THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 8, pp. 6697-6706, February 25,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Ca**/Calmodulin-dependent Protein Kinase Il Inhibitors
Disrupt AKAP79-dependent PKC Signaling to GIluA1 AMPA

Receptors™

Received for publication, September 9, 2010, and in revised form, November 10, 2010 Published, JBC Papers in Press, December 14, 2010, DOI 10.1074/jbc.M110.183558

lan M. Brooks and Steven J. Tavalin'

From the Department of Pharmacology, University of Tennessee Health Science Center, Memphis, Tennessee 38163

GluAl (formerly GluR1) AMPA receptor subunit phosphor-
ylation at Ser-831 is an early biochemical marker for long-
term potentiation and learning. This site is a substrate for
Ca?*/calmodulin (CaM)-dependent protein kinase II
(CaMKII) and protein kinase C (PKC). By directing PKC to
GluAl, A-kinase anchoring protein 79 (AKAP79) facilitates
Ser-831 phosphorylation and makes PKC a more potent
regulator of GluA1 than CaMKII. PKC and CaM bind to res-
idues 31-52 of AKAP79 in a competitive manner. Here, we
demonstrate that common CaMKII inhibitors alter PKC
and CaM interactions with AKAP79(31-52). Most notably,
the classical CaMKII inhibitors KN-93 and KN-62 potently
enhanced the association of CaM to AKAP79(31-52) in the
absence (apoCaM) but not the presence of Ca>*. In con-
trast, apoCaM association to AKAP79(31-52) was unaf-
fected by the control compound KN-92 or a mechanistically
distinct CaMKII inhibitor (CaMKIINtide). In vitro studies
demonstrated that KN-62 and KN-93, but not the other
compounds, led to apoCaM-dependent displacement of
PKC from AKAP79(31-52). In the absence of CaMKII acti-
vation, complementary cellular studies revealed that KN-62
and KN-93, but not KN-92 or CaMKIINtide, inhibited PKC-
mediated phosphorylation of GluA1 in hippocampal neu-
rons as well as AKAP79-dependent PKC-mediated augmen-
tation of recombinant GluA1 currents. Buffering cellular
CaM attenuated the ability of KN-62 and KN-93 to inhibit
AKAP79-anchored PKC regulation of GluA1. Therefore, by
favoring apoCaM binding to AKAP79, KN-62 and KN-93
derail the ability of AKAP79 to efficiently recruit PKC for
regulation of GluA1l. Thus, AKAP79 endows PKC with a
pharmacological profile that overlaps with CaMKII.

Rapidly acting, cell-permeable kinase inhibitors represent a
principal tool to dissect signaling pathways (1). However, in-
hibitor cross-reactivity, particularly to the common ATP
binding site of various kinases, may confound delineation of
signaling pathways and identification of physiologically rele-
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vant substrates (1). The classical CaMKII? inhibitors KN-62
and KN-93 appear to be relatively specific for this kinase (and
related members of this family including CaMKI and
CaMKIV) as they bind to the Ca®>"/CaM binding site on the
kinase, thus preventing kinase activation via competition with
Ca®*/CaM (1-3). Although KN-62 and KN-93 do not sub-
stantially inhibit other kinases including PKC, non-kinase
targets of these compounds have been described (4-11).
However, among the non-kinase targets of KN-62 and KN-93,
only one appears to be sensitive to these compounds but in-
sensitive to the inactive analog KN-92 (11). Thus, sensitivity
to KN-62 and/or KN-93 combined with insensitivity to
KN-92 has routinely been used as diagnostic criteria for im-
plicating CaMKII and related kinases in physiological events.

One proposed physiological substrate of CaMKII is Ser-831
of the GluA1 AMPA receptor subunit (12, 13). Phosphoryla-
tion of GluA1l at Ser-831 is linked with learning-induced en-
hancement of synaptic strength and long-term potentiation
(LTP) (14-19). However, this site is also a substrate for PKC
(12, 13). Thus, the relative contribution of each kinase toward
regulation of this site during LTP and other plasticity-produc-
ing paradigms has largely relied on the putative pharmacolog-
ical specificity of inhibitors for each kinase.

Confinement of kinases and other signaling molecules with
their physiological targets by scaffold and anchoring proteins
imparts spatiotemporal specificity to signaling events (20).
AKAP79 (AKAP150 in rodents) is a multivalent signaling
scaffold that binds the cAMP-dependent protein kinase
(PKA), calcineurin (CaN), and PKC and is targeted to GluA1
via the scaffold protein SAP97 (21-24). By recruiting PKA
and CaN to GluA1, AKAP79 coordinates bidirectional regula-
tion of GluA1 at Ser-845 (25), a PKA site linked to modula-
tion of AMPA receptor function and trafficking during synap-
tic plasticity (15, 16, 26 —30). Likewise, by concentrating PKC
near GluA1l, AKAP79 facilitates PKC phosphorylation of

2 The abbreviations used are: CaMK, Ca?*/calmodulin-dependent protein
kinase; AKAP, A-kinase anchoring protein; BIS-I, bisindolylmaleimide [;
CaM, calmodulin; CaMBD, CaM binding domain; CaN, calcineurin
(also known as protein phosphatase 2B); KN-62, 1-[N,O-bis(5-iso-
quinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine; KN-92,
2-[N-(4’-methoxybenzenesulfonyl)]Jamino-N-(4'-chlorophenyl)-2-pro-
penyl-N-methylbenzylamine phosphate; KN-93, 2-[N-(2-hydroxy-
ethyl)-N-(4-methoxybenzenesulfonyl)lamino-N-(4-chlorocinnamyl)-N-
methylbenzylamine; LTP, long-term potentiation; PKA,
cAMP-dependent protein kinase (also known as protein kinase A or
A-kinase); PMA, phorbol 12-myristate 13-acetate; SAP97, synapse-
associated protein 97; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid; PKM, catalytic fragment of PKC.
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GluA1l at Ser-831 in response to PKC-activating signals,
thereby making PKC a more potent regulator of GluA1 than
CaMKII (31).

Residues 31-52 of AKAP79 bind the catalytic core of the
PKC in a pseudosubstrate-like manner (32). However, this
PKC binding domain is also a high affinity site for association
with Ca®*/CaM (33). Given that both AKAP79 and CaMKII
bind Ca®"/CaM and that classical CaMKII inhibitors act by
binding to the Ca*>*/CaM site on CaMKII to prevent activa-
tion of the kinase, we hypothesized that CaMKII inhibitors
may alter the ability of AKAP79 to associate with either PKC
or CaM. Here, we demonstrate that KN-62 and KN-93 target
AKAP79 with high affinity to enhance CaM binding, thereby
disrupting AKAP79-anchored PKC signaling to GluAl. In
contrast, KN-92 does not disrupt AKAP79-dependent signal-
ing to GluA1l. Thus, AKAP79 endows PKC with a pharmaco-
logical profile that is indistinguishable from that commonly
associated with CaMKII.

EXPERIMENTAL PROCEDURES

PKC and CaM Binding Assays—Neutravidin beads (20 ul;
Pierce) were incubated for 2 h at 4 °C with 5 pg of biotinyl-
ated AKAP79(31-52) or biotinylated control peptides (all
synthesized by Biomolecules Midwest Inc.) in 500 ul of PKC
binding solution containing 150 mm NaCl, 10 mm HEPES, 5
mM EGTA, 5 mm EDTA, 0.1% Tween 20, 0.1% BSA, and pro-
tease inhibitors (Sigma) (pH 7.40). Following incubation,
beads were washed four times with the binding solution to
remove unbound peptide. For CaM binding experiments,
AKAP79(31-52) or control peptides and neutravidin beads
were incubated in a Ca®>*-free solution containing 150 mm
NaCl, 10 mm HEPES, 1 mm EGTA, 0.1% Tween 20, and prote-
ase inhibitors (pH 7.40). For CaM experiments, the unbound
peptide was removed by washing the beads either four times
with the Ca>" -free buffer or two times in this solution fol-
lowed by twice in buffer in which EGTA was replaced with
100 um CaCl,. All CaMKII reagents (KN-62, LC Laboratories
or EMD Biosciences; KN-93, KN-92, and CaMKIINtide, EMD
Biosciences) were prepared initially as 10 mm stocks in
DMSO representing a 1000X stock for the highest concentra-
tion of each compound we tested. These stocks were subse-
quently serially diluted in DMSO to maintain a constant final
0.1% DMSO concentration in all experiments. DMSO was
included to 0.1% for control (i.e. beads alone and/or no drug)
experiments as well. Peptide-bound beads were then incu-
bated overnight at 4 °C with either PKC isoforms (200 ng (~5
nMm); Biomol or EMD Biosciences) or CaM (8.5 ug (~1 um);
EMD Biosciences). Following overnight incubation, beads
were washed four times with the respective buffer in the pres-
ence or absence of the drug. Protein was eluted by boiling in
2X Laemmli sample buffer for 5 min and resolved via SDS-
PAGE. Competition assays between CaM and PKC for bind-
ing to AKAP79(31-52) were performed as above for the
Ca®"-independent CaM binding assay using 85 ug of CaM to
approximate cellular concentrations (~10 um) of free CaM.

DNA Constructs and Recombinant Proteins—GluR1 in
pRK5 and AKAP79 in pEGFP were used as described previ-
ously (31). A His-tagged C-terminal fusion of the CaM bind-
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ing domain (CaMBD; residues 412—480) from the rat small
conductance calcium-activated potassium channel (rSK2) in
pET33b was kindly provided by John Adelman (Vollum Insti-
tute, Oregon Health and Science University). This CaMBD
was expressed in BL-21(DE3) cells (Invitrogen) and purified
on a nickel column (Qiagen) as described previously (34, 35).
The ability of the CaMBD to bind CaM was confirmed by first
incubating His-CaMBD (2.5 ug) with nickel-nitrilotriacetic
acid-agarose beads (20 pl) in Ca®*-free buffer as described
above for interactions between CaM and AKAP79(31-52).
Following washing, CaMBD-bound beads were incubated
overnight with CaM (85 pg) in the absence or presence of
KN-62 or KN-93 (1 uM each). After overnight incubation, the
beads were washed four times in the buffer in the continued
presence or absence of drug, eluted by boiling in 2X Laemmli
sample buffer for 5 min, and resolved by SDS-PAGE.

Cell Culture—HEK 293 cells (ATCC) were obtained at pas-
sage 36 and used for a maximum of eight passages. Cell cul-
tures were maintained in DMEM with 10% FBS and penicil-
lin/streptomycin. Cells were plated at low density on 15-mm
coverslips and transfected by the calcium phosphate method
as described previously (31). 1 ug of each construct was used
for each condition. Hippocampal neurons were prepared
from 1-2-day-old rat pups and maintained in Neurobasal A
supplemented with B27 and penicillin/streptomycin. Experi-
ments were performed at 12—14 days in vitro.

Cell Treatments—Cells were washed three times in extra-
cellular solution containing 150 mm NaCl, 5 mm KCl, 1.8 mm
CaCl,, 1 mm MgCl,, and 10 mm HEPES (pH 7.40). The CaN
inhibitor cyclosporin A (1 um; LC Laboratories) was included
in this solution for all conditions to ensure against CaN-de-
pendent dephosphorylation of GluA1 (25). Cells were pre-
treated in this solution for 15 min with or without either
CaMKII reagents or the PKC inhibitor bisindolylmaleimide I
(BIS-I) at the indicated concentrations. Cells were treated
with phorbol 12-myristate 13-acetate (PMA; 1 um; LC Labo-
ratories) or ionomycin (10 um; EMD Biosciences) for 3 min in
the continued presence of the reagents. Treatments were
stopped by washing three times with ice-cold PBS. Cells were
then lysed in 200 ul of lysis solution containing 150 mm NaCl,
10 mm HEPES, 5 mm EGTA, 5 mm EDTA, 1% Triton X-100,
protease inhibitors, and phosphatase inhibitors (pH 7.40).
Lysates were incubated on ice for 15 min and then centri-
fuged at 14,000 X g for 10 min at 4 °C. Supernatants were col-
lected, 2X Laemmli sample buffer was added, and the samples
were boiled for 5 min.

Immunoblotting—Samples were separated by SDS-PAGE
on 4—12 or 4-20% gels and transferred to nitrocellulose. For
the in vitro binding assays, blots were probed with mouse
monoclonal antibodies directed against specific PKC isoforms
a, B, 7, 6, and € (1:200 —1:1000; all from BD Biosciences) or
with a rabbit polyclonal antibody directed against PKC{ (1:
200; Santa Cruz Biotechnology) or a mouse monoclonal anti-
body to CaM (1:500; Millipore). Goat anti-rabbit or anti-
mouse IgG horseradish peroxidase-conjugated antibodies
(1:10,000; Millipore) were used as secondary antibodies. Sig-
nals were visualized using enhanced chemiluminescence
(Pierce) and digitally acquired and analyzed using Quantity

VOLUME 286+NUMBER 8+-FEBRUARY 25, 2011



AKAP79-PKC Masquerades as CaMKII

A KN-62 B
\ —u1—PKCa = PKCo
S N Q
s €S —e—PKCP A * PKCp
\QQ P AN '\Q\) 2004 —a— PKCy 1 —~ 200 1 A PKCy
e e s (), —v— PKCs i = - }i{ v PKCs
- —e—PKC: /%/ g = el * PKCe
e ey B = —<— PKC¢ ;,/ w "%‘\ < PKCg
[ 1 % ~ - i
e} i ) P = < S~e
s ———— -8 1004 ;ﬁg/i\i g 1004 ~
Pp— o T [ »—‘iﬁ
—————— O —i 3
—
(]
~ - - —— C T T T T T 0 T T T T
PKC 10nM 100 nM 1uM 10 uM 0 10 20 30 40
[KN-62] Fraction bound (%)

FIGURE 1. KN-62 affects AKAP79-PKC interactions in isoform-dependent manner. AKAP79(31-52) was incubated with PKC isoforms (200 ng; Input lane,
25 ng) and KN-62 as indicated. A, left, representative blots showing the effect of KN-62 on PKC isoform binding AKAP79(31-52). Right, graphical summary of
data normalized to their respective controls. Statistical significance for each group is as follows: PKCa: n = 6; 100 nm and 1 um, p < 0.05; PKCB: n = 4-5; not
significant; PKCy:n = 5-6; 100 nmand 1 um, p < 0.01; 10 um, p < 0.05; PKC&: n = 4-5; 10 nM-10 um, p < 0.01; PKCe: n = 7-8; 1-10 um, p < 0.01; and PKC¢:
n = 4-5; not significant. B, percentage of control binding to AKAP79(31-52) in response to KN-62 (1 uwm) is plotted versus the fraction of input bound for
each PKC isoform. Percentages are calculated as the amount of PKC recovered in control lanes normalized to the input lane. Black, red, and green symbols
reflect typical, novel, and atypical PKC isoforms, respectively. The dashed line represents the best fit through the data determined by linear regression analy-

sis (r = 0.85). All graphs depict mean = S.E.

One software (Bio-Rad). For cell-based assays, blots were first
probed with either a rabbit monoclonal antibody directed
against phospho-GluA1(Ser-831) (1:1000; Millipore) or rabbit
antibody directed against phospho-CaMKII(Thr-286) (1:1000;
Millipore) followed by the goat anti-rabbit antibody as sec-
ondary antibody. Following detection as indicated above,
blots were stripped and reprobed with a rabbit antibody di-
rected against the C terminus of GluA1 (0.5 ug/ml; Millipore)
or a mouse monoclonal antibody to CaMKII (1:200; Santa
Cruz Biotechnology), respectively, to determine the Ser-831
phosphorylation/GluA1l or Thr-286 phosphorylation/CaMKII
ratio for each treatment that was normalized to control con-
dition for each experiment. Data were averaged and are ex-
pressed as mean * S.E. and were subjected to one-way analy-
sis of variance followed by a Bonferroni post hoc analysis or
by Student’s ¢ test. Statistical significance is reported as p <
0.05 or p < 0.01.

Electrophysiology—Whole-cell recordings were made with
an Axopatch 200B or a Multiclamp 700A amplifier (Molecu-
lar Devices). Patch pipettes (2—4 megaohms) contained 140
mM cesium methanesulfonate, 10 mm HEPES, 5 mm adeno-
sine triphosphate (sodium salt), 5 mm MgCl,, 2 mm CaCl,,
and 10 mm BAPTA (pH 7.4). Extracellular solution contained
150 mm NaCl, 5 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 10 mm
HEPES, 10 mm glucose, and 1 um cyclosporin A (pH 7.4).
Cells were pretreated in the extracellular solution with or
without the indicated CaMKII reagents for 10-15 min and
recorded in the continued presence of these reagents. The
exception to this was for CaMKIINtide where a myristoylated
version was used for pretreatment and a non-myristoylated
version was included in the pipette solution because of the
limited availability of this reagent. Glutamate (1 mm) was ap-
plied in the presence of cyclothiazide (100 uMm; Ascent Scien-
tific) to evoke nondesensitizing AMPA receptor currents. So-
lution exchanges were achieved via a series of flow pipes that
were controlled by solenoid valves (Warner Instruments) and
moved into position by a piezoelectric bimorph. Currents
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were digitized at 5 kHz and filtered at 1 kHz with a Digidata
1322A board (Molecular Devices) and Clampex 9 software
(Molecular Devices). Series resistance (90 —95%) and whole-
cell capacitance compensation were used. Series resistance
was monitored throughout the experiments by 10-mV hyper-
polarizing jumps prior to each application of glutamate. Only
cells with series resistance <6 megaohms and stable through-
out the recording were included for analysis. All experiments
were initiated within 1 min of establishing the whole-cell con-
figuration and were performed at a holding potential of —60
mV at 20 °C. Currents were normalized to the amplitude of
current from the initial agonist application for each experi-
ment. Data are expressed as means = S.E. and were subjected
to analysis of variance followed by Student’s ¢ test.

RESULTS

CaMKII Inhibitor KN-62 Modifies PKC Binding to
AKAP79(31-52) in Isoform-dependent Manner—An in vitro
binding assay was adopted to examine whether CaMKII in-
hibitors affect PKC interaction with AKAP79. These assays
relied on the use of the AKAP79(31-52) peptide, which quali-
tatively replicates the essential properties of full-length
AKAP?7?9 interactions with PKC and CaM (32, 33). Biotinyl-
ated AKAP79(31-52) peptide was first coupled to neutravi-
din-coated beads and subsequently incubated with PKC in
varying concentrations of KN-62. Control experiments indi-
cated that PKC did not bind to the beads in the absence of
AKAP79(31-52) or to other AKAP-related peptides including
the CaN binding domain of AKAP79 or a prototypical AKAP-
derived PKA binding domain (supplemental Fig. 1). Consis-
tent with previous studies (32), all isoforms of PKC tested as-
sociated with AKAP79(31-52) (supplemental Fig. 1).
However, each isoform associated with the peptide to varying
degrees with the relative rank order of binding PKCg >
PKCa > PKCe > PKC{ ~ PKC+y > PKC6 (Fig. 1, A and B).
All PKC isoforms except for PKCB and PKC{ exhibited a sig-
nificant dose-dependent increase in binding to AKAP79(31-
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FIGURE 2. Differential effects of CaMKIl inhibitors on PKCa and PKCvy. AKAP79(31-52) was incubated with PKCa and KN-93 (n = 3-4), KN-92 (n = 3-4),
or CaMKIINtide (n = 8) as indicated (A) or PKCy and KN-93 (n = 4-5; 100 nm, p < 0.01), KN-92 (n = 3; 1 um, p < 0.05), or CaMKIINtide (n = 3-4; 100 nm, p <
0.05) (B). Left panels, representative blots for each condition. Right panels, summary data normalized to respective controls. All graphs depict mean = S.E.

52) in response to KN-62 that was typically half-maximal at
~10-100 nm (Fig. 1A), concentrations lower than that neces-
sary to inhibit CaMKII in vitro (K; ~ 900 nm) and that do not
cause PKC inhibition (2). However, PKC association to
AKAP79(31-52) tended to decline at the highest concentra-
tion tested (10 um). Interestingly, the degree to which the
binding of each PKC isoform to AKAP79(31-52) was altered
by KN-62 was inversely related to the relative affinity each
isoform had for AKAP79(31-52) such that those isoforms
that bound relatively weakly were more likely to be stabilized
by the drug (Fig. 1, A and B). Collectively, these data suggest
that AKAP79 may be a novel target for KN-62.

PKCoa and PKCvy Binding to AKAP79 are Differentially Sen-
sitive to CaMKII Reagents—Although KN-62 is still widely
used as a pharmacological agent to suppress CaMKII activity,
it is often supplanted by KN-93, which benefits from higher
potency (K; ~ 370 nm), lower molecular weight (which should
enhance cell permeability), and a close structural analog (KN-
92) that does not affect CaMKII and can thus be used to con-
trol for nonspecific effects (3). More recently, a high affinity
peptide (CaMKIINtide; K; ~ 50 nm) derived from an endoge-
nous CaMKII inhibitory protein has been used as a pharma-
cological tool to inhibit CaMKII activity (36). CaMKIINtide
differs in that it inhibits Ca®>* -dependent and Ca**-indepen-
dent (i.e. autophosphorylated) CaMKII activity, whereas KN-62
and KN-93 only inhibit Ca>"-dependent CaMKII activity (2,
3, 36). Given that KN-62 generally enhanced PKC binding to
AKAP79, we tested whether other CaMKII reagents could
likewise enhance association of PKC to AKAP79 using PKCa
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as a prototypical isoform. Neither KN-93 nor KN-92 affected
PKCa binding to AKAP79(31-52), whereas CaMKIINtide
only modestly, but not significantly, affected binding with a
maximal enhancement of ~20% (Fig. 24). These data initially
suggested that these compounds may be more selective for
CaMKII compared with AKAP79/PKC interactions. However,
further examination using PKCry, which was the isoform most
sensitive to KN-62, revealed that all CaMKII reagents could
enhance association of PKC+y to AKAP79(31-52) to a similar
maximal extent (~35-45%) (Fig. 2B). As was observed for
KN-62 (Fig. 1A), at the highest concentrations tested, all com-
pounds exhibited noticeable declines in their ability to en-
hance PKCry association to AKAP79(31-52) (Fig. 2B). These
results were unexpected given that CaMKIINtide operates by
a distinct mechanism from that of KN-62 and KN-93 to in-
hibit CaMKII and the lack of effect of these reagents toward
PKCa. Whether this reflected the high sensitivity of our assay
to detect quantitatively small changes in binding, which
would be magnified when compared with the low affinity of
PKCry for AKAP79, is not clear. However, as these com-
pounds do not directly affect PKC activity and thus are un-
likely to bind PKC, these results further suggest that AKAP79
represents a novel high affinity target for CaMKII reagents.
KN-62 and KN-93 Enhance Ca®" -independent Binding of
CaM to AKAP79(31-52)—Because AKAP79(31-52) also
serves as a binding site for CaM, we next tested whether
the CaMKII reagents also affected CaM association with
AKAP79(31-52). Control experiments indicated that CaM
did not associate with neutravidin beads, in either the
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FIGURE 3. Classical CaMKIl inhibitors enhance Ca?*-independent binding of CaM to AKAP79. AKAP79(31-52) was incubated with CaM (1 um; Input
lane, 50 ng) and KN-62 at the indicated concentrations in the absence or presence of Ca®*. A, top, representative blots of CaM binding to AKAP79(31-52) in
1 mm EGTA (upper) or 100 um Ca>" (lower). Bottom, summary data normalized to respective controls (n = 3-6; for EGTA: 10 nM~10 um KN-62, p < 0.05).

B, same as A but with KN-93 (n = 5-7; for EGTA: 1 nm, 100 nm, and 1 um, p < 0.01; 10 nm, p < 0.05). C and D, same as above except with KN-92 (n = 6) and

CaMKIINtide (n = 5-6), respectively. All graphs depict mean = S.E.

absence or presence of Ca>", unless AKAP79(31-52) was
present (supplemental Fig. 2). Previous studies suggested that
CaM only associates with AKAP79 in the presence of Ca**
(33). However, we found that apoCaM associated with
AKAP79(31-52), although ~33% less effectively than Ca**/
CaM (Fig. 3), as assessed by the ratio of control binding to
input in the absence and presence of Ca®>*. Importantly, both
classical CaMKII inhibitors, KN-62 and KN-93, potently
(EC5, ~ 1-10 nm) enhanced apoCaM binding to
AKAP79(31-52) by ~ 40% without affecting the Ca>"-depen-
dent association of CaM to the peptide (Fig. 3, A and B).
Thus, in the presence of KN-62 and KN-93, apoCaM bound
AKAP79(31-52) to nearly the same extent as Ca>"/CaM. The
enhancement of apoCaM association to AKAP79 by KN-62
and KN-93 occurred at concentrations that were ~10-100-
fold lower than their previously measured K, toward CaMKIL
In contrast, the control analog KN-92 did not substantially
alter CaM association with AKAP79(31-52) regardless of the
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presence of Ca®" (Fig. 3C). Thus, apoCaM binding to
AKAP79(31-52) possesses a pharmacological profile match-
ing that of CaMKII yet with over an order of magnitude
greater potency. The mechanistically distinct CaMKIINtide
did not affect CaM association with AKAP79(31-52) (Fig.
3D). Because KN-62 and KN-93 do not appear to bind CaM
or PKC (2, 3), these data further support the idea that
AKAP79(31-52) is a high affinity target for common small
molecule inhibitors of CaMKII.

KN-62 and KN-93 Favor ApoCaM-mediated Displacement
of PKC from AKAP(31-52)—Given that Ca®>"/CaM displaces
PKC from AKAP79(31-52) and that KN-62 and KN-93 en-
hance apoCaM binding to AKAP79(31-52) to a similar extent
as Ca®"/CaM, we hypothesized that these reagents could
cause apoCaM, when present at relevant cellular concentra-
tions (10 um), to displace PKC from the AKAP. Given that
our data suggested that the ability of the various CaMKII re-
agents to maximally enhance PKC binding to AKAP79 typi-

JOURNAL OF BIOLOGICAL CHEMISTRY 6701


http://www.jbc.org/cgi/content/full/M110.183558/DC1

AKAP79-PKC Masquerades as CaMKIl

AKAP79(31-52):
PKCa:
CaM:

+KN-62 +KN-93 +KN-92 +KIINtide

IB:PKCor == wmew .. . PR ——

1.0

0.5

Normalized intensity

04
AKAP79(31-52):
PKCo:

CaM:

+KN-62 +KN-93 +KN-92 +KIINtide

FIGURE 4. Classical CaMKII inhibitors induce apoCaM-mediated dis-
placement of PKC from AKAP79. AKAP(31-52) was incubated with PKC«
(200 ng) in the absence or presence of apoCaM (10 um) and various CaMKII
reagents (each 1 um). Top, representative Western blot of PKCa binding to
AKAP79(31-52) in the absence or presence of apoCaM and the indicated
CaMKIl reagents. Bottom, graph summarizing the data (mean = S.E.) from
multiple experiments (n = 6). For each experiment, the data were normal-
ized to the amount of PKC bound to AKAP79(31-52) alone. ¥, p < 0.05; *¥,
p < 0.01 compared with PKCa + AKAP79(31-52) + apoCaM. KlINtide,
CaMKIINtide; IB, immunoblot.

cally occurred at ~1 um (Figs. 1 and 2), we chose this concen-
tration to stringently test our hypothesis. As shown in Fig. 4,
apoCaM alone does not significantly affect PKCa binding to
AKAP79(31-52). However, in the presence of KN-62 or
KN-93 (1 um each), apoCaM effectively displaced PKCa from
AKAP79(31-52) by ~69 and 55%, respectively, compared
with that observed in the absence of the drugs (Fig. 4). More-
over, KN-92 and CaMKIINtide (1 uMm each) failed to drive
apoCaM-mediated displacement of PKCa from AKAP79(31-
52) (Fig. 4). These data suggest that KN-62 and KN-93 may
primarily act to displace PKC from AKAP79(31-52) particu-
larly in cellular environments where CaM is abundant.
KN-62 and KN-93 Prevent PKC Phosphorylation of GluR1
in Hippocampal Neurons—Previous work suggests that
AKAP79/150 contributes to PKC-mediated phosphorylation
of GluA1 in hippocampal neurons (31). Moreover, the ability
of AKAP79/150 to facilitate PKC signaling is critically de-
pendent on its ability to associate with PKC (31, 37). If, as sug-
gested by our data, KN-62 and KN-93 displace PKC from
AKAP79, then these reagents should disrupt endogenous
AKAP79/150-dependent PKC signaling within a cellular con-
text. Thus, we tested whether CaMKII reagents affect PKC-
mediated phosphorylation of GluA1 in cultured hippocampal
neurons. Application of the phorbol ester PMA (1 uM; 3 min)
to activate PKC led to approximately a doubling of GluA1
phosphorylation at Ser-831 (Fig. 54). Under conditions com-
monly used to assess CaMKII involvement in cellular studies,
pretreating neurons with either KN-62 or KN-93 (10 unm; 15
min) significantly (p < 0.01) inhibited the PMA-induced in-
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crease in Ser-831 phosphorylation (Fig. 54). In contrast, simi-
lar pretreatment of neurons with the control compound
KN-92 or CaMKIINtide did not affect PMA-induced Ser-831
phosphorylation (Fig. 5A4.). CaMKII was not activated to a
significant extent by the PMA treatment as assessed by its
phosphorylation at Thr-286 (Fig. 5B); albeit treatment of cells
with a Ca®>* ionophore, ionomycin (10 um; 3 min), revealed
that CaMKII could be substantially activated when appropri-
ately stimulated (Fig. 5B). Thus, the ability of KN-62 and
KN-93 (and the inability of KN-92) to inhibit PMA-induced
phosphorylation of Ser-831 is consistent with their ability to
interfere with AKAP79/150-dependent PKC signaling. More-
over, treatment of cells with CaMKIINtide attenuated both
basal and Ca®"-induced phosphorylation of CaMKII at Thr-
286 by ~52% (Fig. 5C), consistent with the noncompetitive
action of this reagent (Ref. 36 but see Ref. 38). This suggests
that the inability of CaMKIINtide to attenuate the PMA-in-
duced increase in Ser-831 phosphorylation was not due to a
failure of this compound to enter cells and inhibit CaMKII
but rather as a consequence of its inability to impair AKAP79/
150-dependent PKC signaling. In contrast to the ability of
CaMKIINtide to suppress Ca**-induced CaMKII autophos-
phorylation, CaMKIINtide did not affect GluA1 phosphoryla-
tion at Ser-831 in response to ionomycin treatment (Fig. 5D).
Instead, ionomycin-induced phosphorylation of GluA1 at this
site was reduced by the PKC inhibitor BIS-I (500 nm; Fig. 5D),
suggesting that PKC may be primarily responsible for rapid
phosphorylation of GluA1 at Ser-831 in neurons, consistent
with the targeting of PKC to GluA1 via AKAP79/150. Collec-
tively, these data indicate that both KN-62 and KN-93 effec-
tively block a PKC-mediated event in the absence of CaMKII
activation. Moreover, these data indicate that the pharmaco-
logical profile of the CaMKII reagents toward Ser-831 phos-
phorylation more closely matches the ability of these reagents
to enhance apoCaM association to AKAP79(31-52) and con-
sequently displace PKC from AKAP79(31-52) than to inhibit
CaMKII. Thus, our combined results suggest that KN-62 and
KN-93 favor CaM binding over PKC binding to AKAP79/150
and therefore prevent the ability of AKAP79/150 to efficiently
recruit PKC to GluA1l for phosphorylation of Ser-831.

KN-62 and KN-93 Prevent AKAP79-anchored PKC Regula-
tion of GIuR1 Receptor Currents—To more directly test this
hypothesis, we examined whether the CaMKII reagents could
disrupt the ability of AKAP79 to facilitate PKC-mediated
GluAl regulation using a simplified preparation. As demon-
strated previously (31), infusion of the constitutively active
catalytic fragment of PKC (PKM; 4 nm) into HEK 293 cells
expressing GluA1l leads to ~35-40% augmentation of current
only in cells co-expressing full-length AKAP79 (Fig. 6A). This
facilitation of PKC regulation of GluA1 by AKAP79 requires
the PKC binding domain on AKAP79 and is mediated via Ser-
831 (31). Pretreating cells with either KN-62 or KN-93 (1 um
each) ablated this AKAP79-dependent PKC-mediated aug-
mentation of GluA1 receptor currents (Fig. 6B). It is impor-
tant to note that the high intracellular concentration of the
Ca”" chelator BAPTA used in these experiments prevented
activation of endogenous CaMKIL. In contrast, pretreating
cells with the control compound, KN-92 (1 um), did not alter
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FIGURE 5. Classical CaMKIl inhibitors block PKC phosphorylation of GluA1 in neurons. A, hippocampal neurons were untreated (i.e. control (C)) or pre-
treated with CaMKIl reagents (10 um each) as indicated prior to PMA application (1 um; 3 min) to activate PKC. Top, representative blots of Ser-831 phosphor-
ylation (S837P) visualized using a phosphospecific antibody (upper panel) or to total GluA1 (lower panel). Bottom, summary graph of the ratio of Ser-831
phosphorylation/GIuR1 signals normalized to control (n = 8-13;*, p < 0.01 compared with control; **, p < 0.01 compared with PMA). B, neurons were un-
treated (C) or stimulated with ionomycin (/ONO; 10 um; 3 min) or PMA (1 um; 3 min). Top, representative blots demonstrating increase in CaMKIl phosphory-
lation at Thr-286 (T286P) in response to ionomycin but not to PMA (upper panel). Blots were reprobed with an antibody directed against CaMKII (lower
panel). Bottom, summary graph of the ratio of phosphorylation at Thr-286/CaMKIl signals as percentage of control (n = 3; *, p < 0.05 compared with con-
trol). C, neurons were untreated (C) or stimulated with ionomycin (10 um; 3 min) with or without CaMKIINtide (KIINtide; 10 um; 15 min) pretreatment. Top,
representative blots demonstrating CaMKIINtide suppression of basal and ionomycin-induced phosphorylation of CaMKIl at Thr-286 (T286P) (upper panel).
Blots were reprobed with an antibody directed against CaMKII (lower panel). Bottom, summary graph of the ratio of phosphorylation of CaMKIl at Thr-286/
CaMKll signals normalized to control (n = 7; *, p < 0.01 compared with control; **, p < 0.05 compared with the corresponding condition in the absence of
CaMKIINtide). D, neurons were untreated (C) or stimulated with ionomycin (10 um; 3 min) with or without CaMKIINtide (KI/INtide; 10 um; 15 min) or BIS-1 (0.5
uM; 15 min) pretreatment. Top, representative blots demonstrating that the PKC inhibition by BIS-I but not CaMKIl inhibition by CaMKIINtide suppressed the
ionomycin-induced phosphorylation of GIuA1 at Ser-831 (5§831P) (upper panel). Blots were reprobed with an antibody directed against GIuR1 (lower panel).
Bottom, summary graph of the ratio of phosphorylation of GIuA1 at Ser-831/GluA1 signals normalized to control (n = 6; *, p < 0.01 compared with their
respective controls). /B, immunoblot. All graphs depict mean = S.E.

the ability of AKAP79 to augment GluA1 receptor currents in ~ and GluA1 (34, 35). This CaMBD binds CaM with high affin-
response to PKM infusion (Fig. 6B). Similarly, pretreatment ity regardless of the presence of Ca®" (34, 35). Consistent
with myristoylated CaMKIINtide (1 um) followed by co-infu-  with our prediction, PKM enhanced GluA1 receptor currents
sion of CaMKIINtide (1 um) did not prevent the PKM-medi- in cells expressing AKAP79 upon co-infusion of the CaMBD
ated enhancement of GluA1 receptor currents in the presence (10 uMm) despite the presence of KN-62 or KN-93 (Fig. 6C).

of AKAP79 (Fig. 6B). If, as proposed above, KN-62 and KN-93  This augmentation was not due to a nonspecific action of
disrupt AKAP79-anchored PKC signaling to GluA1l by favor- ~ the CaMBD as control experiments revealed that infusion
ing CaM binding over PKC binding, then buffering intracellu-  of the CaMBD (10 uM) alone did not modify GluA1 recep-
lar CaM should restore the ability of PKM to augment GluA1  tor currents in cells expressing AKAP79 (Fig. 6C). Further

receptor currents in cells expressing AKAP79 even when control experiments indicated that the ability of the
these compounds are present. To test this idea, we infused the =~ CaMBD to bind CaM was not altered by either KN-62 or
CaMBD derived from the rat SK2 small conductance Ca**- KN-93 (supplemental Fig. 3). This suggests that the
activated potassium channel into cells expressing AKAP79 CaMBD does not bind KN-62 or KN-93 and that it is un-
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FIGURE 6. Classical CaMKIl inhibitors prevent AKAP79-anchored PKC regulation of GluA1. A, HEK cells were transfected with GluAT = AKAP79. A sum-
mary time course of GIuA1 receptor currents is shown, demonstrating that AKAP79 facilitates PKC regulation of GIuA1 (GluA1 AKAP79 versus GIuA1 +
AKAP79 + PKM, p < 0.05). PKM (4 nm) was included in the patch pipette as indicated. All data are expressed as mean = S.E. The number of observations for
each condition is indicated. Insets, representative glutamate-evoked (500-ms) current traces from the first (black) and final (red) sweep (10 min) for each
condition. Vertical scale bars equal 500 pA. B, KN-62 and KN-93, but not KN-92 or CaMKIINtide, inhibit AKAP79-anchored PKC regulation of GIuR1 (KN-62 and
KN-93 both p < 0.05 compared with GIuAT + AKAP79 + PKM from A). Cells were transfected with GIuA1 + AKAP79. Patch pipettes contained PKM. Cells
were pretreated with KN-62, KN-93, KN-92, or CaMKIINtide and recorded in the continued presence of these reagents. Data are depicted as in A except that
vertical scale bars equal 1 nA. C, buffering CaM by infusion of the CaMBD (10 um) restores AKAP79-anchored PKC-mediated up-regulation of GluA1 receptor
currents in the presence of KN-62 and KN-93. Cells were transfected with GluA1 + AKAP79. Cells were infused with the CaMBD alone or the CaMBD + PKM
in the presence of KN-62 or KN-93. Data are depicted as in A except that vertical scale bars equal 1 nA. The CaMBD alone did not modify the stability of GIuR1
receptor currents (compare with GluA1 + AKAP79 in A). However, infusion of the CaMBD prevented KN-62- and KN-93-mediated inhibition of AKAP79-an-
chored PKC regulation of GIuA1 (both p < 0.05 compared with the corresponding treatments in B).

likely to attenuate their action by acting as a buffer for
these compounds. Collectively, these results demonstrate a
novel mechanism of action for KN-62 and KN-93 that ren-
ders AKAP79-anchored PKC and CaMKII indistinguish-
able from each other based on sensitivity to these reagents
and a common substrate.

DISCUSSION

Prior studies undeniably support a critical role for CaMKII
in controlling synaptic structure, plasticity, learning, and
memory (for a review, see Ref. 39). However, identification of
bona fide CaMKII substrates contributing to and/or mediat-
ing enhancement of AMPA receptor responses during synap-
tic plasticity remains less well defined (40, 41). This stems
from the fact that LTP likely arises from phosphorylation of mul-
tiple substrates, each participating in phosphorylation-depen-
dent processes enacted sequentially and/or in parallel. Failure of
one or more of these processes may be sufficient to impair LTP.
Thus, kinase inhibitors might directly or indirectly reduce the
phosphorylation of any specific LTP-related substrate.

The best characterized CaMKII substrate reliably phosphor-
ylated during LTP and contributing to LTP, learning, and
memory is CaMKII itself at Thr-286 (14, 42, 43). Aside from
this site, Ser-831 of GluAl is one of the best characterized
sites that directly impacts AMPA receptor function linked to
LTP and learning (14—19). Because this site is also a substrate
for PKC, both kinases may have overlapping roles in synaptic
plasticity. In fact, selective elevation of either kinase, by direct
infusion of constitutively active forms of these enzymes into
neurons, potentiates AMPA receptor-mediated synaptic
transmission and occludes LTP, suggesting that common sites
and/or processes underlie these phenomena (44, 45). How-
ever, assessing the role of endogenous kinases toward LTP
generation typically necessitates a reliance on pharmacologi-
cal tools. Although early studies found that peptide inhibitors
of either kinase prevent LTP induction (46, 47), subsequent work
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found that CaMKII-“specific” peptide inhibitors were also potent
PKC inhibitors, and the inhibitory action of these reagents to-
ward LTP correlated well with PKC inhibition (48). Thus, sensi-
tivity to small molecule inhibitors of CaMKII, such as KN-62 and
KN-93, with negligible activity toward PKC has been used as key
evidence for CaMKII mediation of LTP (14, 49 —52).

Our data indicate that the classical CaMKII inhibitors
KN-62 and KN-93 influence the association of PKC and CaM
with AKAP79(31-52). ApoCaM association to AKAP79(31—
52) was more potently enhanced by these compounds com-
pared with PKC association to the peptide. This enhance-
ment persisted throughout the concentration range tested.
Quantitatively, these reagents enhanced apoCaM binding
to AKAP79(31-52) to nearly the same extent observed for
CaM in the presence of Ca®>*. Neither the “control” re-
agent, KN-92, nor the novel peptide reagent, CaMKIINtide,
affected association of CaM to AKAP79(31-52). Although
these reagents enhanced binding of some PKC isoforms to
AKAP79(31-52) to a similar degree as observed for apoCaM
binding to the peptide, it must be emphasized that the cellular
concentration of CaM is likely to be several orders of magni-
tude more abundant than PKC. Thus, under cellular condi-
tions, it would be expected that these reagents would much
more readily drive CaM association to AKAP79/150 at the
expense of PKC as observed in our in vitro apoCaM/PKC
competition assay (Fig. 4). Indeed, the in vitro pharmacologi-
cal profile for apoCaM binding to AKAP79(31-52) and dis-
placement of PKC was matched in two cellular assays that are
reflective of AKAP79/150-anchored PKC signaling. Thus, the
Ca®"-independent association of CaM to AKAP79 is likely
the primary means by which these reagents attenuate
AKAP79/150-anchored PKC signaling to GluA1. This idea
was supported by experiments in which buffering of CaM
restored AKAP79-anchored PKC regulation of GluR1 in the
presence of these common CaMKII inhibitors.
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At present, it is unclear at the structural level how the
CaMKII reagents modify PKC and apoCaM association to
AKAP79(31-52). However, it is interesting to note that al-
though CaMKII and AKAP79 preferentially associate with the
Ca®"-bound form of CaM these proteins likely utilize differ-
ent CaM binding motifs (53). As CaM binding domains are
known to exhibit a high degree of conformational flexibility
(53, 54), KN-62 and KN-93 may stabilize distinct conforma-
tions of the CaMBDs in AKAP79 and CaMKII. Therefore,
these reagents may induce conformations whereby the
apoCaM association to AKAP79 is stabilized but Ca®>*/CaM
association to CaMKII is destabilized. It is also important to
note that CaM also exhibits a high degree of conformational
flexibility (53, 54). Thus, despite the apparent inability of
these compounds to directly interact with CaM, it is possible
that the remarkably high apparent affinity of these reagents
toward the AKAP79/apoCaM interaction (relative to that of
CaM/CaMKII) is achieved, in part, via reciprocal conforma-
tional adaptations in apoCaM that recognize the KN-62- and
KN-93-induced state of AKAP79. Presumably, the catalytic
core of PKC, which binds AKAP79(31-52), exhibits less con-
formational flexibility than CaM and consequently is more
restrictive toward the conformations adopted by pseudosub-
strates like AKAP79. This may contribute not only to the
lower potency of these reagents toward stabilizing AKAP79/
PKC interactions but also to the tendency for AKAP79/PKC
interaction to decline at the highest concentration tested. In-
terestingly, neither reagent affected CaM association to the
SK2-derived CaMBD. In light of our data and a previous study
(11), it may be more appropriate to describe these reagents as
modifiers of CaM binding. Given the prevalence of CaM-
binding proteins (54), it will be important to determine
whether other CaM-binding proteins also exhibit sensitivity
to KN-62 and KN-93.

Our data complement and extend a recent study that found
that AKAP79 modifies the cellular pharmacology of PKC by
conferring resistance to some ATP-competitive PKC inhibi-
tors including BIS-I (55). Although, we have found that BIS-I
is effective in abrogating both PMA- and ionomycin-stimu-
lated PKC phosphorylation of hippocampal GluA1 receptors
(31), this does not necessarily contradict the aforementioned
study as AKAP79-induced PKC resistance to BIS-I is time-
and Ca®*-dependent (55). Thus, our pretreatment protocol
was likely long enough to suppress the activity of AKAP150-
localized pools of PKC. Additionally, ongoing synaptic activity
and neuronal firing in our neuronal cultures may have pro-
vided sufficient levels of intracellular Ca>* to enhance BIS-I
access to PKC associated with AKAP150. AKAP79/150 thus
not only restricts PKC sensitivity to some PKC-selective re-
agents but as illustrated here also endows PKC with pharma-
cological sensitivity to classical CaMKII inhibitors that do not
normally target PKC.

Enhancement of GluA1 phosphorylation at Ser-831 is
linked with LTP and is also a downstream consequence of
other manipulations that alter synaptic function (56 -72).
KN-62 or KN-93 sensitivity and/or CaMKII autophosphoryla-
tion at Thr-286 has been used as central criteria for CaMKII
involvement in these phenomena (57, 61, 62, 68, 70-72).
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However, PKC, like CaMKII, is a Ca*>*-dependent enzyme,
and thus, both would be expected to be rapidly activated in
response to similar stimuli. Indeed, PKC inhibitors have been
shown to be effective at preventing increases in GluA1 Ser-
831 phosphorylation in several of these studies (58, 60, 63— 65,
67). Given our data demonstrating that KN-62 and KN-93
disrupt AKAP79-dependent PKC regulation of GluA1 (medi-
ated via Ser-831 phosphorylation), the combination of these
inhibitors and CaMKII autophosphorylation is unlikely to be
sufficient to discriminate between CaMKII and AKAP79-an-
chored PKC activity.

Although it is tempting to speculate that because of its pre-
cise targeting to GluA1 AKAP79/150-anchored PKC is princi-
pally responsible for Ser-831 phosphorylation, there are cases
in which phosphorylation of this site appears to be selectively
sensitive to PKC inhibitors (63, 73). Whether these instances
reflect the tissue- and/or development-specific constraints on
AKAP79/150-anchored PKC signaling or are due to differ-
ences in stimulus intensity that bypass the need for AKAP79/
150 remains unknown. It is also important to point out that
although AKAP79-anchored PKC shares a common substrate
and overlapping pharmacology with CaMKII the presence of
AKAP79 does not preclude CaMKII regulation of GluA1 at
Ser-831 (31). Thus, it is plausible that both proteins are im-
portant for phosphorylation at this site but that they do so to
discrete populations of GluA1l-containing receptors and/or
with distinct temporal profiles and/or by distinct mecha-
nisms. Indeed, recent work indicates that CaMKII, by phos-
phorylation of SAP97, can abrogate AKAP79/150-directed
signaling to GluA1l and thus indirectly influence GluA1 phos-
phorylation (74). Because the AKAP79/150 signaling complex
is targeted to other ion channels (21, 37, 75— 80), future studies
will need to address whether AKAP79/150 similarly endows
these potential targets with KN-62 and KN-93 sensitivity.
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