CaMKIV) (14–17), suggesting
the importance of dephosphorylation of the phosphor-
ylated threonine residues in the regulation of the ac-
tivities of CaMKI and CaMKIV. A Mg21-dependent
protein phosphatase was reported to deactivate the
activated CaMKIV (18), and thereafter protein phos-
phatase 2A (PP2A) was reported to deactivate the ac-
tivated CaMKIV (19) and CaMKI (20). Very recently, a
complex of CaMKIV with PP2A, in which PP2A de-
phosphorylates CaMKIV, has been identified (21), sug-
gesting the regulation of CaMKIV by PP2A. The
present study reports that CaMKI and CaMKIV which
had been activated through phosphorylation by
CaMKK-a were dephosphorylated and concomitantly
deactivated by the novel protein phosphatase de-
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scribed above, indicating that this phosphatase plays
important roles as a Ca21/calmodulin-dependent
protein kinase phosphatase (CaMKPase) in regulating
the activities of the three multifunctional Ca21/cal-
modulin-dependent protein kinases (CaMKs), CaMKI,
CaMKII, and CaMKIV.

MATERIALS AND METHODS

Materials. ATP and poly(Lys) (average molecular weight 87,000)
were purchased from Sigma. [g-32P]ATP (5,000 Ci/mmol) was from
Amersham International.

Protein preparations. CaMKPase was purified from rat brain
stem as described previously (6). Recombinant chicken brain calmod-
ulin expressed in E. coli was prepared as described previously (22).
Catalytic subunit of cAMP-dependent protein kinase (PKA) was
purified form bovine heart as described previously (23). Protein ki-
nase C (PKC) was purified from rat cerebral cortex essentially ac-
cording to the method of Woodgett and Hunter (24). Recombinant rat
CaMKI expressed in Sf9 cells was purified as described previously
(25). Rat brain CaMKII was purified as described (26, 27). Recombi-
nant rat CaMKIV expressed in Sf9 cells was purified as described
previously (22). Recombinant rat CaMKIV(K71R), in which Lys71

(ATP-binding site) was replaced with Arg, expressed in Sf9 cells was
purified as described (17). Recombinant rat CaMKK-a expressed in
E. coli (28) was purified as described previously (17).

Preparation of protein phosphatase substrates. Purified recombi-
nant rat CaMKI (87 mg/ml) and CaMKIV(K71R) (117 mg/ml) ex-
pressed in Sf9 cells were phosphorylated by recombinant rat
CaMKK-a (3 mg/ml) at 30°C for 5 min in a reaction mixture compris-
ing 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-NaOH
(pH 7.0), 5 mM Mg(CH3COO)2, 0.1 mM EGTA, 5 mM calmodulin, 0.3
mM CaCl2, 2 mM DTT, and 50 mM [g-32P]ATP. Autophosphorylation
of recombinant rat CaMKK-a (87 mg/ml) was carried out at 30°C for
30 min in the same reaction mixture. Rat brain CaMKII was auto-
phosphorylated at 5°C for 1 min as described previously (6). The
specific activity of [g-32P]ATP used for phosphorylation of these
proteins were 17,000-19,000 cpm/pmol. The phosphorylation reac-
tions were terminated by adding excess EDTA (12.3 mM) and bovine
serum albumin (1 mg/ml), and the phosphorylated proteins were

separated from undesirable small molecules by gel filtration upon
Sephadex G-50 and stored as described previously (6). The substrate
concentrations presented in the text represent the concentrations of
32P bound to the substrate proteins. The purified recombinant rat
CaMKI (226 mg/ml) and CaMKIV (94 mg/ml) were activated by incu-
bation with CaMKK-a (3 mg/ml) at 30°C for 5 min in the reaction
mixture as described above, except that nonradioactive ATP and
0.6-0.7 mM CaCl2 were used. The activated enzymes were stored
after gel filtration as described above.

Other analytical procedures. Protein phosphatase assay using
SDS-polyacrylamide gel electrophoresis (PAGE) was carried out as
described previously (6). The activities of PKA and PKC were mea-
sured using syntide-2 as a substrate as described previously (29).
CaMKI and CaMKIV activities were determined using syntide-2 as
a substrate as described previously (25), except that the CaCl2 con-
centration was raised to 0.5 mM and the incubation times were 3 min
for CaMKI and 5 min for CaMKIV. SDS-PAGE was carried out
according to the method of Laemmli (30). Protein concentrations
were determined by the method of Lowry et al. (31) as modified by
Peterson (32).

RESULTS AND DISCUSSION

CaMKI and CaMKIV are good substrates for CaMK-
Pase. The previous finding that a novel protein
phosphatase (CaMKPase) purified from rat brain de-
phosphorylated autophosphorylated CaMKII with a
concomitant decrease in the enzyme activity but did
not significantly dephosphorylate any other proteins
tested (6) raised the question of whether the role of this
phosphatase is limited to the regulation of CaMKII. To
solve this question, we examined whether other
CaMKs, such as CaMKI, CaMKIV, and CaMKK-a, can
serve as substrates for CaMKPase, as shown in Fig. 1.
Since CaMKIV undergoes intensive autophosphoryla-
tion at many sites (33, 34) after being activated on the
phosphorylation of Thr196 by CaMKK (16, 17),
CaMKIV(K71R) whose activity is lost was used in place
of CaMKIV in the experiment. CaMKI (Fig. 1A) and

FIG. 1. Dephosphorylation of CaMKs by CaMKPase. (A) CaMKI (17 nM), which had been phosphorylated by CaMKK-a, as described under
Materials and Methods, and autophosphorylated CaMKK-a (17 nM) were incubated at 30°C in a reaction mixture consisting of 50 mM Tris-HCl
(pH 7.5), 2 mM MgCl2, 2 mM MnCl2, 100 mM KCl, 0.1 mM EGTA, and 0.01% Tween 20 with the indicated additions and omissions. After
incubation for 1 min, aliquots were analyzed by SDS-PAGE followed by autoradiography. (B) autophosphorylated CaMKII (61 nM) and
autophosphorylated CaMKK-a (17 nM) were incubated as described above. After incubation at 30°C for 1 min, aliquots were analyzed by
SDS-PAGE followed by autoradiography. (C) CaMKIV(K71R) (17 nM) expressed in Sf9 cells phosphorylated by CaMKK-a and autophosphorylated
CaMKK-a (17 nM) were incubated as described above. After incubation at 30°C for 1 min, aliquots were analyzed by SDS-PAGE followed by
autoradiography. The positions corresponding to CaMKI, CaMKII, CaMKIV(K71R), and CaMKK-a are indicated with the arrow heads.
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CaMKIV(K71R) (Fig. 1C), which had been phosphory-
lated by CaMKK-a, and CaMKII (Fig. 1B), which had
been autophosphorylated at 5°C for 1 min, were effi-
ciently dephosphorylated by CaMKPase in the pres-
ence of poly(Lys), while autophosphorylated CaMKK-a
was not significantly dephosphorylated. Judging from
silver staining, the amounts of proteins corresponding
to CaMKI, CaMKII, and CaMKIV(K71R) virtually un-
altered during the incubation under these conditions
(data not shown), indicating that disappearance of the
radioactive bands was not due to decrease in the
amounts of the proteins. It has been reported that
when CaMKI or CaMKIV(K71R) is incubated with
CaMKK under the phosphorylation conditions, phos-
phorylation occurs almost exclusively on Thr177

of CaMKI (14) and Thr196 of CaMKIV(K71R) (17), re-
spectively. When CaMKII is incubated at 5°C for a
short time under the phosphorylation conditions, auto-
phosphorylation occurs predominantly on Thr286 (35–
37). These phosphorylation sites are known to be in-
volved in the regulation of the respective CaMKs. The
results of Fig. 1, together with these earlier findings,
suggest that CaMKPase plays crucial roles in control-
ling the activities of the three multifunctional CaMKs.

CaMKI and CaMKIV activities are reversibly regu-
lated by CaMKPase. To confirm the important roles of
CaMKPase in the regulation of the multifunctional
CaMKs, effect of this phosphatase on the activities of
the CaMKs was examined, as shown in Fig. 2. The
activities of CaMKI (Fig. 2A) and CaMKIV (Fig. 2B),
which had been activated by CaMKK-a, were both
decreased by incubation with CaMKPase in the pres-
ence of poly(Lys), and the decreased activities were
almost completely reversed by subsequent incubation
with CaMKK-a under the phosphorylation conditions
(Fig. 2, hatched bars). Since the activity of the activated
CaMKIV was strongly inhibited by 10 mg/ml poly(Lys),

FIG. 2. Effect of CaMKPase on the activities of CaMKI,
CaMKIV, and PKA. (A) CaMKI, which had been activated through
phosphorylation with nonradioactive ATP by CaMKK-a as described
under Materials and Methods, was incubated at 30°C with or with-
out CaMKPase (0.64 mg/ml) in the presence or absence of poly(Lys)
(10 mg/ml) as indicated in the figure, as described in the legend to
Fig. 1A. After incubation for 1 min, aliquots were mixed with 4
volumes of an ice-cold stop solution consisting of 50 mM Tris-HCl
(pH 7.5), 2 mM EDTA, 0.05% Tween 40, and 1 mM DTT and,
immediately thereafter, the CaMKI activity was determined as de-
scribed under Materials and Methods (filled bars). In the control

experiment of 0-min incubation, the stop solution was added to the
mixture on ice before addition of CaMKI. To confirm the reversibility
of the deactivation of CaMKI by CaMKPase, CaMKI which had been
deactivated by incubation with CaMKPase and poly(Lys) was mixed
with the stop solution as described above, then incubated with
CaMKK-a (3 mg/ml) at 30°C for 1 min in the assay mixture for
CaMKI without syntide-2, and then incubated for 3 min with
syntide-2 added for determination of CaMKI activity (hatched bar).
Under the assay conditions, phosphorylation of syntide-2 by
CaMKK-a was negligible. (B) CaMKIV, which had been activated by
CaMKK-a, was incubated at 30°C for 1 min with or without CaMK-
Pase (2.55 mg/ml) in the presence or absence of poly(Lys) (1 mg/ml), as
described above. After incubation, CaMKIV activity was determined
with syntide-2 as a substrate at 30°C for 5 min (filled bars). Reacti-
vation of the CaMKPase-deactivated CaMKIV by CaMKK-a was
carried out and assayed as in A (hatched bar). (C) bovine heart PKA
was incubated as described in A, and PKA activity was determined
as described under Materials and Methods. The results are ex-
pressed as a percentage of the initial activity, and each value repre-
sents the average of three independent experiments 6 SD.
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the concentration of poly(Lys) was lowered to 1 mg/ml
and that of CaMKPase was raised to 2.55 mg/ml (Fig.
2B). Incubation of the activated CaMKIV with CaMK-
Pase even in the absence of poly(Lys) caused a signif-
icant decrease in the activity, probably owing to
the basal activity of CaMKPase in the absence of
poly(Lys) (6). These results, taken together, indicate
that CaMKPase reversibly dephosphorylates the
CaMKK-phosphorylated threonine residues located
within the activation loops of CaMKI and CaMKIV,
thereby deactivating the CaMKs. This raises the ques-
tion of whether CaMKPase can dephosphorylate phos-
phorylated threonine or serine residues located in the
activation loops of other protein kinases. It has been
reported that PKA is spontaneously activated upon
autophosphorylation of Thr197 (38), which is located
within the activation loop, and deactivated upon de-
phosphorylation by PP2A or PP2A-like phosphatases
(39). Since the phosphorylation of the threonine resi-
due located in the activation loop of PKA is thus nec-
essary for its activity, effect of CaMKPase on the PKA
activity was examined. However, no significant de-
crease in the activity was observed after incubation
with CaMKPase under the standard experimental con-
ditions (Fig. 2C) and even with a large amount of
CaMKPase (2.55 mg/ml) (data not shown). PKC, an-
other second-messenger-responsive multifunctional
protein kinase, is activated upon phosphorylation of
the residue located within the activation loop (Thr500 of
PKC-bII) by an unidentified protein kinase, followed
by subsequent autophosphorylation of the residues lo-
cated at the carboxyl-terminal region (Thr641 and
Ser660 of PKC-bII) , and deactivated by protein phos-
phatase 1 through dephosphorylation of these residues
(40–42). When PKC was incubated with CaMKPase
and poly(Lys), no significant decrease in the PKC ac-
tivity was observed (data not shown). These results,
taken together with our earlier finding that CaMKPase
catalyzes the dephosphorylation of autophosphory-
lated CaMKII with a concomitant decrease in the ac-
tivity (6), suggest that the physiological function of
CaMKPase is the regulation of the activities of multi-
functional CaMKs, such as CaMKI, CaMKII, and
CaMKIV. The activity of CaMKII may be reversibly
regulated by the activation upon autophosphorylation
of Thr286 located in the autoinhibitory domain and by
the deactivation upon its dephosphorylation through
CaMKPase. The activities of CaMKI and CaMKIV may
be also reversibly regulated by the activation upon
phosphorylation by CaMKK of Thr177 and Thr196, re-
spectively, located in the activation loops, and by the
deactivation upon their dephosphorylation through
CaMKPase. Thus, CaMKPase may participate in reg-
ulation of the activities of multifunctional CaMKs
which mediate a variety of intracellular Ca21-signaling
pathways.

ACKNOWLEDGMENTS

This work was supported by grants-in-aid for scientific research
from the Ministry of Education, Science, Sports and Culture of Ja-
pan, and by grants from the Byotai Taisha Research Foundation and
the Akiyama Foundation.

REFERENCES

1. Yamauchi, T., and Fujisawa, H. (1980) FEBS Lett. 116, 141–
144.

2. Soderling, T. R. (1996) Biochim. Biophys. Acta 1297, 131–
138.

3. Braun, A. P., and Schulman, H. (1995) Annu. Rev. Physiol. 57,
417–445.

4. Fujisawa, H. (1990) BioEssays 12, 27–29.
5. Kameshita, I., Ishida, A., Okuno, S., and Fujisawa, H. (1997)

Anal. Biochem. 245, 149–153.
6. Ishida, A., Kameshita, I., and Fujisawa, H. (1998) J. Biol. Chem.

273, 1904–1910.
7. Picciotto, M. R., Nastiuk, K. L., and Nairn, A. C. (1996) Adv.

Pharmacol. 36, 251–275.
8. Miyano, O., Kameshita, I., and Fujisawa, H. (1992) J. Biol.

Chem. 267, 1198–1203.
9. Mochizuki, H., Sugita, R., Ito, T., and Hidaka, H. (1993) Bio-

chem. Biophys. Res. Commun. 197, 1595–1600.
10. Lee, J. C., and Edelman, A. M. (1994) J. Biol. Chem. 269, 2158–

2164.
11. Okuno, S., and Fujisawa, H. (1993) J. Biochem. (Tokyo) 114,

167–170.
12. Okuno, S., Kitani, T., and Fujisawa, H. (1994) J. Biochem. (To-

kyo) 116, 923–930.
13. Tokumitsu, H., Brickey, D. A., Glod, J., Hidaka, H., Sikela, J.,

and Soderling, T. R. (1994) J. Biol. Chem. 269, 28640–28647.
14. Sugita, R., Mochizuki, H., Ito, T., Yokokura, H., Kobayashi, R.,

and Hidaka, H. (1994) Biochem. Biophys. Res. Commun. 203,
694–701.

15. Haribabu, B., Hook, S. S., Selbert, M. A., Goldstein, E. G., Tom-
have, E. D., Edelman, A. M., Snyderman, R., and Means, A. R.
(1995) EMBO J. 14, 3679–3686.

16. Selbert, M. A., Anderson, K. A., Huang, Q.-H., Goldstein, E. G.,
Means, A. R., and Edelman, A. M. (1995) J. Biol. Chem. 270,
17616–17621.

17. Kitani, T., Okuno, S., and Fujisawa, H. (1997) J. Biochem. (To-
kyo) 121, 804–810.

18. Frangakis, M. V., Ohmstede, C.-A., and Sahyoun, N. (1991)
J. Biol. Chem. 266, 11309–11316.

19. Park, I.-K., and Soderling, T. R. (1995) J. Biol. Chem. 270,
30464–30469.

20. DeRemer, M. F., Saeli, R. J., Brautigan, D. L., and Edelman,
A. M. (1992) J. Biol. Chem. 267, 13466–13471.

21. Westphal, R. S., Anderson, K. A., Means, A. R., and Wadzinski,
B. E. (1998) Science 280, 1258–1261.

22. Kitani, T., Okuno, S., and Fujisawa, H. (1995) J. Biochem. (To-
kyo) 117, 1070–1075.

23. Okuno, S. and Fujisawa, H. (1990) Biochim. Biophys. Acta 1038,
204–208.

24. Woodgett, J. R., and Hunter, T. (1987) J. Biol. Chem. 262,
4836–4843.

25. Okuno, S., Kitani, T., and Fujisawa, H. (1997) J. Biochem. (To-
kyo) 121, 155–160.

26. Ishida, A. and Fujisawa, H. (1995) J. Biol. Chem. 270, 2163–
2170.

Vol. 253, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

162



27. Ishida, A., Kitani, T., Okuno, S., and Fujisawa, H. (1994) J. Bio-
chem. (Tokyo) 115, 1075–1082.

28. Okuno, S., Kitani, T., and Fujisawa, H. (1996) J. Biochem. (To-
kyo) 119, 1176–1181.

29. Ishida, A., Kameshita, I., Okuno, S., Kitani, T., and Fujisawa, H.
(1995) Biochem. Biophys. Res. Commun. 212, 806–812.

30. Laemmli, U. K. (1970) Nature 227, 680–685.
31. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.

(1951) J. Biol. Chem. 193, 265–275.
32. Peterson, G. L. (1977) Anal. Biochem. 83, 346–356.
33. McDonald, O. B., Merrill, B. M., Bland, M. M., Taylor, L. C. E.,

and Sahyoun, N. (1993) J. Biol. Chem. 268, 10054–10059.
34. Okuno, S., Kitani, T., and Fujisawa, H. (1995) J. Biochem. (To-

kyo) 117, 686–690.

35. Schworer, C. M., Colbran, R. J., Keefer, J. R., and Soderling,
T. R. (1988) J. Biol. Chem. 263, 13486–13489.

36. Thiel, G., Czernik, A. J., Gorelick, F., Nairn, A. C., and Green-
gard, P. (1988) Proc. Natl. Acad. Sci. U.S.A. 85, 6337–6341.

37. Ikeda, A., Okuno, S., and Fujisawa, H. (1991) J. Biol. Chem. 266,
11582–11588.

38. Steinberg, R. A., Cauthron, R. D., Symcox, M. M., and Shuntoh,
H. (1993) Mol. Cell. Biol. 13, 2332–2341.

39. Liauw, S., and Steinberg, R. A. (1996) J. Biol. Chem. 271, 258–263.
40. Pears, C., Stabel, S., Cazaubon, S., and Parker, P, J. (1992)

Biochem. J. 283, 515–518.
41. Keranen, L. M., Dutil, E. M., and Newton, A. C. (1995) Curr.

Biol. 5, 1394–1403.
42. Newton, A. C. (1997) Curr. Opin. Cell Biol. 9, 161–167.

Vol. 253, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

163


