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The calcium-calmodulin—-dependent protein kinase kinase-2
(CaMKK?2) is a key regulator of cellular and whole-body energy
metabolism. It is known to be activated by increases in intracel-
lular Ca®", but the mechanisms by which it is inactivated are less
clear. CaMKK?2 inhibition protects against prostate cancer, he-
patocellular carcinoma, and metabolic derangements induced
by a high-fat diet; therefore, elucidating the intracellular mecha-
nisms that inactivate CaMKK2 has important therapeutic impli-
cations. Here we show that stimulation of cAMP-dependent
protein kinase A (PKA) signaling in cells inactivates CaMKK2 by
phosphorylation of three conserved serine residues. PKA-de-
pendent phosphorylation of Ser**® directly impairs calcium-cal-
modulin activation, whereas phosphorylation of Ser'® and
Ser®'! mediate recruitment of 14-3-3 adaptor proteins that hold
CaMKK?2 in the inactivated state by preventing dephosphoryl-
ation of phospho-Ser**>, We also report the crystal structure of
14-3-3¢ bound to a synthetic diphosphorylated peptide that
reveals how the canonical (Ser’'!) and noncanonical (Ser'?) 14-
3-3 consensus sites on CaMKK2 cooperate to bind 14-3-3 pro-
teins. Our findings provide detailed molecular insights into how
cAMP-PKA signaling inactivates CaMKK2 and reveals a path-
way to inhibit CaMKK2 with potential for treating human
diseases.

The calcium ion (Ca*>*) is a dynamic second messenger that
relays signals from ligand-activated receptors and voltage-
stimulated ion channels at the cell membrane to regulate a
wide array of physiological functions (1). A key transducer of
Ca”" signaling is calmodulin (CaM), a ubiquitous Ca®"-bind-
ing protein that regulates the activity of numerous downstream
effectors in response to elevations in intracellular Ca®" (2). Im-
portant to the actions of the Ca®>*"-CaM complex is the Ca**-
CaM-dependent protein kinase kinase-2 (CaMKK2), which is
the core component of a phosphorylation signaling pathway
that regulates appetite and whole-body energy metabolism (3).
CaMKK?2 inhibition protects against prostate cancer develop-
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ment, hepatocellular carcinoma, high-fat diet—induced obesity,
glucose intolerance, and insulin resistance (4—6); therefore,
identifying the intracellular mechanisms that inactivate
CaMKK2 has important implications for understanding and
treating human diseases.

CaMKK?2 regulation involves a complex interplay between
allosteric activation by Ca>"-CaM and multisite phosphoryla-
tion. It has a modular structure composed of an internal cata-
lytic domain and a regulatory module made up of overlapping
autoinhibitory and CaM-binding sequences, flanked by N- and
C-terminal sequences of unknown function (7). The autoinhi-
bitory sequence obstructs the catalytic site by an intrasteric
mechanism that is relieved by Ca®"-CaM binding, allowing for
maximal kinase activity (8). In human CaMKK2, activation by
Ca**-CaM induces Thr®® autophosphorylation, which creates
a molecular memory of the Ca>" signal that keeps CaMKK2 in
the activated state after the stimulus has diminished (9, 10).
Once activated, CaMKK?2 triggers the downstream actions of
the Ca*"-CaM-dependent protein kinases 1 and 4 (CaMK1
and CaMK4) and the AMP-activated protein kinase (AMPK)
signaling pathways (11-13). CaMKK2 is also regulated by
Ca’>"-CaM-independent mechanisms involving hierarchical
phosphorylation of sequential serine residues (Ser'*’, Ser'*?,
and Ser'”) in the S3-node, a regulatory sequence located N-
terminal to the catalytic domain. Phosphorylation of Ser'*” by
proline-directed kinases primes for sequential phosphorylation
of Ser®® and Ser'* by glycogen synthase kinase-3, which inhib-
its CaMKK2 basal activity (14).

CaMKK?2 knockout mice are protected against high-fat diet—
induced weight gain, insulin resistance, and glucose intolerance
(4). Likewise, deletion of the RIla regulatory subunit of cAMP-
dependent protein kinase A (PKA) in mice (which results in
activation of the PKCA catalytic subunit) causes a similar pheno-
type (15, 16); therefore, the physiological regulation of whole-
body energy metabolism by PKA may involve some inhibitory
cross-talk with the CaMKK2 pathway. Consistent with this
idea, it was reported recently that CaMKK2 is inactivated by
cAMP-dependent PKA in cell-free assays (17). However, it is
unclear to what extent this regulatory mechanism occurs in
intact cells. Here, we report that CaMKK?2 is inactivated in cells
by agonists that stimulate cAMP-PKA signaling, including the
appetite suppressant liraglutide. PKA inactivates CaMKK2 by a
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direct mechanism that impairs Ca®>"-CaM activation and an
indirect mechanism involving recruitment of 14-3-3 adaptor
proteins. Our data reveal how cAMP-PKA signaling negatively
regulates CaMKK2 and provides a molecular rationale for using
PKA-activating drugs for human diseases associated with inap-
propriate activation of the CaMKK2 pathway.

Results

cAMP-PKA signaling inactivates CaMKK2 by impairing Ca®™ -
CaM activation

COS7 cells expressing recombinant human CaMKK2 were
treated with forskolin and 3-isobutyl-1-methylxanthine
(IBMX) to increase intracellular cAMP, after which we immu-
noprecipitated CaMKK2 and measured kinase activity over a
range of CaM concentrations. Forskolin/IBMX treatment
increased intracellular cAMP (680-fold over control) and
impaired CaMKK2 activation by Ca?"-CaM (Fig. 1, A and B),
whereas the concentration of CaM required for half-maximal
activation and kinase activity in the absence of Ca®>"-CaM
were not significantly affected (Table 1). Co-expression with a
small-hairpin RNA that decreased expression of the PKA «
catalytic subunit (Fig. 1, C and D) or pretreating cells with the
PKA inhibitor H89 (Fig. 1E) completely prevented forskolin/
IBMX-induced inactivation of CaMKK2.

Activation of the glucagon-like peptide-1 (GLP-1) receptor
decreases food intake and promotes weight loss via stimulation
of PKA activity (18). Therefore, we examined the effect of the
GLP-1 receptor agonist liraglutide on CaMKK?2 activity in SH-
SY5Y neuroblastoma cells that endogenously express the GLP-
1 receptor (19). Similar to the effects of forskolin/IBMX, lira-
glutide diminished Ca>*-CaM activation but had no effect on
CaMKK2 activity in the absence of Ca®>"-CaM (Fig. LF).

PKA-mediated inactivation of CaMKK2 depends on Ser**®
phosphorylation

To investigate the mechanism by which cAMP-PKA signal-
ing inactivates CaMKK2, we determined the phosphorylation
profile of CaMKK2 in cells under control and PKA-activated
conditions. Cells expressing human CaMKK2 were treated
with or without forskolin/IBMX, after which CaMKK2 was
purified and analyzed by whole-protein TOF MS. Under con-
trol conditions, the primary mass peak corresponded to a triply
phosphorylated CaMKK2 species (Fig. 2A4) as previously
reported (14, 20). In contrast, CaMKK2 purified from forsko-
lin/IBMX-treated cells showed a higher range of mass peaks,
consistent with increased phosphorylation on at least three
additional sites (Fig. 2B). Using tandem MS, we compared the
spectra of tryptic peptides from CaMKK2 purified from control
and forskolin/IBMX-treated cells and found that Ser'®, Ser**
(which resides within the CaM-binding sequence), and Ser®!!
were phosphorylated in CaMKK2 from the forskolin/IBMX-
treated cells but not from the control cells (Fig. S1). All three
sites match the PKA phosphorylation consensus motif (Arg/
Lys-Arg/Lys-X-Ser/Thr, where X is any amino acid) (21) and
are conserved across a diverse range of species (Fig. S2). Using
validated phospho-specific antibodies (Fig. S3), we confirmed
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PKA-dependent phosphorylation of all three serine residues by
immunoblot (Fig. 2C).

The function of each site was determined by treating cells
expressing nonphosphorylatable mutants (S100A, S495C, and
S511A) with forskolin/IBMX, after which we measured kinase
activity in the presence and absence of Ca*"-CaM. We substi-
tuted Ser for cysteine rather than alanine because the S495A
mutation impaired binding of Ca**-CaM (Fig. S4). The S495C
mutant was activated by Ca®>"-CaM with similar kinetic param-
eters to WT CaMKK?2 (Fig. S5). WT CaMKK2 and the SI00A
and S511A mutants from forskolin/IBMX-treated cells dis-
played decreased Ca>*-CaM activation; however, the S495C
mutant was unaffected (Fig. 2D). This indicates that phospho-
rylation of Ser**® is entirely responsible for suppressing Ca*"-
CaM activation in response to PKA signaling. Mirroring the
impaired Ca®*-CaM activation, WT CaMKK2 and the S100A
and S511A mutants from forskolin/IBMX-treated cells dis-
played decreased Ca®"-CaM binding, but the S495C mutant
did not (Fig. 2E).

PKA-dependent phosphorylation of CaMKK2 promotes
binding to 14-3-3 adaptor proteins

Analysis of the phosphorylation sites indicated that the
sequence surrounding Ser”'! conforms to a canonical 14-3-3
protein—binding motif (mode-1 motif RSXpSXP, where X is
any amino acid) (22). We therefore immunoprecipitated
CaMKK?2 from cells treated with forskolin/IBMX and tested for
copurification of endogenous 14-3-3 proteins by immunoblot.
Fig. 3A shows that forskolin/IBMX treatment induced binding
of 14-3-3 proteins to CaMKK2 but not in cells pretreated with
H89. We detected binding of all seven isoforms of 14-3-3 by
tandem MS (Table S1). 14-3-3 binding depends upon phospho-
rylation of both Ser'® and Ser®'! (but not Ser**”), because
the S100A and S511A mutations were individually sufficient
to abolish copurification of 14-3-3 proteins with CaMKK2
(Fig. 3B).

A recent study reported that 14-3-3 binding to CaMKK2
impaired dephosphorylation of phospho-Ser*”® (pSer**®) by
protein phosphatase-1 in a cell-free assay (17), indicating that a
potential biological function of 14-3-3 binding is to maintain
CaMKK2 in the inactivated state by protecting pSer*”” from de-
phosphorylation by protein phosphatases. To test whether this
mechanism occurs in a cellular context, cells expressing WT
CaMKK?2 or the S100A and S511A mutants were treated with
forskolin/IBMX, after which we measured Ser*® phosphoryla-
tion and Ca®*-CaM activation at various time points following
incubation with H89. Forskolin/IBMX stimulated Ser**® phos-
phorylation and suppressed Ca®>"-CaM activation of WT
CaMKK2, which was sustained over the treatment period even
after the addition of H89. In contrast, pSer*®® was dephospho-
rylated and maximal activation was restored within 5 min for
the S100A and S511A mutants in response to H89 treatment
(Fig. 3, C and D). The simplest interpretation of these data is
that 14-3-3 binding protects against pSer**> dephosphorylation
in cells.
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Figure 1. cAMP-PKA-dependent signaling inactivates CaMKK2 in cells. A, cAMP levels in COS7 cells treated with vehicle (DMSO) or 50 um forskolin/
500 um IBMX for 20 min. Data are mean = S.D. (error bars), n = 3 independent experiments, and statistically appraised using the two-tailed, unpaired t test. *p
=0.012. B, Ca*"-CaM activation of CaMKK2 from transfected COS7 cells treated with vehicle (DMSO) or 50 um forskolin/500 pm IBMX for 20 min. CaMKK2 was
immunoprecipitated and activity was measured over a range of CaM concentrations (0-1000 nm) in the presence of 100 um Ca>*. The data were fitted to the
equation Activity = Basal + [CaM] X ((Maximum-Basal)/(Aq s + [CaM])), where A s is the concentration of CaM that gives half-maximal stimulation. n = 6 inde-
pendent experiments. C, expression of endogenous PKA catalytic subunit in COS7 cells transfected with either scrambled or a PKA-Ca subunit transcript-tar-
geted shRNA plasmid, then treated with vehicle (DMSO) or 50 um forskolin/500 pum IBMX for 20 min. PKA-Ca and a-tubulin were detected using rabbit anti-
PKA-Ca and mouse anti-a-tubulin antibodies, respectively. A representative immunoblot is shown. D, Ca®"-CaM activation of CaMKK?2 from transfected COS7
cells cotransfected with PKA-Ca subunit transcript-targeted shRNA plasmid (or scrambled control plasmid), then treated with vehicle (DMSO) or 50 um forsko-
lin/500 pm IBMX for 20 min. CaMKK2 was immunoprecipitated and activity was measured in the presence or absence of 100 um Ca®>* and 1 um CaM. Data are
mean * S.D. (error bars), n = 3 independent experiments, and were statistically appraised by two-way ANOVA (treatment: F = 4.935, p = 0.0130; Ca?"-CaM:F =
369.2, p < 0.0001; interaction: F = 5.168, p = 0.0109) using Tukey’s post-hoc multiple comparisons test. ****p < 0.0001, ***p = 0.0002, ##p = 0.0069, #p =
0.0399. E, Ca>*-CaM activation of CaMKK2 from transfected COS7 cells pretreated with the 20 um H89 for 60 min, then treated with 50 um forskolin/500 pm
IBMX for 20 min. CaMKK2 was immunoprecipitated and activity was measured in the presence or absence of 100 um Ca?* and 1 um CaM. Data are mean + S.D.
(error bars), n = 3 independent experiments, and were statistically appraised by two-way ANOVA (treatment: F = 17.89, p < 0.0001; Ca®"-CaM: F = 462.9, p <
0.0001; interaction: F = 11.68, p = 0.0003) using Tukey's post-hoc multiple comparisons test. ****p < 0.0001, ***p = 0.0002, ####p < 0.0001, ###p = 0.0009. F,
Ca’*-CaM activation of CaMKK2 from transfected SH-SY5Y cells treated with either vehicle (DMSO), 100 nw liraglutide, or 50 pm forskolin/500 pm IBMX for 20
min. CaMKK2 was immunoprecipitated and activity was measured in the presence or absence of 100 um Ca®* and 1 pm CaM. Data are mean * S.D. (error bars),
n =3 independent experiments, and were statistically appraised by two-way ANOVA (treatment: F = 7.854, p < 0.0066; Ca>"-CaM: F = 232.7, p < 0.0001; inter-
action: F =9.022, p = 0.0041) using Tukey’s post-hoc multiple comparisons test. ****p < 0.0001, ***p = 0.0007, ##p = 0.0012, #p = 0.0226.

Dual phosphorylation of CaMKK2 increases binding affinity

Table 1 for 14-3-3 proteins
El;MI?-cPall(vll-\—dependent signaling impairs CaMKK2 activation by 14-3-3 proteins exist functionally as dimers and therefore

Ca®*-CaM activation of CaMKK?2 from transfected COS7 cells treated with vehi-
cle (DMSO) or 50 um forskolin/500 pm IBMX for 20 mins. CaMKK2 was immuno-
precipitated and activity was measured over a range of CaM concentrations (0—
1000 nM) in the presence of 100 um Ca®". The data were fitted to the equation Ac-
tivity = Basal + [CaM] X ((Maximum-Basal)/(Ags + [CaM])), where Ay is the
concentration of CaM that gives half-maximal activation. Data are n = 6 independ-
ent experiments. Best-fit values calculated for each kinetic parameter was statisti-
cally appraised using extra sum-of-squares F test. ****p < 0.0001 versus maximal
activity of CaMKK?2 from control cells.

Basal activity Maximal activity Aos

Treatment (nmol/min/mg) (nmol/min/mg) (nm)
Control 0.344 1909 49.68
Forskolin/IBMX 0.318 1.022 64.52

SASBMB

contain two phosphopeptide-binding pockets that can interact
with two sites simultaneously, often on the same target protein
(23). For 14-3-3 target proteins containing two phosphoryla-
tion sites, there is generally a primary high-affinity site that ini-
tiates 14-3-3 recruitment by binding to one monomer in the
14-3-3 dimer, which then permits binding of the weaker sec-
ondary site to the adjoining monomer to stabilize the overall
interaction (24). To simulate the interaction between CaMKK2
and 14-3-3, we used surface plasmon resonance to measure
14-3-3 binding to a series of synthetic phosphopeptides
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Figure 2. PKA signaling inactivates CaMKK2 by phosphorylating Ser*®® in the CaM-binding sequence. A, representative whole-protein TOF spectra
of CaMKK2 purified from transfected COS7 cells treated with DMSO vehicle control for 20 min. B, representative whole-protein TOF spectra of CaMKK2
purified from transfected COS7 cells treated with 50 pm forskolin/500 pm IBMX for 20 min. C, phosphorylation of CaMKK2 on Ser'®°, Ser*®®, and Ser®™"
purified from transfected COS7 cells pretreated with 20 pm H89 for 60 min, then treated with 50 um forskolin/500 pm IBMX for 20 min. Phosphorylation
and total CaMKK2 were detected using rabbit phospho-specific and mouse anti-FLAG antibodies, respectively. A representative immunoblot is shown.
D, Ca®*-CaM activation of WT CaMKK2 and phosphorylation site mutants from transfected COS7 cells treated with DMSO vehicle control or 50 um for-
skolin/500 um IBMX for 20 min. CaMKK2 was immunoprecipitated and activity was measured in the presence or absence of 100 um Ca®* and 1 um CaM.
Data are mean = S.D. (error bars), n = 3 independent experiments, and were statistically appraised by two-way ANOVA (treatment: F = 68.56, p <
0.0001; mutation: F = 6.624, p = 0.0041; interaction: F = 6.627, p = 0.0041) using Tukey’s post-hoc multiple comparisons test. ***p = 0.0004, **p =
0.0018, *p = 0.0029, ##p = 0.0035. E, CaM overlay assay measuring binding of biotinylated CaM to WT CaMKK2 and phosphorylation site mutants puri-
fied from transfected COS7 cells treated with vehicle control (DMSO) or 50 pm forskolin/500 pm IBMX for 20 min. CaM binding and total CaMKK2 were
visualized using fluorescent-labeled streptavidin and rabbit anti-FLAG antibody, respectively. Data are mean = S.D. (error bars), n = 3 independent
experiments, and were statistically appraised by two-way ANOVA (treatment: F = 200.3, p < 0.0001; mutation: F = 14.96, p < 0.0001; interaction: F =
27.86, p < 0.0001) using Tukey's post-hoc multiple comparisons test. ****p < 0.0001, ####p < 0.0001.

corresponding to the unphosphorylated (Ser'%-Ser>'!), mono-
phosphorylated  (pSer'®-Ser®'' and Ser'®-pSer®''), and
diphosphorylated (pSer'®-pSer®'!) species of CaMKK2 (Fig.
S6). As expected, we did not observe any 14-3-3 binding to the
unphosphorylated Ser'*°-Ser®*" peptide (Fig. 44). The pSer'®-
Ser®'! peptide (Fig. 4B) showed modest binding to 14-3-3 (Kp
1.91 um) relative to the Ser'®-pSer®'! peptide, which displayed
a 5-fold increase in binding affinity (Kp 0.35 pm) consistent
with pSer®!! conforming to the canonical 14-3-3 binding motif
(Fig. 4C). Phosphorylation of both sites further strengthened
binding to 14-3-3 (Kp 0.09 um), displaying a 4-fold increase in
affinity over the pSer®'" site alone (Fig. 4D).

contained two phosphopeptide-binding sites, both of which
showed strong electron density for the critical pSer'®® and
pSer®'! residues (Fig. 54). We did not observe an admixture of
the pSer'%-pSer®!! peptide bound in both possible orientations
to the 14-3-3 dimer; therefore, we were able to unambiguously
place pSer'® and pSer”!' into the phosphopeptide-binding
sites of discrete monomers within the dimeric complex. Coor-
dination of the phosphoserines was conserved in both binding
sites (mediated by Lys-49"%373, Arg-56"*373, Arg-127'*%?, and
Tyr-128"*33); however, the pSer®'! end of the peptide bound
in site 1 makes considerably more interactions through its
main chain and side chain atoms compared with the pSer'®
end in site 2 (Fig. 5, B and C). The side chain of Ser*® forms
hydrogen bonds with side chains of Tyr-228'**? and Glu-
180'*%?, and the side chain of Arg®®® makes parallel planar
stacking interactions with Arg-60'*%, Additionally, the main
chain amine from Ser’* and Leu®'® form hydrogen bonds with
Glu-180*33 and Asn-2241%33, respectively. In contrast, only
residues Leu”” and Leu'®" on the pSer'® end make hydrogen

Structure of a 14-3-3-diphosphopeptide complex

To further investigate the interaction between CaMKK2 and
14-3-3, we determined the crystal structure of 14-3-3¢ in com-
plex with the diphosphorylated pSer'-pSer®*! peptide to a re-
solution of 2.44 A (Table S2). The unit cell contained four mol-

ecules of 14-3-3, arranged in a back-to-back dimer of dimers,
with a 180° rotation with respect to the other dimer. Each dimer

16242 J Biol. Chem. (2020) 295(48) 16239-16250

bonds with 14-3-3 via main chain interactions with the side
chains of Asn-224"*3 and Asn-173"*37, respectively.
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Figure 3. PKA-dependent phosphorylation of Ser'®® and Ser®'" mediates binding of CaMKK2 to 14-3-3 adaptor proteins. A, binding of endogenous
14-3-3 proteins to WT CaMKK2 purified from transfected COS7 cells pretreated with 20 um H89 for 60 min, followed by treatment with DMSO (vehicle control)
or 50 pm forskolin/500 pum IBMX for 20 min. 14-3-3 protein and total CaMKK2 were detected using rabbit anti-pan-14-3-3 and mouse anti-FLAG antibodies,
respectively. A representative immunoblot is shown. B, binding of endogenous 14-3-3 proteins to WT CaMKK2 and phosphorylation site mutants purified
from transfected COS7 cells treated with DMSO (vehicle control) or 50 um forskolin/500 pum IBMX for 20 min. 14-3-3 proteins and total CaMKK2 were detected
using rabbit anti-pan-14-3-3 and mouse anti-FLAG antibodies, respectively. A representative immunoblot is shown. C, Ser**® phosphorylation of WT CaMKK2
and the STO0A and S511A mutants purified from transfected COS7 cells treated with 50 um forskolin/500 pum IBMX over a 60-min time course, with addition of
20 um H89 to the cells at the 20-min time point. Ser**® phosphorylation and total CaMKK2 were detected using rabbit phospho-specific and mouse anti-FLAG
antibodies, respectively. A representative immunoblot is shown. D, Ca®*-CaM activation of WT CaMKK2 and the S100A and S511A mutants from transfected
COS7 cells treated with 50 um forskolin/500 um IBMX over a 60-min time course, with addition of 20 pum H89 to the cells at the 20-min time point. CaMKK2 was
immunoprecipitated and activity was measured in the presence of 100 um Ca®* and 1 um CaM. n = 3 independent experiments. The area under the curve is dis-
played as mean = S.D. (error bars) and was statistically appraised by one-way ANOVA (F = 122.7, p < 0.0001) using Tukey’s post-hoc multiple comparisons

test. ****p < 0.0001.

Discussion

Herein, we report that stimulation of cAMP-PKA signaling
in cells inactivates CaMKK2 by a mechanism involving tri-
partite phosphorylation of conserved serine residues and
recruitment of 14-3-3 adaptor proteins. We found that phos-
phorylation of Ser**®, a highly conserved site located within
the CaM-binding sequence, directly impairs Ca*>*-CaM bind-
ing and activation of CaMKK2. A similar mechanism of
inhibitory cross-talk by the cAMP-PKA pathway, involving
direct phosphorylation of CaM-binding sites, has been
reported for other Ca>*-CaM-regulated proteins including
CaMKK1, B-adducin, and the Ca®*"-dependent K* channel
KCa3.1 (25-27). This provides a multi-level system for fine-
tuning Ca®>" signaling by allowing the magnitude and dura-
tion of signal transmission to be modulated (28).

As well as impairing Ca®*-CaM activation via Ser**® phospho-
rylation, PKA-dependent phosphorylation of Ser'® and Ser®'!
mediates binding of 14-3-3 proteins, which keep CaMKK2 in the
inactivated state by protecting against pSer**> dephosphorylation
by cellular protein phosphatases. The absolute requirement for
phosphorylation on both sites for 14-3-3 binding and phospha-
tase protection is consistent with the “gatekeeper” model of 14-3-
3 engagement with target proteins (24). In this model, 14-3-3 tar-
get proteins that contain two phospho-binding sites generally
have a primary high-affinity site that functions as the gatekeeper
and a secondary lower affinity site that is not only required to sta-
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bilize the overall interaction but is also essential for the biological
effect of 14-3-3 binding. Our data indicate that pSer”'" is the gate-
keeper site on CaMKK?2 because of its greater 14-3-3 binding af-
finity compared with the pSer'® site, which is in accordance with
the pSer”'! site matching the canonical 14-3-3 consensus binding
motif (23).

Our crystal structure of 14-3-3 complexed with a diphos-
phorylated peptide that simulates simultaneous binding of the
pSer'® and pSer®'! sites revealed that each site occupies the
phosphopeptide-binding groove of discrete 14-3-3 monomers
within the dimeric complex. Strong electron density was
observed for the residues directly adjacent to the phosphoser-
ine residues (five residues surrounding pSer'® and seven resi-
dues surrounding pSer”'!), whereas no electron density was
visible for the flexible glycine linker region of the peptide. We
also observed distinct binding of the diphosphorylated peptide
to specific 14-3-3 monomers within the dimer, such that the
gatekeeper pSer”'! was always bound to 14-3-3 monomers B
and D, whereas pSer'® was always bound to monomers A and
C. This peculiarity is common to all tandem phosphopeptides/
14-3-3 complex structures solved to date (29-33). Although
the structures of all four monomers are highly alike (RMSD <
0.35 A for monomers A, B, C, and D), there are perhaps subtle
structural changes that allow the crystal to pack with the 14-3-3
dimer in the same orientation with respect to the phosphory-
lated peptide (pSer®'! versus pSer'®).
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Figure 4. Dual phosphorylation of Ser'®® and Ser>"!

to the unphosphorylated Ser'®-Ser*™

gram of 14-3-3 binding to the monophosphorylated pSer'®®-Ser>'!

experiments. C, SPR sensorgram of 14-3-3 binding to the monophosphorylated Ser
mean of three independent experiments. D, SPR sensorgram of 14-3-3 binding to the diphosphorylated pSer

centrations. Data are the mean of three independent experiments.

The 14-3-3 dimer has been described as a molecular anvil
because it maintains its overall structure upon ligand binding
while distorting the ligand to fit the phosphopeptide-binding
groove (24). Consequently, the 14-3-3 interaction forces a new
conformation on the target protein to regulate activity, localiza-
tion, post-translation modifications, or protein-protein interac-
tions. In the case of CaMKK2, 14-3-3 protein binding does not
directly alter kinase activity because forskolin/IBMX treatment
failed to impair Ca®"-CaM activation of the $495C mutant, de-
spite the fact that 14-3-3 binding was unaffected. Rather, the
effect of 14-3-3 binding is purely steric hindrance to protect
pSer*®® from dephosphorylation.

CaMKK1 (the closest human homologue to CaMKK2) is
inhibited by PKA by a mechanism similar to CaMKK2 but with
some notable differences. Unlike CaMKK2, there are two inhib-
itory PKA phosphorylation sites on CaMKK1, i.e. Ser*® located
within the CaM-binding sequence and Thr'%® (25, 34). Regard-
ing the latter, the corresponding Thr'*® residue in CaMKK2
has been reported to be phosphorylated in cells by AMPK
rather than PKA, as part of an inhibitory feedback loop mecha-
nism (35). This is consistent with our data, which shows that
mutation of Ser*”® is sufficient to prevent inactivation of
CaMKK2 by PKA, reinforcing the view that Thr'*® is not an in-
hibitory PKA phosphorylation site in cells. PKA also promotes
binding of 14-3-3 proteins to CaMKK]1 via phosphorylation of
Ser’*and Ser"”®, which correspond to the Ser'® and Ser®'! sites
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increases 14-3-3 binding affinity. A, surface plasmon resonance (SPR) sensorgram of 14-3-3 binding
peptide over a range of 14-3-3 concentrations. Data are the mean of three independent experiments. B, SPR sensor-
peptide over a range of 14-3-3 concentrations. Data are the mean of three independent
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-pSer’’" peptide over a range of 14-3-3 concentrations. Data are the

190_nSer”'" peptide over a range of 14-3-3 con-

in CaMKK2, respectively. In contrast to CaMKK2, 14-3-3 pro-
tein binding directly inhibits CaMKK1 activity and blocks de-
phosphorylation of pThr'® (36, 37).

The physiological function of the PKA-CaMKK2 signaling
axis is unclear; however, evidence in the literature hints at
potential roles in metabolic control. For example, PKA Rllx
regulatory subunit knockout mice that exhibit constitutive
PKA catalytic subunit activation are protected against high-
fat diet-induced weight gain, glucose intolerance, and insulin
resistance (15, 16). This is similar to the phenotype displayed
by CaMKK2 knockout mice (4), indicating that PKA-depend-
ent regulation of whole-body energy metabolism may involve
inactivation of CaMKK2. This concept is supported by our
finding that CaMKK2 was inactivated in cells by the GLP-1
receptor agonist liraglutide, which is used clinically to treat
obesity and type 2 diabetes. The metabolic effects of liraglu-
tide (appetite suppression, weight loss, and increased insulin
sensitivity) are likewise similar to the metabolic phenotype
observed in CaMKK2 knockout mice (4, 18), raising the possi-
bility that some of the therapeutic benefits of liraglutide may
also be mediated by the PKA-CaMKK2 pathway. A recent
study found that PKA negatively regulates vascular endothe-
lial growth factor—induced AMPK activation (a pro-angio-
genic signaling pathway) via CaMKK2, indicating a potential
role of the PKA-CaMKK2 axis in the control of angiogenesis
(38).
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Inappropriate activation of CaMKK2 plays a major role in
the development of prostate cancer and hepatocellular carci-
noma (5, 39, 40). CaMKXK?2 activation has also been implicated
in acquired resistance of high-grade serous ovarian cancer to
chemotherapy (41). Therefore, drugs that stimulate cAMP-
PKA signaling may offer potential new treatment strategies to
inactivate CaMKK2 in these cancers. Indeed, the GLP-1 recep-
tor agonist Exendin-4 has been reported to decrease prolifera-
tion of prostate cancer cells by a PKA-dependent mechanism
and attenuate prostate cancer growth in a tumor xenograft
mouse model (42). Exendin-4 was also shown to inhibit migra-
tion and promote apoptosis in ovarian cancer cells (43). There-
fore, PKA-dependent inactivation of CaMKK2 may provide a
potential mechanism for the anti-proliferative effects of Exen-
din-4 in both prostate and ovarian cancers.
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on the diphosphopeptide and Arg® on 14-3-3.

In summary, we described a molecular mechanism by which
intracellular activation of cAMP-PKA signaling inactivates
CaMKK?2. Further studies are required to uncover the physio-
logical relevance of the PKA-CaMKK2 signaling node; how-
ever, our data reveal a pathway that can potentially be targeted
for human diseases associated with aberrant activation of
CaMKK2.

Experimental procedures
Cyclic AMP measurements

All cyclic AMP measurements were acquired using LC-MS
from perchlorate extracts of forskolin- and IBMX (Sigma-
Aldrich)-treated COS7 cells, using an ABSCIEX 5500 mass
spectrometer operated with the turbo V ion source coupled to
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a Shimadzu Prominence LC-20AD UFLC pump. LC conditions
were optimized for a 50-mm (length) and 2.1-mm (inner diam-
eter) C18 column (5 um, Vydac). The LC solvent system was
(A) 100% H,0O and (B) 100% acetonitrile. cAMP was eluted at a
flow rate of 300 pl/min in a gradient program consisting of
100% A (5 min) and 0-70% B (10 min). Data were analyzed
with Multiquant 2.0.2 utilizing the area under the LC chromat-
ogram for the corresponding cAMP peak. Calibration curves
were obtained by linear regression of the peak area ratio of a
cAMP standard (Sigma-Aldrich). All data were acquired in
negative mode.

MSs

For TOF whole-protein MS (TOF-MS), recombinant FLAG-
tagged CaMKK2 was eluted from anti-FLAG M2 agarose beads
using an equal volume of 1 mg/ml FLAG-peptide in 50 mMm
Tris-HCI, pH 7.6, 150 mm NaCl, and 10% (v/v) glycerol, then
diluted in formic acid to achieve a final concentration of 1.5—
2% (v/v) prior to injection onto the LC—MS. The chromatogra-
phy was performed on an Agilent 6220 ESI-TOF mass spec-
trometer coupled to an Agilent 1260 BinPump system.
CaMKK2 was resolved on an Aeris 3.6 um WIDEPORE C4 200
A, LC Column (150 X 2.1 mm, Phenomenex) using an elution
gradient of 5-90% acetonitrile at 200 wl/min for 30 min. Buffer
A was 0.1% formic acid and buffer B was 100% acetonitrile/
0.1% formic acid. The mass spectrometer was set to MS1 acqui-
sition mode and operated in positive mode with a mass range of
100-3200 m/z and scan rate of 1.10. Source gas temperature
was set to 325°C, gas flow 8 liters/min, and nebulizer 45 psi.
Mass spectra were deconvoluted using Agilent MassHunter
Qualitative Build 6 (v. 6.0.633.0) software.

For tandem MS, eluted CaMKK2 was pH-adjusted using 50
mM triethyl ammonium bicarbonate solution, reduced with 10
mM tris(2-carboxyethyl)phosphine for 45 min at 37°C, and
alkylated with 55 mm iodoacetamide for 30 min at room tem-
perature in the dark. The samples were then digested with tryp-
sin (which cleaves on the C-terminal side of lysine and arginine
residues) (1:50, w/w) overnight at 37 °C. Digested tryptic pep-
tides were cleaned up using Oasis HBL solid phase extraction
cartridges (Waters Corporation) and freeze-dried overnight.
Dried tryptic peptides were resuspended in 0.1% (v/v) formic
acid and analyzed by LC-MS/MS using a Q-Exactive plus mass
spectrometer (Thermo Fisher Scientific) fitted with nanoflow
reversed-phase-HPLC (Ultimate 3000 RSLC, Dionex). The
nano-LC system was equipped with an Acclaim Pepmap nano-
trap column (Dionex, C18, 100 A, 75 pm X 2 c¢m) and an
Acclaim Pepmap RSLC analytical column (Dionex, C18, 100 A,
75 pM X 50 cm). Typically, for each LC-MS/MS experiment, 5
wl of the peptide mix was loaded onto the enrichment (trap)
column at an isocratic flow of 5 wl/min of 3% (v/v) acetonitrile
containing 0.1% (v/v) formic acid for 6 min before the enrich-
ment column was switched in-line with the analytical column.
The eluents used for the LC were 0.1% (v/v) formic acid (sol-
vent A) and 100% acetonitrile/0.1% formic acid (v/v) (solvent
B). The gradient used was 3—25% B for 23 min, 25-40% B in 2
min, and 40—80% B in 2 min and maintained at 85% B for the
final 2 min before equilibration for 9 min at 3% B prior to the
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next analysis. All spectra were acquired in positive mode with
full scan MS spectra scanning from m/z 375-1400 at 70,000 re-
solution. Mass spectrometric raw data were converted to cent-
roid peaklists using MSConvert (version 3.0.5047) and searched
using Mascot (version 2.4) search algorithm against human
SwissProt database (20,282 sequences, November 2015). Tryp-
sin was selected as the protease with two missed cleavages
allowed. MS tolerance was set to 10 ppm, MS/MS tolerance at
0.2 Da, and ion score significance threshold was p < 0.05. Cys-
teine carbamidomethylation was searched as a fixed modifica-
tion, whereas oxidation of methionine and phosphorylation of
serine, threonine, and tyrosine were searched as variable modi-
fications. The tandem MS proteomics raw data have been de-
posited to the ProteomeXchange Consortium via the PRIDE
partner repository with the data set identifier PXD020133 (44).

Recombinant CaMKK2 expression and purification

Recombinant WT and mutant CaMKK2 was expressed in ei-
ther COS7 cells or SH-SY5Y cells grown in DMEM or Eagle’s
Minimum Essential Medium/F-12 medium (Sigma-Aldrich),
respectively, supplemented with 10% FCS at 37°C with 5%
CO,. The cells were transfected at 60% confluency using
FuGene HD (Roche Applied Science) with 2 pg of pcDNA3(—)
plasmid containing N-terminal FLAG-tagged human
CaMKK2. For the PKA-Ca shRNA knockdown experi-
ments, the cells were cotransfected with 2 ug of PKA-Co tar-
geted or scrambled shRNA plasmid (Santa Cruz Biotechnol-
ogy). After 48 h, transfected cells were treated with or
without forskolin and IBMX (or DMSO vehicle control) and
harvested by rinsing with ice-cold PBS, followed by rapid
lysis in situ using 1 ml of lysis buffer (50 mm Tris-HCI, pH
7.4, 150 mm NaCl, 50 mMm NaF, 1 mm NaPPi, 1 mm EDTA, 1
mM EGTA, 1 mm DTT, and 1% (v/v) Triton X-100) contain-
ing cOmplete protease inhibitor mixture (Roche Applied
Science). Insoluble debris was removed by centrifugation
and total protein content was quantified using the Bradford
assay (Thermo Fisher Scientific). CaMKK2 was purified
from 1.5 mg of total cell lysate using 100 pl of anti-FLAG M2
agarose (50% v/v) pre-equilibrated in lysis buffer, followed
by successive washes in lysis buffer containing 1 m NaCl,
and finally resuspended in 50 mM Hepes-NaOH, pH 7.4.
CaMKK?2 was eluted off the beads by incubating overnight
at 4°C with 100 pl of FLAG peptide (1 mg/ml) in 50 mm
Hepes-NaOH, pH 7.4, and 10% glycerol (v/v).

CaMKK2 activity assay

CaMKK?2 activity was determined by phosphorylation of a
synthetic peptide as described previously (45). Briefly, recombi-
nant CaMKK2 was immunoprecipitated from 10 pg of trans-
fected cell lysate using 10 pl of anti-FLAG M2 agarose beads
(50% (v/v)) (Sigma-Aldrich) and then added to a 30-pl reaction
containing assay buffer (50 mm Hepes-NaOH, pH 7.4, 1 mm
DTT, and 0.02% (v/v) Brij-35), 200 pm CaMKKtide (GenScript),
200 pMm [y->*P]-ATP (PerkinElmer), and 5 mm MgCl,, with or
without 100 um CaCl, and 1 um CaM (Sigma-Aldrich). Reac-
tions were performed at 30 °C and terminated after 10 min by
spotting 15 pl onto P81 phosphocellulose paper (GE
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Lifesciences), followed by extensive washing in 1% phosphoric
acid (Sigma-Aldrich). Radioactivity was quantified by liquid
scintillation counting. CaMKK2 activities were corrected for
minor differences in expression levels by immunoblot analysis
of cell lysates.

Immunoblotting

50 pg of transfected cell lysate was denatured in SDS sample
buffer and resolved on a precast 4—15% Mini-Protean Gradient
gel (Bio-Rad) before transferring onto Immobilon PVDF mem-
brane (Merck Millipore). The membrane was blocked for 30
min in PBS/1% Tween-20 (PBS-T) supplemented with 2% non-
fat milk and then incubated for 60 min with either mouse anti-
FLAG (Cell Signaling, 8146S, Lot 3, 100 ng/ml), rabbit anti-
pSer'® (Kinexus Bioinformatics, PK557, Lot 141107, 100 ng/
ml), rabbit anti-pSer**® (Cell Signaling, 16737S, Lot 1, 100 ng/
ml), rabbit anti-pSer®*" (Cell Signaling, 12818S, Lot 1, 100 ng/
ml), mouse anti-a-tubulin (Cell Signaling, 3873S, Lot 12, 100
ng/ml), rabbit anti-14-3-3 (Cell Signaling, 8312S, Lot 2, 100 ng/
ml), or rabbit anti-PKA-Ca (Cell Signaling, 5842S, Lot 2, 100
ng/ml) antibodies. The membrane was then briefly washed in
PBS-T, followed by incubation with goat anti-rabbit IgG IRDye
680 and goat anti-mouse IgG IRDye 800 (LI-COR) secondary
antibodies for 60 min. After successive washing with PBS-T,
the membranes were scanned, and the images were quantified
with an Odyssey CLx IR Imager (LI-COR).

CaM overlay assay

200 ng of WT CaMKK2 and phosphorylation site mutants
(S100A, S495C, and S511A) purified from DMSO vehicle con-
trol and forskolin/IBMX-treated COS7 cells were spotted onto
nitrocellulose membrane (GE Lifesciences) and allowed to dry
for 30 min. The membrane was then blocked in PBS-T supple-
mented with 2% nonfat milk for 1 h, after which it was incu-
bated overnight at 4 °C with biotinylated CaM (500 nm, Milli-
pore) and mouse anti-FLAG antibody (100 ng/ml) in PBS-T
containing 1% nonfat milk and 10 mm CaCl,. The membranes
were briefly washed in PBS-T/10 mm CaCl, and then incubated
with IRDye 680—-labeled streptavidin and goat anti-mouse IgG
IRDye 800 (LI-COR) for 1 h. After successive washing with
PBS-T/10 mMm CaCl,, the membranes were scanned, and the
images were quantified with an Odyssey CLx IR Imager.

14-3-3 protein expression and purification

A ¢DNA sequence encoding hexahistidine-tagged (His-tag)
14-3-3¢ protein (residues 1-245) was cloned into pET15b vec-
tor for expression in BL21 Escherichia coli cells. Protein expres-
sion was induced by 1 mm isopropyl 1-thio-B-p-galactopyrano-
side for 5 h at 37°C, after which the cells were harvested and
lysed in 20 mm Tris-HCI, pH 7.5, 500 mm NaCl, and 10% (v/v)
glycerol by sonication. Clarified lysate was applied to a nickel
affinity His-trap column (GE Lifesciences) and 14-3-3 protein
eluted with 500 mm imidazole. The His-tag was cleaved by
overnight incubation with thrombin (Sigma-Aldrich), after
which the 14-3-3 protein was further purified on a Hi-trap Q
column (GE Lifesciences) and eluted using a NaCl gradient
(50-500 mm) in 20 mm Tris-HCI, pH 7.5, followed by size-
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exclusion chromatography using a Superdex-75 gel filtration
column (GE Lifesciences) pre-equilibrated with 10 mm Hepes-
NaOH, pH 8.0, and 130 mm NaCl. The isolated 14-3-3{ protein
was estimated to be >99% pure by SDS-PAGE.

Surface plasmon resonance binding assays

The interaction between synthetic peptides corresponding
to the Ser'® and Ser®'! phosphorylation sites and 14-3-3¢ was
measured using a BIAcore T200 instrument. N-terminal bio-
tinylated peptides corresponding to unphosphorylated (Ser'%°-
Ser'!), monophosphorylated (pSer'®-Ser>'’ and Ser'®-
pSer®™), and diphosphorylated (pSer'®-pSer®'!) species of
CaMKK?2 (custom synthesized by GenScript) were immobilized
on streptavidin sensor chips (SAHC30M, Xantec Bioanalytics,
immobilization level ~0.8 ng/mm?). Various 14-3-3 concentra-
tions (0-2 pm) diluted in HBS-P buffer (10 mm Hepes-NaOH,
pH 7.35, 150 mm NaCl, and 0.005% Tween-20) were injected
over the sensor surface and binding profiles were recorded in
real time, and sensorgrams were generated by subtracting the
signals from the blank streptavidin control flow cell. Following
analyte injection phase completion (2 min), the dissociation
was monitored in HBS-P buffer for 5 min. All flow cells were
washed with 10 mm glycine, pH 3.0, to ensure all remaining
analytes had been dissociated prior to the next injection cycle.
All binding experiments were conducted in triplicate with con-
sistent results. Dissociation constants were calculated by fitting
the data to a single site-binding model, except for the diphos-
phorylated (pSer'®-pSer®'!) peptide, which was fitted to a two-
site model (BIAcore T200 evaluation software, version 2.0).

X-ray data collection and structural refinement

14-3-3{ was crystallized in 100 mm Tris-HCI, pH 8.5, 100 mm
MgCl,, 1 mm NiCl,, and 22-28% PEG3350 (w/v) using the
hanging drop vapor diffusion method at 4 °C. The diphosphory-
lated pSer'®-pSer®'' peptide (custom synthesized by Gen-
Script) (Table S3) was soaked overnight into the 14-3-3 crystals
(at a molar ratio of 1:3; protein to peptide). The crystals were
cryoprotected in 22% PEG400 (w/v), and X-ray diffraction data
were collected on the MX2 beamline at the Australian Synchro-
tron (46). The crystal diffracted to 2.44 A resolution in the P65
space group with unit-cell parameters of a = 94.66, b = 94.66,
and ¢ = 236.23 (A) and « = 90, B = 90, and y = 120 (°) for the 14-
3-3-diphosphopeptide complex. Data were processed using
XDS and scaled in Aimless (47, 48). The structure was solved
by the molecular replacement method using a 14-3-3 dimer
(PDB code 1QJB) as the search model (49). The asymmetric
unit cell consists of a dimer of dimers, with one dimer repre-
sented by chains A and B and the second dimer represented by
chains C and D. The two dimers are almost identical with an
RMSD of 0.49 A. In the final structure there are 230 residues in
chains A, B, and D and 299 residues in chain C of 14-3-3. An
extra N-terminal histidine residue is present in all the chains as
a result of cloning of the 14-3-3 gene (denoted as residue 0).
Residues 70-74 and 203-21 from chain C, residues 206—211
and 70-72 from chain A, and residues 69-72 from chain B
were not modeled because of poor electron density in these
regions. The structure was refined using REFMAC and Phenix
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(50, 51). Of the 27 residues in the diphosphopeptide, 12—14 res-
idues were built into the 2Fo-Fc map in each dimer. The final
Ryork and Ry, for the 14-3-3-diphosphopeptide complex were
0.18 and 0.23, respectively. The model had a Molprobity clash
score of 5.89 (99th percentile) (52), a protein geometry score of
1.95 (95th percentile), and favored Ramachandran of 97.32%
with no outliers.

Statistical analysis

The data are presented as mean values = S.D. for at least
three independent experiments. Statistical analyses were per-
formed using GraphPad Prism (version 8.4.3). T-tests, one-way
and two-way analysis of variance (ANOVA), and extra sum-of-
squares F tests were used for statistical appraisal, where indi-
cated, in the figure legends.

Data availability

Coordinates and structure factors have been deposited in the
PDB with the accession code 6EF5. The MS proteomics data
have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository (RRID:SCR_003411) with the
data set identifier PXD020133.
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