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AMP-activated protein kinase-mediated feedback phosphor-
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The Ca®*/calmodulin-dependent protein kinase kinase 3
(CaMKKp)/5'-AMP-activated protein kinase (AMPK) phos-
phorylation cascade affects various Ca>*-dependent metabolic
pathways and cancer growth. Unlike recombinant CaMKKf
that exhibits higher basal activity (autonomous activity), ac-
tivation of the CaMKKB/AMPK signaling pathway requires
increased intracellular Ca®>* concentrations. Moreover, the Ca®>*/
CaM dependence of CaMKKf appears to arise from multiple
phosphorylation events, including autophosphorylation and
activities furnished by other protein kinases. However, the
effects of proximal downstream kinases on CaMKKp activity
have not yet been evaluated. Here, we demonstrate feedback
phosphorylation of CaMKKf at multiple residues by CaMKK -
activated AMPK in addition to autophosphorylation in vitro,
leading to reduced autonomous, but not Ca®>*/CaM-activated,
CaMKKp activity. MS analysis and site-directed mutagenesis of
AMPK phosphorylation sites in CaMKKp indicated that Thr'**
phosphorylation by activated AMPK converts CaMKKp into a
Ca®*/CaM-dependent enzyme as shown by completely Ca>*/
CaM-dependent CaMKK activity of a phosphomimetic T144E
CaMKKp mutant. CaMKKfB mutant analysis indicated that the
C-terminal domain (residues 471-587), including the autoin-
hibitory region, plays an important role in stabilizing an inactive
144 bhosphorylation— dependent manner.
Furthermore, immunoblot analysis with anti-phospho-Thr'**
antibody revealed phosphorylation of Thr'** in CaMKKf in
transfected COS-7 cells that was further enhanced by exogenous
expression of AMPKa. These results indicate that AMPK-me-
diated feedback phosphorylation of CaMKKf regulates the
CaMKKpB/AMPK signaling cascade and may be physiologically
important for intracellular maintenance of Ca>*-dependent
AMPK activation by CaMKKp.
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The enzymatic activity of the Ca*>*/calmodulin-dependent
protein kinase (CaMK)? family member CaMK kinase (CaMKK) is
enhanced by binding with a Ca®>*/CaM complex (1-3). CaMKK
comprises « and 3 isoforms in mammals (4-6) and is con-
served among higher and lower eukaryotes, including Caenorh-
abditis elegans and Aspergillus nidulans (7, 8). Unlike other
CaMKs, CaMKK specifically phosphorylates downstream
protein kinases, including CaMKI, CaMKIV, and AMPK, at
specific Thr residues in activation loops (Thr'”” in CaMKlg,
Thr'®® in CaMKIV, and Thr'”? in AMPKa) to significantly
enhance the enzymatic activity (9 —15). CaMKK affects various
physiological responses dependent on multiple downstream
target kinases. For example, CaMKK/CaMKI cascades play
important roles in neuronal development processes, including
activity-dependent dendritic arborization, synaptogenesis, and
axon outgrowth and specification (16-21). The CaMKK/
CaMKIV cascade also affects transcriptional activation by phos-
phorylating transcription factors such as the cAMP-response
element—binding protein and serum response factor (4, 22—25).
Recent studies have indicated the involvement of CaMKKg/
AMPK signaling in metabolic regulation, including appetite
control (26), adiponectin-induced PGC-la expression in
C2C12 myocytes (27), thyroid hormone triiodothyronine stim-
ulation of mitochondrial fatty acid oxidation (28), amino acid
starvation—induced autophagy (29), and cancer growth (30, 31).

Of the two CaMKK isoforms, CaMKKf was shown to be
responsible for phosphorylation/activation of AMPK in vivo
and in vitro (13-15, 32). Previously, we demonstrated that a
single residue in subdomain VIII of the CaMKK catalytic
domain (Leu®*® in CaMKK/1le*** in CaMKKa) at least partly
conferred the distinct recognition of AMPK (33). Extensive in
vitro and in vivo studies using gene knockdown and the pharma-
cological inhibitor STO-609 (34) demonstrated that CaMKKp-
mediated phosphorylation cascade activation is Ca*"-depen-
dent (13-15). Whereas CaMKK phosphorylates downstream
protein kinases in multiple signaling cascades, cCAMP-depen-
dent protein kinase phosphorylates residues in the N-terminal

2The abbreviations used are: CaMK, Ca**/calmodulin-dependent protein
kinase; CaMKK, Ca®*/CaM-dependent protein kinase kinase ; AID, autoinhibi-
tory domain; CaM, calmodulin; AMPK, 5’-AMP-activated protein kinase; CDK5,
cyclin-dependent kinase 5; GSK3, glycogen synthase kinase 3.
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domain (Thr'%®) and CaM-binding domain (Ser**®) of CaMKKa,
thus facilitating the recruitment of 14-3-3 protein and suppres-
sion of CaMKK activity in vivo and in vitro (35—38). In contrast
to CaMKKa, recombinant CaMKKp exhibits a higher basal
activity (i.e. in the absence of Ca®>*/CaM) (6, 39). This is partly
attributed to intramolecular autophosphorylation at Thr*®?,
resulting in partial disruption of the autoinhibitory mechanism
(40). In addition, the N-terminal regulatory region (residues
129-151) was found to affect the autonomous activity of rat
CaMKKQp as the deletion of this domain conferred Ca*>*/CaM
dependence on the kinase (39).

Beyond autophosphorylation, cyclin-dependent kinase 5 (CDK5)
and glycogen synthase kinase 3 (GSK3) can phosphorylate mul-
tiple residues in the N-terminal regulatory domain (Ser**’,
Ser'®3, and Ser'®” in human CaMKK}), resulting in decreased
autonomous activity (41). This observation is in agreement
with the finding that CaMKKB/AMPK pathway activation
requires Ca®"/CaM signaling, whereas the CaMKKJ substrate
AMPK is not Ca*>*/CaM-dependent (13—15, 32). According to
those studies, the maintenance of CaMKKB asa Ca®>*/CaM-de-
pendent form appears to depend on multiple phosphorylation
events, including autophosphorylation and the effects of other
protein kinases. Because the effects of closely proximal down-
stream kinases on the activity of CaMKKf have not yet been
evaluated, we attempted to examine this activity during
CaMKKB-mediated AMPK activation. Here, we observed that,
in vitro, phosphorylation by CaMKKS-activated AMPK signif-
icantly decreased autonomous CaMKK activity. We also iden-
tified a single AMPK phosphorylation site in the N-terminal
regulatory domain of CaMKK that acts as a switch for Ca>*/
CaM dependence and suggests a unique enzymatic mechanism
of CaMKKB/AMPK signaling cascade regulation.

Results

Autonomous activity of recombinant CaMKKJ is suppressed
during AMPK activation

Although recombinant CaMKKp has been shown to exhibit
a higher basal activity in the absence of Ca®>*/CaM (autono-
mous activity) (6, 39), in intact cells CaMKKp signaling activa-
tion requires an increased intracellular Ca>* concentration
(13-15, 32). Therefore, we first examined the activity of Esche-
richia coli-expressed CaMKKf during a CaMKKpB-mediated
AMPK activation reaction in which we incubated CaMKKf
with either wild-type or kinase-dead mutant (K45R) AMPK in
the presence of Mg-ATP and EGTA for various time points
(5— 60 min) followed by the withdrawal of constant amounts of
reaction mixture into buffer containing excess EDTA to stop
the phosphorylation reaction. Subsequently, CaMKKp activity
levels in the samples were measured by a 10-min kinase
reaction assay with glutathione S-transferase (GST)-tagged
CaMKIa(1-293) K49E as the substrate in the absence of Ca**/
CaM (autonomous activity). When 100 um [y-**P]ATP was
used (Fig. 14), CaMKKp autonomous activity decreased grad-
ually in the presence of wild-type AMPK but was not affected by
incubation with AMPK K45R mutant. To confirm that GST-
CaMKIa(1-293) K49E phosphorylation was mediated by
CaMKKR at Thr'”” (CaMKK phosphorylation site), we con-
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Figure 1. Suppression of the autonomous activity of CaMKK by AMPK
phosphorylation. Recombinant CaMKK (1.2 ng) was incubated with either
wild-type (WT) (closed circles) or KA5R mutant (open circles) AMPK (1.2 ng) at
30 °C for the indicated time periods in a solution (20 wl) containing 50 mm
HEPES, pH 7.5, 10 mm Mg(CH;COO0),, 1 mm DTT, and 1 mm ATP in the presence
of 2 mm EGTA, and then the reaction was terminated followed by measuring
CaMKKB activity using GST-CaMKla(1-293) K49E as a substrate in the pres-
ence of 2 mm EGTA and either 100 um [y->?P]ATP (A) or 100 um ATP (B; dot-blot
assay). B, inset, shows results of one set of dot-blot assays using anti-phospho-
CaMKI (at Thr'”?) antibody. An arrow indicates the no-enzyme control. Auton-
omous activities of CaMKKp in Bare expressed as a percentage of the average
value at 0 min, and the results represent two sets of dot-blot assays. C, reac-
tion mixtures (50 ng of CaMKK) as shown in B were subjected to SDS-7.5%
PAGE followed by immunoblot analysis using an anti-CaMKK antibody. The
molecular mass in kilodaltons is indicated on the left. D, recombinant CaMKKB
(1.2 png) was incubated without (—) or with WT AMPK (1.2 ng) at 30 °C for
60 min in a solution (20 wl) containing 50 mm HEPES, pH 7.5, 10 mm
Mg(CH;COO0),, and T mm DTT in the presence of 2 mm EGTA either without (—)
or with (+) 1 mm ATP, and then the reaction was terminated followed by
measuring CaMKKp activity using a dot-blot assay as described in B. Autono-
mous activities of CaMKKB are expressed as a percentage of the average
value in the absence of AMPK. E, recombinant CaMKKB (1.2 ng) was incu-
bated without (—) or with either WT or K45R mutant AMPK (1.2 ug) at 30 °C for
60 min in a solution (20 wl) containing 50 mm HEPES, pH 7.5, 10 mm
Mg(CH;COO0),, and T mm DTT in the presence of 2 mm EGTA and 1 mm ATP,
and then the reaction was terminated followed by measuring CaMKKp activ-
ity using 100 um [y->2P]ATP in the presence of 2 mm EGTA (—) (white bars) or 2
mm CaCl, and 6 um CaM (+) (black bars). Results in A, D, and E are expressed as
the mean = S.D. of three experiments. Error bars represent S.D. Statistical
differences are marked: *, p < 0.05, **, p < 0.01, n.s., not significant.

ducted a 5-min kinase reaction assay using non-radioisotopic
ATP (Fig. 1B) followed by a dot-blotting assay and anti-
body-mediated detection of Thr'”” phosphorylation in GST-
CaMKIa(1-293) K49E (Fig. 1B, inset). The similar results
obtained from these two different CaMKK activity assays con-
firmed the suppression of CaMKKf autonomous activity by
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Table 1

Identification of autophosphorylation and AMPK phosphorylation sites in rat CaMKK

Recombinant rat CaMKKp (E. coli) was phosphorylated by either wild-type or kinase-dead mutant (K45R) AMPK for 60 min followed by LC-MS/MS analysis to identify the
autophosphorylation (Autophos. site) and AMPK phosphorylation sites (AMPK site) as described under “Experimental procedures” (see supplemental Fig. S2).

Phospho-amino

Phosphorylation Residues Peptide sequence acid residues
Autophos. site 14-27 AAPQDELG(p)SGGVSR Ser?**
Autophos. site 83-98 DASEPESRSLL(p)SGGKM Ser®*
AMPK site 104-119 SQGGPA(p)SSSSLDMNGR Ser''?
AMPK site 120-138 CICPSL(p)SYSPASSPQSSPR Ser!2°
AMPK site 128-138 SPASSPQ(p)SSPR Ser!3
AMPK site 142-148 RP(p)TVESH Thr'**
Autophos. site 165-175 (p)TLKDEIGKGSY Thr'®®
AMPK site 168-179 DEIGKG(p)SYGVVK Ser'”*
Autophos. site 214-226 G(p)TRPAPGGCIQPR Thr?'>
AMPK site 445-456 V(p)TRHGAEPLPSE Thr*4®
Autophos. site 473-485 SVKHIPSLA(p)TVIL Thr*$2«
AMPK site 494-503 (p)SFGNPFEGSR Ser*™*
AMPK site 508-522¢ SL(p)SAPGNLL(p) TKKPTR Ser®!?
Autophos. site 508-522 SLSAPGNLL(p)TKKPTR Thr*'7?
AMPK site 544-556 ASPCGGGG(p)SALVK Ser®*?
Autophos. site 557-574 GGPCVE(p)SCGAPAPGSPPR Ser®®?

“ Autophosphorylation sites of rat CaMKKp were identified previously (40).

© Autophosphorylation of Thr®'7 was identified in rat CaMKKp incubated with AMPK K45R mutant.

wild-type AMPK. We confirmed that AMPKa subunit was acti-
vated through phosphorylation at Thr'”?> by CaMKKg during
the incubation periods (see supplemental Fig. S1).

When samples collected at various time points (0—60 min)
as shown in Fig. 1B were analyzed by immunoblotting using an
anti-CaMKK antibody (Fig. 1C), the electrophoretic mobility of
the CaMKKp on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gradually shifted upward in the
presence of wild-type AMPK but not K45R mutant enzyme,
suggesting that this shift was mediated by AMPK-catalyzed
phosphorylation. When we incubated wild-type AMPK
and CaMKKp without ATP, CaMKKB autonomous activity
decreased slightly (~25%) relative to the 90% reduction
observed in the presence of 1 mm ATP, indicating that the
CaMKKpB-mediated, phosphorylation-dependent activation of
AMPK is required for the subsequent inhibition of CaMKKp
activity by activated AMPK (Fig. 1D). The slight reduction in
CaMKK@ activity in the absence of ATP was likely due to the
phosphorylation of CaMKKp by activated AMPK during the
subsequent CaMKKf activity assay. These results suggest
that, following CaMKKB-mediated phosphorylation, activated
AMPK subsequently phosphorylates CaMKK} to suppress its
autonomous activity.

CaMKKp catalytic activity is not affected by AMPK
phosphorylation

To clarify the molecular mechanism by which activated
AMPK suppresses CaMKKf autonomous activity, we pro-
duced unphosphorylated (without AMPK or with AMPK K45R
mutant) and phosphorylated CaMKKp (with activated AMPK)
and measured the Ca®>*/CaM dependence of these enzymes
(Fig. 1E). Consistent with Fig. 1, A and B, AMPK-mediated phos-
phorylation significantly suppressed the basal activity (autono-
mous activity) of recombinant CaMKKp but did not affect the
total activity in the presence of Ca®*/CaM. In other words,
phosphorylation by AMPK was unable to suppress CaMKKf3
catalytic activity but could convert the enzyme into a Ca*>*/
CaM-dependent kinase. We also performed a time-course
experiment to confirm that the total activity of CaMKKp was
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not altered by incubation with AMPK in the presence of Ca>*/

CaM (supplemental Fig. S3).

AMPK phosphorylation of CaMKKf Thr'** is involved in the
suppression of autonomous activity

We next attempted to identify both autophosphorylation
and AMPK phosphorylation sites in CaMKK} via liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis
to determine which were involved in the suppression of auton-
omous activity. In addition to seven autophosphorylation sites,
we identified multiple AMPK phosphorylation sites, including
Ser'1©, Ser'?®, Ser'3®, Thr'**, Ser'”*, Thr**®, Ser®®?, Ser®'°, and
Ser®>2, in recombinant CaMKKg incubated with K45R (auto-
phosphorylation) or wild-type AMPK (autophosphorylation
plus AMPK phosphorylation) in the presence of Mg-ATP
at 30 °C for 60 min (Table 1, Fig. 24, and supplemental Fig. S2).
Because AMPK-catalyzed phosphorylation significantly
reduced the Ca®"/CaM-independent activity (autonomous
activity) of CaMKK without affecting its catalytic activity (Fig.
1), we first constructed three Ala-substituted mutants (S135A,
T144A, and S494A) in which the phosphorylation sites were
located either in the N-terminal regulatory region (residues
129-151) or the C-terminal autoinhibitory domain (AID)
(residues 474 —499). After expression and purification, these
mutant CaMKKps were evaluated to determine the effects of
AMPK on autonomous activity (Fig. 2B). Whereas AMPK sup-
pressed the autonomous activities of the S135A and S494A
mutants in a manner similar to the suppression of wild-type
CaMKKQ (Fig. 2B), the T144A mutant was unaffected, indicat-
ing that CaMKKp autonomous activity is suppressed by AMPK
through direct phosphorylation at Thr'**. This conclusion was
confirmed by the finding that a phosphomimetic mutant
(T144E) of CaMKKp was a completely Ca>*/CaM-dependent
enzyme and exhibited no significant autonomous activity (Fig.
2C) compared with wild type (70-80% of total activity) and
T144A CaMKKB (~50% of total activity). We measured spe-
cific activities in the presence of Ca®>"/CaM of all the point
mutants (S135A, 580 = 31 nmol/min/mg; T144A, 390 = 20
nmol/min/mg; S494A, 394 * 18 nmol/min/mg; and T144E,
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Figure 2. Identification of Thr'** in CaMKKf as an AMPK phosphoryla-
tion site involved in reduction of the autonomous activity. A, recombi-
nant CaMKKB phosphorylated by AMPK for 60 min was subjected to SDS-
PAGE, digested with a protease mixture, and analyzed by LC-MS/MS, resulting
in identification of phospho-Thr'**, The doubly charged ion of a peptide (res-
idues 142-148) derived from CaMKKB was subjected to MS/MS analysis as
described under “Experimental procedures.” The observed b-ion and y-ion
fragment series generated by collision-induced dissociation are indicated by
arrows. The observed fragment ions are indicated above and below the pep-
tide sequence. B, recombinant CaMKKB mutants (S135A, T144A, and S494A)
and WT enzyme were incubated without (—; white columns) or with 1.2 pg of
AMPKWT (black columns) at 30 °Cfor 60 min in a solution (20 wl) containing 50
mm HEPES, pH 7.5, 10 mm Mg(CH;COO),, and 1 mm DTT in the presence of 2
mm EGTA and 1 mm ATP, and then the reaction was terminated followed by
measuring CaMKKB autonomous activities using dot-blot assay in the pres-
ence of 2 mm EGTA. Autonomous activities of CaMKKs in B are expressed as
a percentage of the average value in the absence of AMPK. C, protein kinase
activities of recombinant CaMKKB mutants (T144A and T144E; 12 ng) and WT
enzyme (12 ng) were measured in the presence of 2 mm EGTA (—; white col-
umns) or 2 mm CaCl, and 6 um CaM (+; black columns) using a dot-blot assay
as described under “Experimental procedures.” D, autonomous activities of
COS-7 cells expressing CaMKKB Thr'** mutants. CaMKKps, including WT,
T144A, and T144E, were expressed in COS-7 cells, and both autonomous (in
the presence of EGTA) and total (in the presence of Ca®*/CaM) CaMKK activ-
ities of each cell lysate (1 wl) were measured as described in C except that 100
uM [y->2P]ATP was used. CaMKK@ activities in C and D are expressed as a
percentage of the average value in the presence of Ca®*/CaM. The results are
expressed as the mean = S.D. of three experiments. Error bars represent S.D.
Statistical differences are marked: *, p < 0.05 versus the autonomous activities
of non-treated enzymes; **, p < 0.01 versus the autonomous activity of non-
treated enzyme; n.s., not significant.

SASBMB

Feedback phosphorylation of CaMKK3 by AMPK

529 *= 16 nmol/min/mg) and wild-type CaMKKp (515 * 42
nmol/min/mg) using a 5-min standard CaMKK activity assay as
described under “Experimental procedures,” indicating that the
mutant CaMKKps have total activities comparable with that of
wild-type enzyme.

In addition, we expressed CaMKKp, including wild type and
Thr'** mutants, in COS-7 cells and measured CaMKK activi-
ties using an equal volume of cell lysates (1 ul) (Fig. 2D).
Whereas total activities (in the presence of Ca*>*/CaM) of exog-
enously expressed CaMKKp, including wild type (7.8 = 1.9
pmol/min/ul of lysate), T144A mutant (7.8 = 0.3 pmol/min/ul
of lysate), and T144E mutant (7.9 * 0.3 pmol/min/ul of lysate),
are indistinguishable, we observed significant autonomous
activity (~40% of total activity) of wild-type enzyme expressed
in COS-7 cells that was consistent with a previous report (39),
and the Glu mutation significantly reduced the basal activity
(~10% of total activity). This is in good agreement with the
results using E. coli-expressed CaMKKf as shown in Fig. 2C.

Phosphorylation of CaMKK at Thr'** in vitro and in living
cells

To confirm the physiologic significance of Thr'** phosphor-

ylation of CaMKK}3, we generated a monoclonal antibody that
specifically recognized a phosphorylated form of CaMKKp at
Thr'** as described under “Experimental procedures.” Immu-
noblot analysis (Fig. 34, top panel) revealed that the antibody
recognized CaMKKp phosphorylated with wild-type AMPK
but not an autophosphorylated CaMKKp. In addition,
CaMKKB mutant T144A phosphorylated with wild-type
AMPK was not recognized by the antibody, indicating that the
antibody is capable of specifically recognizing the Thr'**-phos-
phorylated form of CaMKKp. Then we analyzed cell lysates of
COS-7 cells transfected with rat CaMKKp expression plasmid
with or without HA-AMPKa expression plasmid by immuno-
blotting using the anti-phospho-Thr'** antibody. Fig. 3B
(top and middle panels) clearly shows that the exogenously
expressed CaMKKp in COS-7 cells was phosphorylated at
Thr'**, and this phosphorylation was induced 3-7-fold by
coexpression of HA-AMPKe, indicating the AMPK-mediated
phosphorylation of CaMKKp at Thr'** in living cells as well
as in vitro. We confirmed the exogenous expression of
HA-AMPKu in the cells (Fig. 3B, bottom panel) and that T144A
mutant coexpressed with HA-AMPKa was not detected by the
immunoblot analysis using the anti-phospho-Thr'** antibody
(Fig. 3B, top panel) in good agreement with the result shown in
Fig. 3A.

To test whether other CaMKK target kinases are capable
of phosphorylating the Thr'** in CaMKKp, we prepared
CaMKKp samples incubated with its downstream protein
kinases, including GST-rat CaMKIa and GST-mouse CaM-
K1V, in the presence of Ca®>*/CaM and Mg-ATP in vitro (Fig.
3C) followed by immunoblot analyses. Both downstream
CaMKs were capable of phosphorylating CaMKKg at Thr'**
but less efficiently than AMPK (Fig. 3C, top panel). We con-
firmed that both downstream CaMKs were activated by phos-
phorylation of their activation-loop Thr residues (Thr'”” in
CaMKI and Thr'*® in CaMKIV) with CaMKKp during the
incubation process in a similar manner to AMPK phosphoryla-
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Figure 3. Phosphorylation of Thr'**in CaMKKp in vitro and in living cells.
A, specificity of anti-phospho-Thr'** CaMKKB antibody. Recombinant
CaMKKp (1.2 ng) WT or T144A mutant was incubated without (—) or with (+)
AMPK wild type (1.2 ng) in the presence of 1 mm ATP and 2 mm EGTA at 30 °C
for 60 min as described in Fig. 1 legend. Then 100 ng of CaMKKp was analyzed
by immunoblotting with either anti-CaMKK antibody (lower panel) or anti-
phospho-Thr'** CaMKKp antibody (upper panel). B, COS-7 cells were trans-
fected without (=) or with either WT or T144A CaMKKp expression plasmid
together with an empty vector (—) or HA-AMPKa expression plasmid (+) as
described under “Experimental procedures,” and then cell lysates (10 ul) were
analyzed by immunoblotting using anti-phospho-CaMKKg (at Thr'**) anti-
body (upper panel), anti-CaMKK antibody (middle panel), or anti-HA antibody
(lower panel). The asterisk in the lower panel indicates endogenous proteinsin
COS-7 cells that nonspecifically bound to the primary antibody. C, recombi-
nant CaMKKp (1.2 ng) was incubated without (=) or with 1.2 ug of either
wild-type AMPK (AMPK), GST-rat CaMKla (GST-CaMKl), or GST-mouse CaMKIV
(GST-CaMKiV) at 30 °C for 60 min in the presence of 1 mm ATP, 2 mm CaCl,, and
6 um CaM as described in Fig. 1 legend. Then 180 ng of CaMKKB was analyzed
by immunoblotting with the indicated antibodies, including anti-phospho-
CaMKKp (at Thr'*%), anti-CaMKK, anti-phospho-AMPK (at Thr'”2), anti-phos-
pho-CaMKI (at Thr'”?), and anti-phospho-CaMKIV (at Thr'®%) antibodies. The
molecular masses in kilodaltons are indicated on the left. IB, immunoblot.

tion at Thr'”? (Fig. 3C, middle panel), indicating that the feed-
back phosphorylation of CaMKKp at Thr'** was catalyzed by
activated CaMKK target kinases.

Phosphorylation-dependent reduction of CaMKK[3
autonomous activity involves the C terminus

Our data, which suggest that Thr'** phosphorylation con-
verts CaMKKp to a Ca>"/CaM-dependent form, are in good
agreement with many previous studies in which CaMKKf
activity was shown to require increases in intracellular Ca>"
concentration (13-15, 32). We next attempted to elucidate the
molecular mechanism underlying the effect of Thr'** phosphor-
ylation on the enzymatic regulation of CaMKKf by using a
C-terminal truncation mutant (Fig. 44) that had been phos-
phorylated or not by AMPK. A CaMKKf(2-470) molecule that
lacked the C-terminal regulatory domain (Val*’*~Phe*®),
which contains an AID and CaM-binding region, was constitu-
tively active (39). We confirmed that both the wild-type and
CaMKKp(2-470) mutant enzymes were phosphorylated at
Thr*** by AMPK (Fig. 4C). In contrast to wild-type CaMKKp
whose basal activity was significantly reduced by AMPK-cata-
lyzed phosphorylation, the C-terminal truncation mutant
CaMKKB(2-470) did not respond to the Thr'** phosphoryla-
tion by AMPK (Fig. 4B), indicating that the C-terminal region,
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Figure 4. C-terminal region of CaMKKp is involved in phosphorylation-
dependent reduction of the autonomous activity. A, schematic represen-
tation of wild-type and a C-terminal truncation mutant of CaMKKpB. The
amino acid sequence (Gly-Pro-lle-Leu-Glu) at the digested N-terminal end of
CaMKKB mutant is indicated. Residue numbers in CaMKKs are indicated.
N-Reg., the N-terminal regulatory domain (39); CaMBD, CaM-binding domain
(46). Asite (Thr'**) phosphorylated by AMPK and an autophosphorylation site
(Thr*®2) (40) are indicated. B, CaMKKB WT and C-terminal truncation mutant
(CaMKKpB(2-470)) were incubated without (—; white columns) or with either
WT (black columns) or KA5R mutant (gray columns) AMPK (1.2 ng) at 30 °C for
60 min in a solution (20 ul) containing 50 mm HEPES, pH 7.5, 10 mm
Mg(CH;CO0),, and 1 mm DTT in the presence of 2 mm EGTA and 1 mm ATP,
and then the reaction was terminated followed by measuring CaMKKp auton-
omous activity using a dot-blot assay in the presence of 2 mm EGTA. Autono-
mous activities of CaMKKps in B are expressed as a percentage of the average
value in the absence of AMPK. Results are expressed as the mean *+ S.D. of
three experiments. Error bars represent S.D. Statistical differences are marked:
**, p < 0.01 versus the autonomous activities of the enzymes treated with
AMPK wild type; n.s., not significant. C, recombinant rat CaMKKB WT or
CaMKKB(2-470) mutant (2-470) was phosphorylated without (—) or with
AMPK wild type in the presence of 1 mm ATP for 60 min as described in B
followed by immunoblot analysis (120 ng of CaMKK3) using either anti-phos-
pho-Thr'** antibody (left panel) or anti-CaMKK@B antibody (right panel) as
described under “Experimental procedures.” The molecular masses in kilodal-
tons are indicated on the /eft. IB, immunoblot.

including the AID (residues 474—499), plays an important
Thr'** phosphorylation—dependent role in constructing an
inactive conformation. This result also confirmed that the phos-
phorylation by AMPK was unable to suppress CaMKK} total
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Figure 5. Schematic representation of the enzymatic regulation of CaMKK by AMPK through feedback phosphorylation at Thr'**. CaMKKg under-
goes intramolecular autophosphorylation at Thr*®? (Table 1), resulting in generation of the autonomous activity together with the function of the N-terminal
regulatory domain (Autonomous Activity) (40). CaMKKB phosphorylates the a-subunit of AMPK at Thr'”? to activate its catalytic activity. Activated AMPK
phosphorylates CaMKKp at Thr'** to convert the enzyme to its inactive form in the absence of Ca?*/CaM (Inactive). Phosphorylated CaMKK} is fully activated
by Ca?*/CaM binding (Ca?*/CaM-dependent Activity) to phosphorylate and activate downstream protein kinases, including CaMKI, CaMKIV, and AMPK. N,
N-terminal regulatory domain (residues 129-151) (39); Catalytic, catalytic domain (residues 162-470); AID, autoinhibitory domain containing the Ca®*/CaM-
binding region (residues 474-499) (46); a/B/v, a-subunit/B-subunit/y-subunit of AMPK; CaMKI-KIV, Ca*>*/CaM-dependent protein kinases | and IV; T, Thr

residue. P in a black box indicates phosphorylation.

activity in the presence of Ca®>"/CaM as shown in Fig. 1E and
supplemental Fig. S3.

Discussion

Our biochemical data demonstrate that the autonomous
activity (in the absence of Ca®>*/CaM) of CaMKK is reduced
by an activated downstream kinase, AMPK, via feedback
phosphorylation at Thr'**. Thr'** phosphorylation converts
CaMKKQ@ into a Ca®>*/CaM-dependent enzyme, corroborating
previous studies in which the activation of CaMKKB-mediated
signaling cascades, including AMPK, CaMK]I, and CaMKIV
pathways, was found to depend on increasing concentrations of
intracellular Ca®" (Fig. 5) (13—15, 32). This is a unique phos-
phorylation-dependent regulatory mechanism among CaMKs.
CaMKII is known to undergo autophosphorylation at Thr*®®
(a-subunit within the AID) and thus induce autonomous activ-
ity (42—44). In the case of CaMKIV, Thr'®® phosphorylation by
CaMKK reduces the interaction of the catalytic core with the
AID, resulting in generation of the autonomous activity (45).
Unlike CaMKKa expressed in E. coli or COS-7 cells, which was
found to be completely Ca>"/CaM-dependent kinase due to an
autoinhibitory mechanism (46), CaMKK} exhibits significant
autonomous activity (70— 80% of total activity), resulting from
the impairment of a regulatory domain (residues 474 —499)—
mediated autoinhibitory mechanism (6, 39).

Previously, we have identified involvement of the N-terminal
regulatory domain (residues 129 -151) in rat CaMKKp auton-
omous activity as deletion of this domain converts CaMKKpS
into a Ca®>"/CaM-dependent kinase (39). Rat CaMKKp
expressed in E. coli is highly autophosphorylated, and the Ca**/
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CaM-independent, intramolecular phosphorylation of Thr*®?

in the AID (residues 474 —499) was also detected in the present
study (Table 1 and supplemental Fig. S2). Thr*** autophosphor-
ylation, together with the N-terminal regulatory domain,
results in Ca®>"/CaM-independent, or basal, activity (Fig. 5,
Autonomous Activity) (40). In this report, we found that the
phosphorylation by AMPK at Thr'*, within the N-terminal
regulatory domain (residues 129-151), largely reduced the
basal activity of CaMKKf without significantly affecting the
catalytic activity (Fig. 1E and Fig. 5, Inactive). This suggests that
Thr'** phosphorylation disrupts the function of the N-terminal
regulatory domain, which is necessary for autonomous activity
(39), thus converting CaMKKR into a Ca**/CaM-dependent
enzyme (Fig. 5, Ca®"/CaM-dependent Activity). This sugges-
tion was confirmed by the finding that the enzymatic activity of
a CaMKKp mutant containing a single Thr'** phosphomimetic
(Glu) mutation was entirely Ca>"/CaM-dependent (Fig. 2, C
and D). Our observations agree well with an analogous mecha-
nism demonstrated by Green et al. (41) in which the phosphor-
ylation of multiple residues (Ser'>?, Ser'®?, and Ser'®”) in the
N-terminal regulatory domain of human CaMKKf by CDK5
and GSK3 led to decreased autonomous activity.

Notably, the CDK5 and GSK3 phosphorylation sites (Ser'?®,
Ser'3?, and Ser'*) in rat CaMKKp were not phosphorylated by
activated AMPK in vitro (Table 1). Our results suggest that the
regulation of CaMKKp by phosphorylation via activated
AMPK might be physiologically relevant because AMPK is a
direct downstream kinase in close proximity to CaMKKp. This
is confirmed by the fact that the exogenously expressed
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CaMKKQR in cultured cells has been shown to be phosphorylat-
ed at Thr'**, and this phosphorylation was further enhanced by
coexpression of AMPKa (Fig. 3B). We also observed significant
Ca’"/CaM dependence of the T144E mutant CaMKKp
expressed in COS-7 cells (Fig. 2D). However, we cannot exclude
the possibility that Thr'** phosphorylation is mediated by other
downstream protein kinases, including CaMKI, CaMKIV, and
another unidentified cellular protein kinase, because an equiv-
alent Thr residue (Thr'°®) in CaMKKa has been shown to be
phosphorylated by cAMP-dependent protein kinase (35, 36).
Therefore, we tested the Thr'** phosphorylation in CaMKKf
by downstream kinases, including CaMKI and CaMKIV, in
vitro (Fig. 3C). Immunoblot analysis revealed that both CaMKI
and CaMKIV activated by CaMKKp-mediated phosphor-
ylation are capable of feedback-phosphorylating Thr'** in
CaMKKQp but less efficiently than the activated AMPK. It would
be interesting to determine whether Thr'** phosphorylation of
CaMKKQp is regulated in a cellular context. Although the N-ter-
minal regulatory domain containing Thr'** (in rat CAMKK) is
conserved in various mammalian species (5, 6), a detailed
mechanism underlying the release of the AID from the catalytic
core by the N-terminal regulatory domain, thus resulting in the
generation of autonomous activity, remains unclear (39). How-
ever, when we deleted the C-terminal region (residues 471—
587), including the AID, of CaMKKp, the autonomous activity
of the mutant (CaMKKp(2-470)) was no longer affected by
AMPK-catalyzed Thr'** phosphorylation, even in the presence
of the N-terminal regulatory domain, suggesting that the C-ter-
minal region, including the AID, is involved in the Thr'** phos-
phorylation— dependent reduction of the autonomous activity
(Fig. 4). We propose that the N-terminal regulatory region (res-
idues 129 -151) interacts with the C-terminal region (residues
471-587) in a Thr'** phosphorylation—dependent manner
(Fig. 5, Inactive), thus promoting the interaction of the catalytic
domain (residues 162—-470) with the AID (residues 474 —499).
Asintracellular Ca>" levels increase in response to extracellular
stimulation, Ca®>*/CaM binds to the C terminus of AID and
disrupts the interaction of the catalytic domain with AID to
generate CaMKK kinase activity (Fig. 5, Ca®"/CaM-depen-
dent Activity) (46), thus constituting a Ca>"-dependent signal
transduction pathway. Further study is needed to verify this
hypothesis and clarify how the phosphorylation of a single
Thr'** would promote the autoinhibition of CaMKK and thus
generate Ca®"/CaM dependence.

Experimental procedures
Materials

Recombinant rat CaMKKp forms, including wild type and
various site-directed mutants, were expressed in E. coli BL21
Star (DE3) cells and purified via chromatography with CaM-
Sepharose and Q-Sepharose (39). GST-tagged rat CaMKKB(2—
470) was constructed using a pGEX-KG-PreS vector and
expressed in E. coli BL21 Star (DE3) followed by purification
via glutathione-Sepharose chromatography. GST tags were
removed by treatment with PreScission protease (GE Health-
care) followed by purification on a glutathione-Sepharose col-
umn chromatography (39). GST-rat CaMKI« and GST-mouse
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CaMKIV were expressed and purified as described previously
(45). GST-rat CaMKIa(1-293), K49E (GST-CaMKIa(1-293)
K49E) was expressed in E. coli JM109 and purified as described
previously (46). Recombinant wild-type AMPK and K45R
mutant were expressed in E. coli BL21-CodonPlus (DE3) (Strat-
agene, La Jolla, CA) using a tricistronic pyl 31His-al plasmid
(kindly provided by Dr. Dietbert Neumann, Swiss Federal Insti-
tute of Technology, Zurich, Switzerland) and purified as
described previously (47). Recombinant rat CaM was expressed
in E. coli BL21 (DE3) using the plasmid pET-CaM (kindly pro-
vided by Dr. Nobuhiro Hayashi, Tokyo Institute of Technology,
Yokohama, Japan) and purified as described previously (48).
Anti-phospho-CaMKI (at Thr'””) and anti-phospho-CaMKIV
(at Thr'®®) monoclonal antibodies were generated as described
previously (45). Anti-phospho-AMPKa (at Thr'”?) (clone
13E3) and anti-phospho-CaMKKg (at Thr'**) (clone A04)
monoclonal antibodies were generated against synthetic phos-
phopeptides corresponding to residues 164 —179 of rat AMPK«
(MSDGEFLRpTSCGSPNYC where pT is phosphothreonine)
and residues 137-151 of rat CaMKKB (CPRMPRRPpTVESH-
HVS), respectively. Each peptide was conjugated with keyhole
limpet hemocyanin via C-terminal or N-terminal cysteine and
injected into BALB/c mice as described previously (49). Anti-
AMPKe and anti-CaMKK antibodies were obtained from Cell
Signaling Technology, Inc. (Danvers, MA) and BD Transduc-
tion Laboratories, respectively. Anti-CaMKKpR antibody (sc-
50341) was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). All other chemicals were obtained from standard
commercial sources.

AMPK phosphorylation of CaMKKf3

Recombinant CaMKKf (1.2 ug) was incubated without or
with downstream protein kinases (1.2 ug), including wild-type
AMPK, K45R mutant, GST-CaMKle, and GST-CaMKIV, at
30 °C for the indicated time periods in a solution (20 ul) con-
taining 50 mm HEPES, pH 7.5, 10 mm Mg(CH;COOQ),, 1 mm
DTT, and 1 mm ATP in the presence of 2 mm EGTA or 2 mm
CaCl, and 6 um CaM. Reactions were terminated by a 25-fold
dilution in ice-cold dilution buffer (50 mm HEPES, pH 7.5, 2
mg/ml bovine serum albumin, 10% ethylene glycol, and 2 mm
EDTA) for the CaMKK activity assay or the addition of 5 or 20
wl of 2X SDS-PAGE sample buffer for either mass spectrome-
try or immunoblot analysis.

In vitro CaMKK activity assay

CaMKK activity was measured at 30 °C for 10 or 5 min (for
dot-blot assay) in a solution (20 ul) containing 12 ng of
CaMKKR or cell lysates (1 wl), 50 mm HEPES, pH 7.5, 10 mm
Mg(CH,COO),, 1 mm DTT, 100 um [y->2PJATP (2000 -2500
cpm/pmol) or 100 um ATP (for dot-blot assay), and 10 pg of
GST-CaMKIa(1-293) K49E in the presence of 2 mm EGTA
(autonomous activity) or 2 mm CaCl, and 6 um CaM (total
activity). Each reaction was initiated by the addition of
[y-**P]ATP or ATP (for dot-blot assay). Reactions were termi-
nated by spotting the samples onto P81 phosphocellulose paper
(Whatman), which was extensively washed and subjected to
scintillation counting to measure **P incorporation into GST-
CaMKIa(1-293) K49E. For the dot-blot kinase assay, reaction
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mixtures (4 ul) were spotted onto a nitrocellulose membrane,
and Thr'”’-phosphorylated GST-CaMKIa(1-293) K49E was
detected using an anti-phospho-CaMKI antibody. Antibody
immunoreactivity was detected using a chemiluminescent re-
agent (PerkinElmer Life Sciences) and ChemiDoc XRS (Bio-
Rad) followed by quantification of Thr'”” phosphorylation with
Quantity One® software (version 4.6.5; Bio-Rad).

Mass spectrometry analysis

Recombinant rat CaMKKp (1.2 ug) was incubated with
either wild-type or K45R AMPK (1.2 ug) in the presence of 1
mMm ATP at 30 °C for 60 min as described above after which the
reaction was terminated by adding 5 ul of 2X SDS-PAGE sam-
ple buffer. Phosphorylated CaMKKf was separated by 7.5%
SDS-PAGE and lightly stained with Coomassie Brilliant Blue
followed by in-gel digestion (50) with a protease or protease
mixture, including trypsin, chymotrypsin (Roche Diagnostics),
trypsin with chymotrypsin, trypsin with Glu-C (Roche Diag-
nostics), trypsin with Asp-N (Roche Diagnostics), or chymo-
trypsin with Asp-N. The following protease concentrations
were used: 10 pug/ml trypsin, 17 ug/ml chymotrypsin, 10 ug/ml
Glu-C, and 4 pg/ml Asp-N. Trypsin and Asp-N were incubated
at 37 °C, and chymotrypsin and Glu-C were incubated at 25 °C.
The first and second digestions were incubated overnight and
for 3 h, respectively. The digested peptides were eluted with
0.1% formic acid and subjected to LC-MS/MS analysis on an
LC-MS-IT-TOF instrument (Shimadzu, Kyoto, Japan) inter-
faced with a nano reverse-phase LC system (Shimadzu) as
described previously (40). MS/MS data were acquired in the
datum-dependent mode using LC-MS solution software (Shi-
madzu) and converted to a single text file (containing the
observed precursor peptide 71/z, fragment ion m/z, and inten-
sity values) using Mascot Distiller (Matrix Science, London,
UK). MS/MS data were obtained independently and merged
for the Mascot analysis. The following search parameters were
used: database, rat CaMKKB (578 amino acid residues);
enzyme, all; variable modifications, carbamidomethyl (Cys),
oxidation (Met), propionamide (Cys), and phospho (Ser/Thr).

Mutagenesis and construction of CaMKK expression
plasmids

Site-directed mutagenesis was performed via inverse PCR
using PrimeSTAR HS DNA polymerase (Takara, Japan), pET-
rat CaMKKp, and pME-rat CaMKKp (39) as templates, and the
following phosphorylated primers: CaMKKf S135A, 5'-AGC-
CTGTGGGGAGCTGGCTGG-3" and 5'-TCTCCCCGGAT-
GCCCCGGCGG-3'; CaMKKB T144A, 5'-AGCGGGCCGCC-
GGGGCATCCGGGG-3" and 5'-GTGGAGTCGCACCA-
CGTCTCC-3'; CaMKKB T144E, 5'-CTCGGGCCGCCGGG-
GCATCCGGGG-3' and 5'-GTGGAGTCGCACCACGTC-
TCC-3'; and CaMKKp S494A, 5'-CCGTTTCCGAATCAT-
GGT-3' and 5'-AAACGGGCATTTGGGAACCCATTTGAA-
3'. Sites of the mutation are indicated by underlines. The nuc-
leotide sequences of all constructs were confirmed by sequen-
cing on an ABI PRISM 310 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA).
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Cell culture and transfection

COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37 °C in
5% CO,. COS-7 cells in 6-well dishes were transfected with or
without 1 ug of CaMKKp expression plasmid (pME-CaMKKB
wild type or T144A mutant) together with 1 ug of HA-AMPKa
expression plasmid (pME-HA-AMPKa) or the empty vector
(pME-HA) using polyethylenimine MAX (Polysciences, Inc.,
Warrington, PA) according to the manufacturer’s protocol.
After 36-h culture, the cells were extracted with 1 X SDS-PAGE
sample buffer (100 ul) followed by immunoblot analyses. For
the CaMKKp activity assay, 2 ug of either an empty vector
(pME18S) or CaMKKp expression plasmid (pME-CaMKKR
wild type or mutants) were transfected into COS-7 cells as
described above. The cells were extracted with 100 ul of lysis
buffer (150 mm NaCl, 20 mm Tris-HCI, pH 7.5, 2 mM EDTA, 2
mM EGTA, 1% Nonidet P-40, 10% glycerol, 1:1000 protease
inhibitor mixture (Nacalai Tesque, Kyoto, Japan), and 0.5 um
okadaic acid), and the cell extracts (1 ul) were subjected to an in
vitro CaMKK activity assay (5-min reaction period) in the pres-
ence of 100 uM [y->*P]ATP as described above.

Other methods

Immunoblot and dot-blot analyses were performed with the
indicated primary antibodies and horseradish peroxidase-con-
jugated anti-mouse IgG or anti-rabbit IgG (GE Healthcare)
as the secondary antibody. A chemiluminescent reagent
(PerkinElmer Life Sciences) was used for signal detection of
immunoblots followed by quantification of the immunoreactiv-
ity with Image]J software (51). Protein concentrations in sam-
ples were estimated by Coomassie Brilliant Blue (Bio-Rad)
using bovine serum albumin as a standard. Student’s ¢ tests
were used to evaluate the statistical significance of two-group
comparisons. Probability (p) values <0.05 were considered sta-
tistically significant.
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AN,Y.F,A.S,S. T, and H. A. performed the experiments. N. H.
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