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Abstract
Previously, we reported that (S)-3,5-dihydroxypenylglycine (DHPG), an agonist for group I
metabotropic glutamate receptors (mGluRs), stimulates CK1 and Cdk5 kinase activities in neostriatal
neurons, leading to enhanced phosphorylation, respectively, of Ser-137 and Thr-75 of DARPP-32
(dopamine and cAMP-regulated phosphoprotein, 32 kDa). We have now investigated the signaling
pathway that leads from mGluRs to casein kinase 1 (CK1) activation. In mouse neostriatal slices,
the effect of DHPG on phosphorylation of Ser-137 or Thr-75 of DARPP-32 was blocked by the
phospholipase Cβ inhibitor U73122, the Ca2+ chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid (BAPTA/AM), and the calcineurin inhibitor cyclosporin A. In neuroblastoma N2a
cells, the effect of DHPG on the activity of transfected HA-tagged CK1ε was blocked by BAPTA/
AM and cyclosporin A. In neostriatal slices, the effect of DHPG on Cdk5 activity was also abolished
by BAPTA/AM and cyclosporin A, presumably through blocking activation of CK1. Metabolic
labeling studies and phosphopeptide mapping revealed that a set of C-terminal sites in HA-CK1ε
were transiently dephosphorylated in N2a cells upon treatment with DHPG, and this was blocked by
cyclosporin A. A mutant CK1ε with a nonphosphorylatable C-terminal domain was not activated by
DHPG. Together, these studies suggest that DHPG activates CK1ε via Ca2+-dependent stimulation
of calcineurin and subsequent dephosphorylation of inhibitory C-terminal autophosphorylation sites.

Casein kinase 1 (CK1)1 was one of the first serine/threonine protein kinases to be isolated and
characterized. There are at least seven mammalian CK1 isoforms (α, β, γ1, γ2, γ3, δ, and ε
(1,2)), and distinct CK1 family members are likely to have a variety of roles in eukaryotic cells.
An increasing number of potential physiologic substrates for CK1 isoforms have been
identified. CK1α phosphorylates M1 and M3 muscarinic receptors and rhodopsin in an agonist-
dependent manner (3,4). CK1ε and CK1δ phosphorylate N-terminal residues of p53 in vitro
and in vivo, and DNA-damaging drugs enhance this activity (4–6). CKIε is an important
regulator of β-catenin in the Wnt pathway; CKIε mimicked Wnt in inducing a secondary axis
in Xenopus, stabilizing β-catenin, and stimulating β-catenin-dependent gene transcription (7–
11). In Drosophila, the double-time gene product, a CK1ε homolog, has been found to interact
with dPER and regulate circadian cycle length (12). CK1δ and CK1ε have also both been
implicated in the regulation of the circadian clock in mammals (13–15).
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CK1 family members contain a highly related, central kinase domain that is flanked by N- and
C-terminal extensions of variable length. The amino acid sequences of the C-terminal
extensions are in general not highly related. However, the 124-amino acid C-terminal domain
of mammalian CK1ε is 50% identical to that of CK1δ. Notably, several in vitro studies have
shown that the activities of CK1δ and CK1ε are regulated by autophosphorylation of their
respective C-terminal domains (16,17). Autophosphorylation of more than eight sites leads to
inhibition of kinase activity. Moreover, it has been shown in vitro that treatment of CK1ε with
several different serine/threonine phosphatases including PP1, PP2A, and PP2B (calcineurin)
causes a marked increase in kinase activity (13,17,18). Dephosphorylation of CK1δ and
CK1γ isoforms by the catalytic subunit of PP1 has also been found in vitro to result in enzyme
activation (16).

Recently, we have reported that both CK1 and Cdk5 are regulated by activation of metabotropic
glutamate receptors (mGluRs) in neostriatal neurons (19). DHPG, an agonist for group I
mGluRs, increased CK1 and Cdk5 activities in neostriatal slices, leading to enhanced
phosphorylation of Ser-137 and Thr-75 of DARPP-32, respectively. The effects of DHPG on
both Ser-137 and Thr-75 were blocked by CK1–7 and IC261, specific inhibitors of CK1,
suggesting that activation of Cdk5 by mGluRs required activation of CK1. In support of this
possibility, the DHPG-induced increase in Cdk5 activity, subsequently measured in extracts
of neostriatal slices, was abolished by treatment of slices with CK1–7 or IC261. Finally,
treatment of acutely dissociated neurons with DHPG enhanced voltage-dependent Ca2+

currents. This enhancement was eliminated by either CK1–7 or butyrolactone (an inhibitor of
Cdk5), indicating that CK1 and Cdk5 may be involved in the regulation by mGluR agonists
of Ca2+ channels.

In the present study, we have investigated the processes that lead from mGluRs to CK1
activation and the mechanism that underlies CK1 activation in response to group I mGluR
agonists. The results obtained support a signal transduction pathway in which group I mGluRs
increase intracellular Ca2+ and stimulate calcineurin to dephosphorylate autoinhibitory
phosphorylation sites in CK1ε. Transient dephosphorylation and subsequent
autophosphorylation of CK1ε leads to transient activation and inactivation, respectively, of the
enzyme.

MATERIALS AND METHODS
Antibodies, Plasmids, and Chemicals

Phosphospecific antibodies that recognize either phospho-Ser-137 DARPP-32 or phospho-
Thr-75 DARPP-32 were developed as described (19,20). The expression plasmids pCDP4HA-
CKIε and pCS-Myc-MM2-CK1ε were prepared as described (18). Anti-HA (12CA5) was
obtained from Roche Molecular Biochemicals and anti-Myc (9E10) from Upstate
Biotechnology. Anti-Cdk5 (C-8) and anti-CKIε were obtained from Santa Cruz Biotechnology.
U73122, BAPTA/AM, and cyclosporin A were obtained from Calbiochem; (S)-3,5-DHPG,
ZM241385, and L-AP3 were obtained from Tocris. Protease inhibitor mixture tablets were
obtained from Roche Molecular Biochemicals. Lambda protein phosphatase was obtained from
Upstate Biotechnology.

Preparation and Treatment of Striatal Slices
Neostriatal slices were prepared from male C57/BL6 mice (6–8 weeks old) as described (21).
Briefly, coronal (usually 3–4/mouse) slices (350 μm) were prepared using a vibratome. From
each coronal slice, two neostriatal slices (left and right) were dissected. When slices were
treated with drugs, one slice from a pair served as a control for the drug-treated slice. After
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drug treatment, slices were immediately frozen in liquid nitrogen and stored at −80 °C until
assayed.

Immunoblotting
Frozen slices were sonicated in hot homogenization buffer containing 1% SDS and 50 mM NaF,
and samples were boiled for 10 min. SDS-PAGE sample buffer was then added, and samples
were boiled for 5 min. Samples (~120 μg protein) were separated by SDS-PAGE (10%
polyacrylamide) and transferred to nitrocellulose. Immunoblots were first probed with anti-
phospho-Ser-137 DARPP-32 antibody. The blots were stripped and probed with anti-phospho-
Thr-75 DARPP-32 antibody. Blots were stripped again and probed with anti-total DARPP-32
antibody. Antibody binding was detected by enhance chemiluminescence (ECL) using x-ray
film, and images were analyzed by laser scanning densitometry using NIH Image 1.52 software.
Data were statistically analyzed by Student’s t test in Microsoft Excel software as indicated.
For each neostriatal slice sample, the level of phospho-Ser-137 or phospho-Thr-75 was
normalized to the total level of DARPP-32. In every individual experiment (i.e. for each mouse
brain), a control without drug and a control with DHPG were always included. Results from
slices from a single mouse brain were normalized to the control slice without drug (arbitrarily
set as 1). The figures show ECL blots that were obtained in some cases from different mouse
brains and from different experiments. The cumulative data shown in the bar graphs were
obtained from at least three independent experiments.

Transfection, Immunoprecipitation, and Assay of CK1 and Cdk5
Neuroblastoma N2a cells were cultured to 50–60% confluence in Dulbecco’s modified Eagle’s
medium containing 5% fetal bovine serum. Four μg of the expression plasmid for HA-CK1ε
or Myc-MM2-CK1ε was transfected into N2a cells in 100-mm dishes using FuGENE™ 6.
Twenty-four hours after transfection, cells were incubated at room temperature in phosphate-
buffered Krebs-Henseleit solution (Sigma) for 10 min and then with or without inhibitors for
30 min before treatment with (S)-3,5-DHPG for 2 min. Cells were then lysed in 1 ml of
radioimmune precipitation buffer containing 1% Nonidet P-40, 150 mM NaCl, 0.1% SDS, 50
mM Tris, pH 8.0, 5 mM Na3VO4, 20 mM NaF, 20 mM β-glycerol-phosphate, and protease
inhibitors. Lysates were centrifuged at 10,000 × g, and supernatants were used for
immunoprecipitation and kinase assay.

For immunoprecipitation of CK1ε from N2a cells, lysates (1 mg of total protein) were
precleared with 5 μl of mouse IgG (ICN) and 50 μl of protein A-agarose for 30 min. Five μl
(~2 μg) of anti-HA antibody was added, and samples were incubated for 1 h at 4 °C. Five μl
of anti-mouse rabbit IgG and 50 μl of protein A-agarose were then added for 45 min.
Immunocomplexes were washed three times in lysis buffer and two times in kinase buffer (30
mM Hepes, pH 7.5, 7 mM MgCl2, 0.5 mM dithiothreitol).

CK1 assays were performed in a 30-μl assay volume with 2 μg of purified DARPP-32, 500
μM ATP, and 5 μCi of [γ-32P]ATP. Samples were incubated at 30 °C for 10 min, and reactions
were stopped by the addition of SDS sample buffer and boiled for 5 min. Samples were
separated by SDS-PAGE (12% polyacrylamide). SDS-polyacrylamide gels were dried and
exposed to Kodak film for autoradiography. Results were quantified using a PhosphorImager
(Amersham Biosciences). The amount of HA-CK1ε in each immunoprecipitated sample was
determined by immunoblotting using an anti-HA antibody. Kinase activity in each
immunoprecipitated sample was normalized to total HA-CK1ε. Immunoprecipitation and
assay of Cdk5 were performed as described (19).

Immunoprecipitated CKIε, from N2a cells treated with DHPG, was added to a mixture
consisting of 50 mM Tris-HCl, 0.1 mM Na2EDTA, 5 mM dithiothreitol, 2 mM MnCl2, and 200
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units of lambda phosphatase (Upstate Biotechnology, no. 14–405). Control reactions without
lambda protein phosphatase were also performed. Dephosphorylation reactions were incubated
at 37 °C for 15 min. To stop the reactions, beads with CKIε were washed three times with
radioimmune precipitation buffer and two times with kinase buffer (30 mM Hepes, pH 7.5, 7
mM MgCl2, 0.5 mM dithiothreitol). Kinase activity was measured as described above.

Metabolic Labeling and Two-dimensional Phosphopeptide Mapping
Twenty-four hours after transfecting N2a cells with CK1ε expression plasmids, cells were
incubated in 200 μCi/ml (PerkinElmer Life Sciences) of 32P-inorganic phosphate and
phosphate-free, serum-free Dulbecco’s modified Eagle’s medium for 2 h. Cyclosporin A was
added to the transiently transfected cultures at a final concentration at 1 μM during the last 30
min of metabolic labeling. Cells were treated with DHPG for various periods of time as
indicated, harvested by lysis in radioimmune precipitation buffer, and clarified by
centrifugation at 14,000 × g for 10 min. Soluble extracts containing HA- or Myc-tagged
proteins were immunoprecipitated with 12CA5 or 9E10 monoclonal antibody and protein A-
agarose. The immunoprecipitates were eluted from the protein A-agarose and separated by
SDS-PAGE on 10% gel. Protein was stained briefly with Coomassie Brilliant Blue, the gels
were dried, and the labeled protein was visualized by autoradiography. Radioactivity was
determined using a PhosphorImager and ImageQuant software (Amersham Biosciences).

Radiolabeled protein bands were excised, rehydrated, destained, and dried in a Speedvac. The
gel slices were minced and rehydrated in 75 μg/ml TPCK/trypsin in 50 mM NH4CO3H (1 ml
final volume) for 24 h at 37 °C. The supernatant was removed from the gel slices and then
lyophilized to dryness. Recovery of tryptic phosphopeptides was determined by Cerenkov
counting. The two-dimensional peptide mapping method was used to separate
phosphopeptides. Lyophilized tryptic peptides were suspended in 10 μl of electrophoresis
buffer (10% acetic acid and 1% pyridine, pH 3.5) and spotted onto thin-layer cellulose plates
(20 × 20 cm, Analtech). Electrophoresis was carried out at 400 V for 1.5 h. Following
electrophoresis, cellulose plates were dried and then subjected to ascending chromatography
in buffer containing 25% l-butanol, 7.5% acetic acid, and 37.5% pyridine. Phosphopeptides
were visualized using a PhosphorImager and radioactivity in individual phosphopeptides was
measured using ImageQuant software (Amersham Biosciences).

RESULTS
The Effect of DHPG on Ser-137 and Thr-75 phosphorylation of DARPP-32 Is Blocked by
U73122, BAPTA, and Cyclosporin A

Previously we showed that DHPG, an agonist for group I mGluRs, increased CK1 and Cdk5
activities in neostriatal slices, leading to enhanced phosphorylation of Ser-137 and Thr-75 of
DARPP-32, respectively. Activation of group I mGluRs results in the stimulation of
phosphoinositide hydrolysis (22). Therefore, one possible mechanism for DHPG-dependent
activation of CK1 might involve activation of PLCβ. However, it has also been reported that
DHPG can potentiate the response of adenosine A2a receptors to agonist (23,24), raising the
possibility of an involvement of other signal transduction pathways. We tested the effect of
the specific PLCβ inhibitor, U73122, in slices. Preincubation with 12.5 μM U73122 for 20 min
did not change the basal phosphorylation of Ser-137 or Thr-75, but the effect of DHPG was
abolished (Fig. 1). In contrast, the adenosine A2a receptor antagonist, ZM241385 (10 μM), did
not affect the ability of DHPG to stimulate phosphorylation of Ser-137 or Thr-75. These results
support a role for a signal transduction pathway involving PLCβ.

Activation of PLCβ leads to production of inositol 1,4,5-triphosphate (IP3) and release of
Ca2+ from the endoplasmic reticulum. To examine the role of Ca2+, we used the Ca2+chelator,
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BAPTA/AM, in studies in slices. Preincubation with 20 μM BAPTA/AM did not change the
basal phosphorylation of DARPP-32, but the effect of DHPG was abolished (Fig. 1). Moreover,
treatment of slices with the Ca2+ ionophore, ionomycin (2 μM), resulted in increased
phosphorylation of both Ser-137 and Thr-75 of DARPP-32 (Fig. 1). Based on previous studies
of the regulation of CK1ε (13,17,18), we hypothesized that increased intracellular Ca2+ might
activate a Ca2+-dependent protein phosphatase to dephosphorylate inhibitory
autophosphorylation sites on CK1. The Ca2+-dependent phosphatase, calcineurin (PP2B), is
expressed at high levels in striatum (25). Treatment of slices with cyclosporin A (5 μM), a
specific calcineurin inhibitor, for 1 h attenuated the effect of DHPG on phosphorylation of
Ser-137 and Thr-75 of DARPP-32 (Fig. 1).

The Effect of DHPG on CKIε Activity Is Blocked by U73122, BAPTA, and Cyclosporin A
To further characterize the effect of DHPG on CK1ε activity, we used a transfection system.
An expression plasmid containing HA-tagged CK1ε was transiently transfected into N2a cells,
and cells were treated with DHPG for 2 min. CK1ε was immunoprecipitated using anti-HA
antibody, and CK1ε activity was assayed using DARPP-32 as substrate (Fig. 2). An initial
screen for different subtypes of group I mGluRs indicated that mGluR1 is expressed in N2a
cells. For example, treatment of cells with DHPG resulted in an increase in CK1ε activity; this
effect was blocked by the group I mGluR antagonist L-AP3 (Fig. 2). Preincubation of cells
with U73122 (10 μM), BAPTA/AM (20 μM), or cyclosporin A (1 μM) abolished the effect of
DHPG on CK1ε activity, consistent with a role for Ca2+-dependent activation of calcineurin
in the regulation of CK1ε.

DHPG Regulates Cdk5 Kinase Activity through a PLCβ/Ca2+/Calcineurin Pathway
Previously we demonstrated by using specific CK1 inhibitors that group I mGluRs activate
Cdk5 kinase activity via a pathway that involves CK1. To further examine whether Cdk5
activation by DHPG is through a PLCβ/Ca2+/calcineurin pathway, we analyzed Cdk5 kinase
activity following its immunoprecipitation from mouse neostriatal slices. Preincubation of
mouse neostriatal slices with U73122 (12.5 μM), BAPTA/AM (20 μM) for 30 min, or cyclosporin
A (5 μM) for 60 min abolished the effect of DHPG on Cdk5 activity (Fig. 3). Treatment of slices
with ionomycin (2 μM) for 2 min also resulted in an increase in Cdk5 kinase activity by 2-fold;
the effect of ionomycin was blocked by cyclosporin A (5 μM).

DHPG Treatment Induces Transient Dephosphorylation of CKIε
The ability of cyclosporin A to block the effect of DHPG suggested that the regulation of
CK1ε by DHPG might involve direct dephosphorylation of CK1ε by calcineurin. To examine
the phosphorylation state of CK1ε in response to DHPG, N2a cells that expressed HA-CK1ε
were metabolically labeled with 32P and then treated with DHPG for various periods of time.
HA-CK1ε was immunoprecipitated, separated by SDS-PAGE (Fig. 4a), and then subjected to
two-dimensional phosphopeptide mapping (Fig. 4b). There was little apparent change in the
total level of phosphorylation of CK1ε after incubation of cells with DHPG (Fig. 4a). However,
peptide mapping revealed that DHPG treatment resulted in rapid and transient
dephosphorylation of a subset of phosphopeptides (Fig. 4b). At time 0 (in the absence of
DHPG), wild-type CK1ε was found to be strongly phosphorylated at one site (basic peptide
labeled “C ” in Fig. 4b, top left). In addition, 7–10 negatively charged peptides were
phosphorylated (acidic sites, circled in Fig. 4b, top left). Treatment with DHPG for 2 or 4 min
resulted in the dephosphorylation of the acidic peptides, whereas there was no
dephosphorylation of the control (basic) peptide. Indeed, after calculating the relative
radioactivity in the acidic peptides and in the C peptide, phosphorylation of the C peptide
actually increased ~2-fold at 2 or 4 min. Ten minutes after DHPG treatment, the
phosphorylation level of the acidic peptides, and also of the C peptide, returned close to the
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same levels observed in the “0 min” time point sample. Preincubation of cells with cyclosporin
A (1 μM) for 30 min before the addition of DHPG prevented the transient dephosphorylation
of the acidic peptides in CK1ε (Fig. 4c, measured at the 4 min time point). Together these
results indicate that DHPG stimulates calcineurin and results in transient dephosphorylation
of a subset of autophosphorylation sites in CK1ε, whereas phosphorylation of a separate site
increases transiently.

C-terminal Autophosphorylation of CKIε Is Involved in Regulation of Its Activity by DHPG
Eight phosphorylation sites in the C-terminal domain of CK1ε were identified as probable in
vivo autophosphorylation sites (18). To further examine the details of CK1ε activation, we
tested a mutant of CK1ε, MM2, that lacked the eight sites (S323A/T325A/T334A/T337A/
S368A/S405A/T407A/S408A). Myc-MM2-CK1ε was transiently transfected into N2a cells,
immunoprecipitated, and subjected to phosphopeptide mapping and kinase activity assay.
Phosphopeptide mapping revealed that MM2-CK1ε was autophosphorylated only at the control
(basic) peptide, and treatment with DHPG had no effect on phosphorylation of this site (Fig.
5a and data not shown). Treatment with DHPG had no effect on MM2-CK1ε activity assayed
using DARPP-32 as substrate, and this was also unaffected by preincubation with cyclosporin
A (Fig. 5b). The expression level of Myc-tagged MM2-CK1ε in N2a cells was about the same
as the HA-tagged wild-type CK1ε, but the immunoprecipitated MM2-CK1ε was ~2-fold more
active than HA-CK1ε (Fig. 5b).

Previous studies carried out in vitro had suggested that inhibitory autophosphorylation site(s)
within the catalytic domain might also contribute to autoinhibition of CK1ε (17). The
phosphopeptide maps revealed that the control (basic) phosphopeptide was present in both
wild-type and MM2-CKIε, and that phosphorylation of this site increased transiently in wild-
type CK1ε (but, notably, not in MM2-CK1ε) following treatment with DHPG (Figs. 4 and 5).
The identity of the control site phosphorylated under basal conditions is not known. To examine
whether phosphorylation of this site has any influence on CKIε activity, tagged CK1ε was
immunoprecipitated from N2a cell lysates and incubated with nonspecific lambda protein
phosphatase. The incubation with lambda phosphatase substantially reduced phosphorylation
of either wild-type or MM2-CK1ε, as revealed by studies in which cells were prelabeled
with 32P (and treated with DHPG) (Fig. 6a, upper panel). Other samples were prepared in
parallel with unlabeled N2a cells and treated with lambda phosphatase, and CK1 activity was
assayed using DARPP-32 as substrate. Phosphatase treatment did not apparently affect the
activity of wild-type or MM2-CKIε (all cells were preincubated with DHPG) (Fig. 6a, lower
panel, and Fig. 6b), suggesting that phosphorylation of the control site in intact cells did not
regulate CK1ε.

Comparison of our phosphopeptide maps with those obtained in a previous study of wild-type
CK1ε and a kinase-dead mutant suggest that the control site might not be autophosphorylated
by an intramolecular mechanism (cf. peptide f in Fig. 1B in Gietzen et al. (18)) and could
possibly be phosphorylated by another protein kinase in intact cells. In the present study, we
found that as the activity of CK1ε was stimulated ~2-fold by dephosphorylation of a subset of
inhibitory sites, phosphorylation of the control site was increased ~2-fold (see Fig. 4, a and
b). This observation supports the idea that the phosphorylation of the control site is linked
directly to the activity of CK1ε and probably occurs, at least in part, via autophosphorylation.

DISCUSSION
In the present study we have examined the signal transduction pathway that links stimulation
of group I mGluRs to CK1ε activation. The results obtained are consistent with the mechanism
illustrated in Fig. 7. Activation of mGluR1 receptors stimulates G proteins that are coupled to
PLCβ; Ca2+ released from IP3-sensitive stores actives the Ca2+/calmodulin-dependent
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phosphatase, calcineurin; and calcineurin dephosphorylates the inhibitory autophosphorylation
sites on CKIε. Dephosphorylation of CK1ε results in an increase in kinase activity. However,
this increase is transient because of the subsequent autophosphorylation and autoinhibition of
the kinase.

Our previous studies had shown that in neostriatal slices, DHPG, an agonist for group I
mGluRs, increased CK1 activity, leading to enhanced phosphorylation of Ser-137 of
DARPP-32. In the present study, we found that the phosphorylation of Ser-137 of DARPP-32
in neostriatal neurons was sensitive to U73122, BAPTA, and cyclosporin A. The
phosphorylation of Thr-75 was also sensitive to these inhibitors, supporting our previous results
indicating that activation of CK1 leads to activation of Cdk5 (19). The present results, from
studies carried out largely using transfected cell lines, support the conclusion that CK1ε is the
likely target for regulation by type I mGluRs in neostriatal neurons. However, it is possible
that other CK1 isoforms may be activated through a pathway similar to that shown in Fig. 7.
The C-terminal 125 amino acids of CK1δ is ~50% identical to the corresponding domain of
CK1ε. In addition, several in vitro studies have found that the activity of CK1δ, like CK1ε, is
regulated by autophosphorylation (16,26). In vitro studies have also indicated that all three
CK1γ isoforms can be autophosphorylated (16), raising the possibility that these isoforms are
regulated as well. CK1α, -δ, and -ε isoforms have all been found to be expressed in brain and
are likely to be distributed widely in neurons (27–29). In addition, our preliminary results
indicate that CK1α, -δ, and -ε isoforms are expressed in neostriatum (data not shown). Thus it
is possible that activation of calcineurin could lead to transient activation of several CK1
isoforms in neostriatal slices (see also further discussion below).

The precise molecular mechanism by which autophosphorylation of CK1 isoforms regulates
enzyme activity is not clear. Autophosphorylation of multiple C-terminal sites in CK1δ and
CK1ε appear to be required, although the precise relationship between individual sites and
enzyme activity remains to be clarified (16–18). Autophosphorylation is associated with
inhibition of enzyme activity toward protein substrates but does not affect phosphorylation of
some short synthetic peptides. This latter observation suggests that autophosphorylation serves
to influence protein substrate binding negatively by a process that does not block access to the
active site of the kinase. Ser-137, the site phosphorylated in DARPP-32 by CK1, is situated at
the C-terminal end of a highly acidic region of the protein (23 of 30 residues are either glutamate
or aspartate) (30). Possibly, the phosphorylated C-terminal domain of CK1ε (or other isoforms)
could act to block binding of longer polypeptide substrates containing acidic domains but not
shorter synthetic peptides. Dephosphorylation of the C-terminal domain would then lead to a
loss of this inhibitory constraint. Alternatively, an unphosphorylated C-terminal domain
(which in CK1ε contains a significant excess of basic amino acids) could serve a positive role
in binding to polypeptide substrates that contain acidic domains.

The present study establishes that autophosphorylation of CK1ε at least is a regulated
physiological event in intact cells. Although we did not investigate in detail the identity of the
site(s) of autophosphorylation that are regulated by calcineurin, the results provide some further
insight into the molecular events involved in regulation of CK1ε activity in intact cells.
Previous studies of CK1ε have indicated that at least eight sites are autophosphorylated in
vitro. However, in intact cells autophosphorylation of many of these sites is apparent only in
the presence of okadaic acid or calyculin A, inhibitors of PP1 and PP2A (18,26). Moreover,
autophosphorylation of these sites in the presence of PP1/PP2A inhibitors is associated with a
decrease in electrophoretic mobility, detected using SDS-PAGE. In the present study, a
significant level of autophosphorylation of CK1ε was observed in intact cells under basal
conditions. Moreover, treatment with DHPG or cyclosporin A had no effect on the
electrophoretic mobility of the protein, despite the dephosphorylation of a subset of the sites
phosphorylated. A reasonable explanation for these results is that there are a least two subsets
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of autophosphorylation sites. One set is subject to dephosphorylation by calcineurin, is not
associated with any alteration of electrophoretic mobility, and is phosphorylated under basal
conditions in intact cells as long as calcineurin is inactive. The second set is subject to
dephosphorylation by PP1 or PP2A, is associated with a decrease in electrophoretic mobility,
and is maintained in a dephosphorylated state in intact cells by active PP1 or PP2A. Additional
mutagenesis will be required to identify the site(s) in CK1ε that are specifically
dephosphorylated by either calcineurin or PP1/PP2A in intact cells.

The results from our present study indicate that one or more of the sites phosphorylated under
basal conditions, and dephosphorylated by activated calcineurin, is associated with regulation
of CK1ε activity. It also seems likely that autophosphorylation of one or more of the sites
dephosphorylated in intact cells by PP1/PP2A may be associated with regulation of CK1ε
activity. Although the sites that are sensitive to PP1/PP2A are maintained in a dephosphorylated
state in cells in culture (and apparently in neostriatal neurons under basal conditions), it is
possible that physiological inhibition of PP1 or PP2A would result in additional inhibition of
CK1ε. For example, in neostriatal neurons, stimulation of phosphorylation of DARPP-32 by
D1 dopamine receptors would lead to inhibition of PP1 and could influence CK1ε activity.
Further studies will be required to determine whether autophosphorylation of these different
sets of sites results in independent modes of regulation of CK1ε or whether there is some sort
of interdependence between autophosphorylation of the different sites and regulation of CK1.
Autophosphorylation of different sites could have additive or synergistic effects, could cause
them to occlude one another, or perhaps could even modulate the ability of CK1 to interact
with distinct substrates. Interestingly, three of the eight sites in CK1ε (Thr-325, Ser-368, and
Ser-405) appear to be conserved in CK1δ. It is possible that these conserved sites might also
confer regulation of CK1δ by calcineurin in intact cells. Alternatively, different
autophosphorylation sites may be used to confer differential physiological regulation of CK1
isoforms by protein phosphatases.

The present studies were motivated by our original observations indicating that CK1 could
phosphorylate Ser-137 of DARPP-32 (31,32). Phosphorylation of Ser-137 impairs the ability
of Thr-34 of DARPP-32 to be dephosphorylated by calcineurin, thereby modulating the
DARPP-32/PP1 cascade. Our more recent studies support the conclusion that activation of
CK1 by group I mGluRs results in phosphorylation of Ser-137 of DARPP-32 in neostriatal
neurons and that this leads to regulation of voltage-dependent Ca2+ channels (19). A variety
of other studies have provided strong support for a role of CK1 isoforms, particularly CK1ε
and CK1δ, in diverse cellular processes such as regulation of Wnt signaling and of the circadian
clock (7–11,13–15). CK1ε and CK1δ have also been implicated in the pathophysiology of
Alzheimer’s disease (28,33,34). Regulation of CK1ε (and possibly CK1δ) by
autophosphorylation and transient dephosphorylation by calcineurin may play an important
role in the regulation of these other processes that involve the enzyme. Activation of calcineurin
may result from stimulation of mGluRs or via many alternative pathways that increase the
concentration of intracellular Ca2+ in mammalian cells. Regulation of CK1ε also adds to the
diversity of signal transduction pathways utilized by mGluRs and may be responsible for
various actions of this increasingly important family of G protein-coupled receptors (35,36).
Finally, the results from these studies indicate that CK1ε represents an additional example of
a group of protein kinases including Cdks, Src family members, and Raf-1 (37–39) that are
inhibited by phosphorylation and that require dephosphorylation to allow signaling to occur.
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Fig. 1. The effect of DHPG on Ser-137 and Thr-75 phosphorylation of DARPP-32 is blocked by the
PLCβ inhibitor U73122, the Ca2+ chelator BAPTA/AM, and the calcineurin inhibitor cyclosporin
A
The effect of the mGluR group I agonist, DHPG, on phosphorylation of DARPP-32 at Ser-137
(CK1 site) and Thr-75 (Cdk5 site) was examined in mouse neostriatal slices using
phosphorylation state-specific antibodies. Slices were treated without or with DHPG (100
μM) or ionomycin (Iono., 2 μM) for 2 min following preincubation with vehicle (U73122, 12.5
μM for 20 min), BAPTA/AM (BAPTA, 20 μM for 20 min), cyclosporin A (Cy A, 5 μM for 60
min), or the adenosine A2a receptor antagonist (ZM241385, 10 μM for 20 min). Slices were
homogenized and analyzed by SDS-PAGE and immunoblotting using phospho-Ser-137,
phospho-Thr-75, and total DARPP-32 antibodies. Immunoblots are shown in the top panel,
and cumulative data (means ± S.E.) obtained from three experiments are shown in graphical
format in the lower panels. Data for each sample were normalized to the total level of
DARPP-32. Data were then normalized to the value obtained in the absence of any addition
(−DHPG, set as 1). *, p < 0.05, Student’s t test, compared with untreated slices.
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Fig. 2. The effect of DHPG on CK1ε activity is blocked by BAPTA/AM and cyclosporin A
N2a cells were transiently transfected with HA-tagged CK1ε. Cells were preincubated without
or with the group I mGluR antagonist L-AP3 (100 μM for 20 min), U73122 (12.5 μM for 20
min), BAPTA/AM (BAPTA, 20 μM for 20 min), or cyclosporin A (Cy A, 1 μM for 20 min) prior
to treatment without or with DHPG (100 μM for 2 min). HA-CK1ε was immunoprecipitated,
and CK1 was assayed using DARPP-32 as a substrate. Samples were analyzed by SDS-PAGE
and autoradiography. Top panel, autoradiogram of DARPP-32 phosphorylation; middle
panel, immunoblot using HA antibody; bottom panel, cumulative data obtained from five
experiments (means ± S.E.). Data for each sample were normalized to the total level of HA-
CK1ε. Data were then normalized to the value obtained in the absence of any addition
(−DHPG, set as 1). Data were normalized to values for untreated cells. *, p < 0.05, Student’s
t test, compared with untreated cells.
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Fig. 3. The effect of DHPG on Cdk5 activity is blocked by U73122, BAPTA/AM, and cyclosporin
A
Mouse neostriatal slices were preincubated with U73122 (12.5 μM for 20 min), BAPTA/AM
(BAPTA, 20 μM for 20 min), or cyclosporin A (Cy A, 5 μM for 60 min) and then without or with
DHPG (100 μM for 2 min) or ionomycin (Iono., 2 μM for 2 min). Slices were homogenized, and
Cdk5 was immunoprecipitated with anti-Cdk5 (C-8) antibody. Cdk5 activity was assayed using
histone H-1 as substrate, and samples were analyzed by SDS-PAGE and autoradiography. The
top and middle panels show autoradiograms indicating histone H-1 phosphorylation. The
bottom panel shows cumulative data (means ± S.E.) from three experiments. Data for each
sample were normalized to the total level of cdk5 (determined by immunoblotting, not shown).
Data were then normalized to the value obtained in the absence of any addition (−DHPG, set
as 1). *, p < 0.05, Student’s t test, compared with untreated slices.
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Fig. 4. CK1ε is transiently dephosphorylated upon DHPG treatment
N2a cells were transiently transfected with HA-CK1ε. Cells were incubated with 200 μCi/ml
H3 32PO4 in phosphate-free medium for 2 h. For the last 30 min of labeling, cells were treated
without or with cyclosporin A (Cy A, 1 μM) and then without or with DHPG for various times
as indicated. a, HA-CK1ε was immunoprecipitated, and samples were analyzed by SDS-PAGE
and autoradiography (upper panel). The lower panel shows an immunoblot using HA antibody.
Radioactivity was determined using a PhosphorImager and Image-Quant software. The values
obtained were: − DHPG, 10522; 2 min DHPG, 12204; 4 min DHPG, 10606; 10 min DHPG,
9540. b, gel bands containing 32P-labeled HA-CK1ε were subjected to two-dimensional tryptic
phosphopeptide mapping. Electrophoresis was in the horizontal direction (positive electrode
at left, point of origin marked by arrowhead in top left), and chromatography was in the vertical
direction. Radioactivity in the phosphopetides for each peptide map was determined using a
PhosphorImager and ImageQuant software. To account for variations in the peptide mapping
process, the ratios in the radioactivity of the circled peptides and the C peptide were used to
calculate the absolute radioactivity from the values obtained for phosphorylation of HA-
CK1ε (see above). The values obtained were: − DHPG, 4840 in the circled peptides, 5682 in
the C peptide; 2 min DHPG, 366 in the circled peptides, 11900 in the C peptide; 4 min DHPG,
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0 in the circled peptides, 10606 in the C peptide; 10 min DHPG, 3339 in the circled peptides,
6201 in the C peptide. c, cells transfected with HA-CK1ε were incubated with cyclosporin A
(Cy A) and DHPG for 0 or 4 min, as indicated. Cell extracts were analyzed as described in a
and b.
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Fig. 5. A CK1ε mutant lacking inhibitory autophosphorylation sites is not activated by DHPG
N2a cells were transiently transfected with either wild-type HA-tagged CK1ε or Myc-tagged
MM2-CK1ε, a mutant enzyme in which Ser-323, Thr-325, Thr-334, Thr-337, Ser-368,
Ser-405, Thr-407, and Ser-408 are mutated to alanine. a, cells were labeled with 200 μCi/ml
H3 32PO4 in phosphate-free medium for 2 h and treated with DHPG for 2 min. HA- or Myc-
tagged CKIε was immunoprecipitated, analyzed by SDS-PAGE and subjected to
phosphopeptide mapping as described in the legend to Fig. 4. b, cells were pretreated without
or with cyclosporin A (Cy A, 1 μM for 30 min) prior to incubation without or with DHPG (100
μM for 2 min). HA-CK1ε or MM2-CK1ε was immunoprecipitated, and CK1ε activity was
assayed using DARPP-32 as a substrate. Samples were analyzed by SDS-PAGE and
autoradiography. Top panel, autoradiogram of DARPP-32 phosphorylation; middle panel,
immunoblot showing expression of HA- or Myc-tagged CK1ε using an anti-CK1 antibody that
recognized both wild-type and MM2-CK1ε; bottom panel, cumulative kinase activity data
obtained from five experiments (mean ± S.E.). Data for each sample were normalized to the
total level of CK1ε. Data were then normalized to the value obtained in the absence of any
addition (−DHPG, set as 1). *, p < 0.05, Student’s t test compared with untreated cells; #, p <
0.001, Student’s t test compared with untreated cells that were transfected with wild-type HA-
CKIε.
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Fig. 6. Constitutive phosphorylation of CK1ε does not regulate enzyme activity
N2a cells were transfected with HA-CK1ε or MM2-CKIε. a, cells were labeled with
H3 32PO4 in phosphate-free medium (200 μCi/ml for 2 h) and then treated with DHPG for 2
min. HA-CK1ε or MM2-CKIε were immunoprecipitated and incubated without or with lambda
protein phosphatase for 15 min. 32P-labeled samples were analyzed by SDS-PAGE and
autoradiography (upper panel). Other samples prepared in parallel were analyzed for CK1
activity using DARPP-32 as substrate (lower panel). b, cumulative kinase activity data obtained
from three experiments (means ± S.E.). Data for each sample were normalized to the total level
of CK1ε. Data were then normalized to the value obtained in the absence of any addition
(−DHPG set as 1; not shown).
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Fig. 7. Model for regulation of CK1 activity by activation of group I mGluRs
DHPG activates group I mGluRs that are coupled to PLCβ via Gq. Activation of PLCβ
generates IP3, and IP3 binds to IP3 receptors on the endoplasmic reticulum and releases Ca2+

into the cytosol. Elevated intracellular Ca2+actives the Ca2+-dependent phosphatase
calcineurin, which in turn dephosphorylates the regulatory autophosphorylation sites on
CKIε. CKIε is transiently activated, but gradual autophosphorylation restores the inhibited
level of kinase activity. A site that is basally phosphorylated is likely to be present within the
kinase domain but does not appear to regulate enzyme activity.
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