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Ca2+/calmodulin-dependent protein kinase kinase (CaMKK) phosphorylates and activates specific down-
stream protein kinases including CaMKI, CaMKIV and 50-AMP-activated protein kinase. In order to exam-
ine the variety of CaMKK-mediated signaling pathways, we searched for novel CaMKK substrate(s) using
N6-(1-methylbutyl)-ATP and genetically engineered CaMKKa mutant, CaMKKa (Phe230Gly), that was
capable of utilizing this ATP analogue as a phosphate donor. Incubation of rat brain extracts with recom-
binant CaMKKa (Phe230Gly), but not with wild-type kinase, in the presence of N6-(1-methylbutyl)-ATP
and Ca2+/CaM, induced significant threonine phosphorylation of a 50 kDa protein as well as CaMKI phos-
phorylation at Thr177. The 50 kDa CaMKK substrate was partially purified by using serial column chroma-
tography, and was identified as Syndapin I by LC-MS/MS analysis. We confirmed that recombinant
Syndapin I was phosphorylated by CaMKKa and b isoforms at Thr355 in vitro. Phosphorylation of HA-Syn-
dapin I at Thr355 in transfected HeLa cells was significantly induced by co-expression of constitutively
active mutants of CaMKK isoforms. This is the first report that CaMKK is capable of phosphorylating a
non-kinase substrate suggesting the possibility of CaMKK-mediated novel Ca2+-signaling pathways that
are independent of downstream protein kinases.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ca2+/calmodulin-dependent protein kinase kinase (CaMKK) has
been classified as a novel member of the calmodulin kinase (CaMK)
family. CaMKK specifically phosphorylates the activation loop Thr
residue (Thr177 and Thr196, respectively) in two multifunctional
CaMKs, CaMKI and CaMKIV, resulting in a large increase in their
catalytic efficiency [1,2]. In mammals, two CaMKK genes (CaMKKa
and CaMKKb) have been identified, both of which are highly ex-
pressed in the brain [3,4]. Accumulated biochemical evidence indi-
cates that CaMKK also phosphorylates Akt/Protein kinase B [5] and
AMPK family members including the catalytic subunit of AMPK at
Thr172 [6–8] and SAD-B at Thr189 [9], resulting in significant cata-
lytic activation.

One important role that has been demonstrated for the CaMKK/
CaMKIV cascade is in the regulation of Ca2+-dependent gene
expression, where it phosphorylates transcription factors such as
CREB [10]. The CaMKK/CaMKI cascade has been shown to be in-
volved in various neuronal functions including spinogenesis [11],
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dendritic arborization [12] and cortical axon elongation [13]. It
has also been suggested that CaMKK-mediated PKB/Akt activation
might be involved in anti-apoptotic effects in neurons [5]. Recent
studies have shown that Ca2+-dependent phosphorylation and acti-
vation of AMPK is mediated by CaMKKb when T-cells are activated
via the antigen receptor [14] or when HeLa cells are treated with a
Ca2+ ionophore [15]. Based on these studies, it has been predicted
that the physiological role of CaMKKs is to act as regulatory
enzymes for downstream protein kinases in various Ca2+-dependent
cellular processes. The question remains if there are any target
substrates of CaMKK that are not protein kinases. In order to
address this question, we searched for novel CaMKK substrates
by using an ATP analogue (N6-(1-methylbutyl)-ATP) and a CaMKKa
mutant that was capable of using this ATP analogue as a phosphate
donor.
2. Materials and methods

2.1. Materials

Recombinant CaMKKa, b, GST-CaMKKa 126–434 and GST-CaM-
KIa (1–293, Lys49Glu) were expressed in Escherichia coli and puri-
fied as described previously [16,17]. Expression plasmids for
truncated CaMKKa (pME-CaMKKa (1–434)) and b (pME-CaMKKb
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Fig. 1. In vitro phosphorylation of CaMKK substrates in rat brain by CaMKKa mutant (Phe230Gly) with N6-(1-methylbutyl)-ATP. A, GST-CaMKIa (1–293, Lys49Glu) was
incubated without (�) or with 20 ng of GST-CaMKKa (126–434, WT) or its various point mutants (Phe230Ala; F230A, Phe230Gly; F230G, Phe230Trp; F230 W, Phe230Val; F230V,
Phe230Leu; F230L, Phe230Ile; F230I) at 30 �C for 15 min in the presence of 1 mM EGTA with either 100 lM ATP or 6-1MeBu-ATP, followed by dot blotting using anti-
phosphoCaMKI antibody. B, recombinant CaMKKa wild-type (WT) (5 ng, circles) or CaMKKa Phe230Gly (F230G) (5 ng, squares) was incubated with GST-CaMKIa (1–293,
Lys49Glu) at 30 �C for the indicated time periods with 1 mM CaCl2/7 lM CaM, in the presence of either 100 lM ATP (closed symbols) or 6-1MeBu-ATP (open symbols). After
termination of the reaction, samples were subjected to Western blot analysis (insert) with anti-phosphoCaMKI antibody, followed by quantification of the immunoreactive
signals by densitometric scanning. Phosphate incorporation into GST-CaMKIa (1–293, Lys49Glu indicated by an asterisk) is expressed as a percentage of the value of the
reaction for the 5-min time point in the presence of CaMKKa wild-type and ATP. C, Rat brain extract (180 lg) was incubated in the absence (�) or presence (+) of 100 lM ATP
or 6-1MeBu-ATP at 30 �C for 30 min in the presence of 2 mM CaCl2/3 lM CaM, 0.5 lM okadaic acid and 1 lM microcystin LR without (�), or with (+) either CaMKKa wild-type
(0.3 lM) or CaMKKa Phe230Gly (0.3 lM) followed by Western blot analysis with either anti-phosphoThr antibody (left panel) or anti-phosphoCaMKI antibody (right panel).
The asterisk indicates autophosphorylated CaMKKa. Arrows indicate the 50 kDa CaMKK substrate (left panel) and phosphorylated CaMKI (right panel), respectively.
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(1–470)), including their kinase dead mutants (pME-CaMKKa (1–
434, Asp293Ala) and pME-CaMKKb (1–470, Asp329Ala)), were con-
structed by introduction of PCR fragments into a pME18s vector.
Anti-phosphoCaMKI (at Thr177) antibody was generated as
described previously [18]. Anti-phosphoThr and anti-GST antibodies
were obtained from Cell Signaling Technology, Inc and GE Health-
care UK Ltd., respectively. N6-(1-methylbutyl)-ATP (6-1MeBu-ATP)
was purchased from the BIOLOG Life Science Institute.
2.2. Partial purification of rat Syndapin I

Three rat brains were homogenized with 30 mL of homogeniza-
tion buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.5, 1 mM EGTA,
1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 10 lg/mL leu-
peptin and 10 lg/mL trypsin inhibitor) and then centrifuged at
30,190 g at 4 �C for 30 min. Rat brain extract was mixed with
two volumes of the homogenization buffer without NaCl and was
then subjected to Q Sepharose column chromatography (1 mL gel
volume). Step-wise elution was carried out using various concen-
trations of NaCl (100–800 mM). The eluted fraction containing
the 50 kDa CaMKK substrate (the 300 mM NaCl step) was concen-
trated and then subjected to Superose 6 gel filtration (HR10/30)
using a buffer containing 150 mM NaCl, 50 mM Tris–HCl, pH 7.5,
2 mM EGTA and 2 mM EDTA. The eluted fraction containing the
50 kDa CaMKK substrate was applied onto a MonoQ column
(HR5/10) equipped with an FPLC system. Elution was carried out
using a linear gradient of NaCl (150–600 mM).
2.3. In vitro assay of CaMKK activity

Recombinant CaMKKs including various mutants, were incu-
bated with GST-CaMKIa (1–293, Lys49Glu, 10 lg) at 30 �C for var-
ious time periods in a solution containing 50 mM HEPES, pH 7.5,
10 mM Mg(Ac)2, 1 mM DTT, 1 mM EGTA or 1 mM CaCl2 and 7 lM
CaM in the presence of either 100 lM ATP or 100 lM 6-1MeBu-
ATP. The reaction was terminated either by spotting aliquots
(2 lL) onto a nitrocellulose membrane or by addition of an equal
volume of 2X SDS–PAGE sample buffer followed by Western
blot analysis. Phosphate incorporation into GST-CaMKIa (1–293,
Lys49Glu) was visualized on the dot blotted or Western blotted
membrane by immunodetection using an anti-phosphoCaMKI
antibody.
2.4. Mass spectrometry analysis

A 30-lL sample of the eluate from the MonoQ column (fraction
22) was separated by SDS�7.5% PAGE and lightly stained with Coo-
massie Brilliant Blue. Next, two gel slices were excised in the re-
gion of the 50 kDa band, which were in-gel digested with 10 lg/
mL trypsin (Promega) overnight at 37 �C [19]. The digested pep-
tides were eluted with 0.1% formic acid and were subjected to
LC-MS/MS analysis as described previously [9], except for using
an LCMS-IT-TOF (Shimadzu) interfaced with a nano reverse-phase
liquid chromatography system (Shimadzu).

LC-MS/MS was used to identify the phosphorylation site of Syn-
dapin I by CaMKKs. Phosphorylated Syndapin I (10 lg) was sepa-
rated by SDS�7.5% PAGE followed by in-gel digestion with
protease (Roche Diagnostics) cocktail such as trypsin, chymotryp-
sin, trypsin plus chymotrypsin, trypsin plus Glu-C, trypsin plus
Asp-N, chymotrypsin plus Asp-N. Protease concentrations were
used at 10 lg/mL trypsin, 17 lg/mL chymotrypsin, 10 lg/mL Glu-
C, and 4 lg/mL Asp-N, respectively. The following steps were then
performed as described above.
2.5. cDNA cloning, expression and purification of rat Syndapin I

Rat Syndapin I cDNA (AF104402) was obtained by RT-PCR with
PrimeSTAR HS DNA polymerase (Takara) using rat brain cDNA



Fig. 2. Purification and identification of the 50 kDa CaMKK substrate from rat brain extract. Rat brain extract was subjected to Q Sepharose column chromatography followed
by Superose 6 gel filtration and was then subjected to MonoQ column chromatography. Fractions 16–29 eluted from the MonoQ column were incubated in the presence of
100 lM 6-1MeBu-ATP at 30 �C for 30 min in a solution containing 2 mM CaCl2/3 lM CaM, 0.5 lM okadaic acid, 1 lM microcystin LR without (�) or with (+) CaMKKa
Phe230Gly (0.3 lM), followed by Western blot analysis with anti-phosphoThr antibody (panel A). Fractions 16–29 eluted from MonoQ column were also subjected to SDS–
PAGE and stained with Coomassie Brilliant Blue (panel B). The asterisk in panel A indicates autophosphorylated CaMKKa Phe230Gly, and the arrow in panel A and B indicates
the 50 kDa CaMKK substrate. C, The amino acid sequences of the peptides (T-1�T-12, see ‘‘Supplemental Data’’) obtained by LC-MS/MS analysis of the 50 kDa protein in
fraction 22 as shown in panel B were aligned with those of rat Syndapin I deduced from its cDNA (AF104402). The phosphorylation site of rat Syndapin I (Thr355) in the
phosphopeptide (residues 348–358, P-1) determined in this study is indicated by a black box solid bar. NPF motifs are underlined and the SH3 domain is boxed.
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(QUICK-Clone; Clontech Laboratories, Inc.) as a template. The PCR
fragment was subcloned into the pGEX-KG-PreS vector to insert
the PreScission protease cleavage site (Leu-Glu-Val-Leu-Phe-Gln/
Gly-Pro) between GST and Syndapin I. The vector was introduced
into E. coli BL21-CodonPlus (DE3)-RIL (Stratagene), and expression
of the recombinant protein was induced by the addition of 1 mM
isopropyl-b-D-thiogalactopyranoside. Then GST-Syndapin I was
purified by glutathione-Sepharose (GE Healthcare UK Ltd.). To ob-
tain recombinant Syndapin I, purified GST-Syndapin I was digested
with PreScission protease followed by removal of cleaved GST and
the protease by glutathione-Sepharose chromatography. An
expression plasmid for HA-Syndapin I (pME-HA-Syndapin I) was
constructed by inserting the PCR fragment encoding Ser2 to Ile441

of rat Syndapin I into the pME18s-HA vector. The Thr355Ala muta-
tion was introduced by PCR.
2.6. In vitro phosphorylation of Syndapin I by CaMKK isoforms

Either recombinant Syndapin I (10 lg) or GST-Syndapin I
(10 lg) was incubated without or with recombinant CaMKKa or
b isoform (30 ng) at 30 �C for the indicated time periods in a solu-
tion containing 50 mM HEPES (pH 7.5), 10 mM Mg(Ac)2, 1 mM DTT
and 1 mM ATP in the presence of 2 mM CaCl2/10 lM CaM. After
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Fig. 3. Phosphorylation of recombinant Syndapin I at Thr355 by CaMKK isoforms in vitro. A, CaMKKa wild-type was incubated with recombinant Syndapin I at 30 �C for the
indicated time periods with 2 mM CaCl2/10 lM CaM and 1 mM ATP. After termination of the reaction, samples were subjected to Western blot analysis (insert) with anti-
phosphoThr antibody, followed by quantification of the immunoreactive signals by densitometric scanning. Phosphate incorporation into Syndapin I is expressed as a
percentage of the value of the reaction at the 60-min time point. B, either CaMKKa or b isoform was incubated with Syndapin I and 1 mM ATP at 30 �C for 30 min in the
presence (+) or absence (�) of 2 mM CaCl2/10 lM CaM, followed by Western blot analysis with anti-phosphoThr antibody. The asterisk in panel A and B indicates
phosphorylated Syndapin I. C, identification of Thr355 in rat Syndapin I as a site phosphorylated by CaMKKa. Syndapin I, which was phosphorylated by CaMKKa for 60 min,
was subjected to in-gel digestion, followed by LC-MS/MS analysis. The singly charged ion of a peptide (residues 348–358) derived from phosphorylated Syndapin I was
subjected to MS/MS analysis as described under Section 2. The observed b-ion and y-ion fragment series generated by collision-induced dissociation are indicated. The
observed fragment ions are indicated above and below the peptide sequence. D, either the wild-type (WT) or the Thr355Ala mutant (T355A) of GST-Syndapin I was incubated
without (�) or with CaMKKa or CaMKKb at 30 �C for 10 and 30 min in the presence of 2 mM CaCl2/10 lM CaM and 1 mM ATP, followed by Western blot analysis with anti-
phosphoThr antibody (lower panel). After stripping of the anti-phosphoThr antibody, the blotting membrane was reprobed with anti-GST antibody (upper panel). The arrow
and asterisk indicate GST-Syndapin I and phosphorylated GST-Syndapin I, respectively.
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termination of the reaction, the samples (100 ng protein) were
subjected to Western blot analysis.

2.7. Immunoprecipitation of HA-Syndapin I

HeLa cells were maintained in Dulbecco’s modified Eagle’s med-
ium containing 10% FBS. Transfection of pME-HA-Syndapin I wild-
type or Thr355Ala (5 lg) into HeLa cells (10 cm dishes) was carried
out using Lipofectamine reagent (Invitrogen) with or without 1 lg
of pME-CaMKKa (1–434), pME-CaMKKa (1–434, Asp293Ala), pME-
CaMKKb (1–470) or pME-CaMKKb (1–470, Asp329Ala). After 48 h of
culture, cells were lysed as described previously [9], followed by
immunoprecipitation with 5 lg of anti-HA antibody (Roche Ap-
plied Science). Thirty lL of SDS–PAGE sample buffer was added
to the immunoprecipitates, followed by Western blot analysis
using 10 lL of each sample.

3. Results and discussion

3.1. Engineered CaMKKa is capable of utilizing an ATP analogue as a
phosphate donor

We aimed to identify novel CaMKK targets by using a method
developed by Shokat and coworkers, which has been used for iden-
tification of substrates of a number of other kinases including Src
[20], JNK [21] and ERK2 [22]. This method involves mutating the
ATP-binding site of a protein kinase, which allows the kinase to uti-
lize ATP analogues as phosphate donors. We first constructed a
CaMKK mutant that was capable of utilizing an ATP analogue that
has bulky side groups at the N-6 position, N6-(1-methylbutyl)-ATP
(6-1MeBu-ATP). Based on comparison of the amino acid sequence
of the CaMKKa catalytic domain with that of other protein kinases,
the Phe230 was identified as one of the conserved residues that
come into close contact with the N-6 position of ATP. We therefore
replaced this Phe230 in a GST-fused CaMKKa catalytic domain (res-
idues 126–434) with one of various residues and purified these
recombinant enzymes to test their ability to utilize 6-1MeBu-ATP,
as well as ATP, as a phosphate donor (Fig. 1A). For this purpose,
we used a dot blot assay in which a kinase-dead CaMKIa mutant,
GST-CaMKIa (1–293 Lys49Glu), was used as a substrate [16]. Site-
specific phosphorylation of the substrate was detected by anti-
phosphoCaMKI (at Thr177) antibody. The dot blot assay revealed
that the most of the CaMKKa mutants including the wild-type en-
zyme could utilize ATP but not 6-1MeBu-ATP as a phosphate donor
(Fig. 1A). Only the Phe230Gly mutant could utilize 6-1MeBu-ATP.
This result is consistent with previous studies that mutation of
one or two conserved amino acids at the ATP binding site to smal-
ler amino acid residues allows the mutant kinase to utilize ATP
analogues containing a bulky substituent at the N-6 position. Then
we compared the kinase activity of recombinant full-length wild-
type CaMKKa with that of the full-length Phe230Gly mutant. A time
course analysis of the substrate phosphorylation confirmed that
the CaMKKa Phe230Gly is capable of using both ATP and
6-1MeBu-ATP as a phosphate donor with a similar efficiency and
wild-type enzyme is incapable of utilizing the ATP analogue
(Fig. 1B), which is consistent with the result of Fig. 1A. The result
showed that the activity of the mutant CaMKKa is �6 times lower
than that of the wild-type enzyme.

3.2. Phosphorylation of rat brain extracts using a CaMKKa mutant and
an ATP analogue

In order to identify novel CaMKK targets, we next incubated rat
brain extracts with or without purified wild-type CaMKKa or its
Phe230Gly mutant in the absence or presence of either ATP or 6-
1MeBu-ATP, followed by detection of Thr phosphorylation of brain
proteins by Western blotting with anti-phosphoThr antibody
(Fig. 1C, left panel). The number of proteins phosphorylated by
endogenous protein kinases in the rat brain extract was greatly
increased when the extract was incubated with ATP. However, nei-
ther the activity of endogenous kinases nor that of added recombi-
nant wild-type CaMKKa was significantly enhanced by incubation
with 6-1MeBu-ATP, as judged by Western blotting of phosphory-
lated proteins. This result suggested that endogenous brain kinases
as well as wild-type CaMKKa were apparently incapable of using 6-
1MeBu-ATP as a phosphate donor. In contrast, when the rat brain
extract was incubated with the Phe230Gly mutant of CaMKKa in
the presence of 6-1MeBu-ATP, Thr phosphorylation of a 50 kDa pro-
tein was significantly induced. Phosphorylation of this protein was
not observed with wild-type CaMKKa that is incapable of using the
ATP analogue. In addition, significant phosphorylation at the activa-
tion Thr (Thr177) of the endogenous CaMKI was only induced when
the rat brain extract was incubated with mutant, but not with wild-
type, CaMKKa together with the ATP analogue (Fig. 1C, right panel).
These results clearly indicated that the observed 50 kDa protein
was a direct substrate of CaMKKa.

3.3. Purification and identification of the 50 kDa CaMKKa substrate as
Syndapin I

To identify the 50 kDa protein that was phosphorylated by the
CaMKKa mutant in the presence of the ATP analogue as shown in
Fig. 1C, we performed serial column chromatography of rat brain
extract (see Section 2). The 50 kDa protein was detected by incubation
of the fractions eluted from each column with 6-1MeBu-ATP in
either the absence or the presence of the CaMKKa Phe230Gly fol-
lowed by Western blotting with the anti-phosphoThr antibody.
Using this assay, fractions 19–23 eluted from the MonoQ column
were shown to contain a 50 kDa protein that was phosphorylated
by the CaMKKa mutant, with the highest amount of this protein
being detected in fraction 22 (Fig. 2A). This result was in good agree-
ment with the elution profile of a 50 kDa protein that was detected
using Coomassie blue staining (indicated by an arrow in Fig. 2B),
indicating that the 50 kDa CaMKK substrate was partially purified.
We then subjected fraction 22 to LC-MS/MS analysis to identify
the 50 kDa CaMKK substrate. Based on the LC-MS/MS analysis of



Fig. 4. Phosphorylation of Syndapin I by constitutively active mutants of CaMKK isoforms in transfected HeLa cells. HeLa cells were transfected with an expression vector
encoding either HA-Syndapin I wild-type (WT) or Thr355Ala mutant (T355A) without (�) or with (+) CaMKKa 1–434 (CaMKKac); CaMKKa 1–434, Asp293Ala (CaMKKac
D293A); CaMKKb 1–470 (CaMKKbc) or pME-CaMKKb 1–470, Asp329Ala (CaMKKbc D329A) expression vectors. After 48 h of culture, duplicate cell lysates were
immunoprecipitated with anti-HA antibody followed by Western blot analysis using anti-phosphoThr antibody (lower panels). After stripping of the anti-phosphoThr
antibody, the blotting membranes were reprobed with anti-HA-antibody (upper panels). The arrows and the asterisks indicate immunoprecipitated HA-Syndapin I and
phosphorylated HA-Syndapin I, respectively.
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the 12 peptides (T-1 to T-12) generated from the 50 kDa protein
band, the sequence of all of the peptides corresponded to sequences
of rat Syndapin I (Fig. 2C). This result identified the 50 kDa CaMKK
substrate as Syndapin I.

3.4. Phosphorylation of rat Syndapin I by CaMKK isoforms at Thr355

in vitro

We next confirmed that CaMKKa was capable of phosphorylat-
ing recombinant Syndapin I in the presence of Ca2+/CaM in vitro
(Fig. 3A). Whereas CaMKKa phosphorylated Syndapin I in a Ca2+/
CaM-dependent manner, the b isoform was shown to phosphorylate
Syndapin I both in the presence and absence of Ca2+/CaM (Fig. 3B),
which was in good agreement with the significant autonomous
activity of CaMKKb [4,17]. To determine the site(s) of Syndapin I that
are phosphorylated by CaMKKs, we analyzed phosphorylated Syn-
dapin I with CaMKKa by LC-MS/MS analysis as described under Sec-
tion 2. We detected a phosphopeptide corresponding to residues
348–358 of rat Syndapin I (Fig. 2C, P-1). LC-MS/MS analysis identi-
fied a single phosphorylation site at Thr355 in the peptide (Fig. 3C).
Phosphorylation of Thr355 was also detected following analysis of
CaMKKb-phosphorylated Syndapin I (data not shown). The pres-
ence of only one phosphorylation site was confirmed by the fact that
substitution of Thr355 by Ala completely impaired GST-Syndapin I
phosphorylation by CaMKK isoforms (Fig. 3D).

3.5. Phosphorylation of rat Syndapin I at Thr355 by CaMKK isoforms in
transfected cells

Finally, in order to test whether CaMKK was capable of phos-
phorylating Syndapin I in cultured cells (Fig. 4), we transfected
HA-tagged-Syndapin I into unstimulated HeLa cells that were
co-transfected with or without constitutively active CaMKKs
lacking autoinhibitory and Ca2+/CaM-binding domains [16].
Immunoprecipitated HA-Syndapin I was weakly phosphorylated
at Thr residue(s) in cells without co-transfected CaMKKs. Thr
phosphorylation of a HA-Syndapin I was significantly increased by
co-expression of either constitutively active CaMKKa 1–434
(Fig. 4, left panel) or constitutively active CaMKKb 1–470 (Fig. 4, right
panel) but not by their kinase-dead mutants (CaMKKa 1–434, As-
p293Ala and CaMKKb 1–470, Asp329Ala). We also confirmed that
the co-transfected active CaMKKs could not induce the Thr phos-
phorylation of a HA-Syndapin I Thr355Ala mutant, indicating the
phosphorylation of Syndapin I at Thr355 by CaMKK isoforms in
cultured cells.

In conclusion, we identified Syndapin I as the first non-kinase
substrate for CaMKK by using an ATP analogue (6-1MeBu-ATP)
and a genetically engineered CaMKKa (Phe230Gly) that is capable
of utilizing the ATP analogue as a phosphate donor. Syndapin has
been demonstrated to be involved in synaptic vesicle endocytosis
through the interaction of its SH3 domain with proline-rich do-
mains of Dynamin I, Synapsin, Synaptojanin and N-WASP (neural
Wiskott–Aldrich syndrome protein) [23–25]. In addition, Syndapin
I has two NPF motifs (residues 364–366 and 376–378) to which the
EH (Eps15 homology) protein domain binds [26]. These NPF motifs
are in close proximity to the CaMKK phosphorylation site (Thr355).
It will be of interest to examine whether CaMKK-induced Thr355

phosphorylation of Syndapin affects the association of Syndapin I
with EHD proteins. Therefore, determination of the potential role
of CaMKK in Syndapin I-mediated synaptic transmission remains
an interesting avenue for further investigation. Finally, the present
study also suggests the possibility that CaMKK mediates novel
Ca2+-signaling pathway(s), which are independent of downstream
protein kinases.
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